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Summary

Acid mine drainage is a pollutant o f  global concern. Mining is an ancient activity that has 

resulted in countless abandoned mining sites due to poor regulation. There are abandoned 

sites all over the world generating AM D constantly with drastic environmental 

implications. In most cases, treatment o f  these sites is not financially viable and therefore 

no action is taken. This can pose a serious risk for human health as well, if  the pollutant 

comes into contact with a drinking water supply. The goal o f  this research was to evaluate 

the potential o f  the duckweed Lemna minor for use as a simple, cost-effective, passive 

method for both assessing the impact o f  acid mine drainage in surface waters and for its 

treatment. This was achieved in four phases o f  research.

The first phase used L. minor as a tool for toxicity assessment o f  AM D as a whole 

pollutant (using synthetic AM D), without certain key metals and when pH was adjusted to 

pH6 . The method used throughout this phase o f  the research was the British Standard,

‘ Water quality -  Determination o f  the toxic effect o f  w ater constituents and waste w ater on 

duckweed (Lemna minor) -  D uckweed growth inhibition test ’. The results indicated that L. 

minor could be an effective tool for toxicity testing o f  AM D as it responds in a predictable 

manner. Removal o f  copper did not have a significant impact on the EC50 values.

Removal o f  zinc increased toxicity. However the removal o f  both zinc and copper yielded 

a decrease in toxicity. As expected, adjusting to pH 6  decreased SAM D toxicity. The least 

toxic combination recorded was for pH adjusted SAM D without copper, however pH 

adjusted SAM D without Zn resulted in a bimodal response which skewed results.

The second phase o f  this research evaluated the potential o f  duckweed as a bioindicator o f  

AM D in surface waters. An impact assessment was carried out on the Avoca River, Co. 

Wicklow. This was done using the same methodology provided by the standard method 

previously used (ISO, 2005). The results obtained were then used to evaluate the status o f  

the river at each sample site, and were then compared to established methods. The 

mitigating effect o f  the river water itself was analysed, as were the effects o f  using hard 

and soft bottled water as diluent. The results showed that the inhibition o f  duckweed 

growth parameters correlate with key physico-chemical parameters associated with AM D  

contamination (sulphate, heavy metals, pH). The duckweed growth inhibition values were 

also seen to complement the established acid mine drainage index (AM DI). As expected, 

the buffering capacity o f  the river affected the toxic response o f  the duckweed indicating



the capacity o f  the water body to mitigate the toxic effects o f  AMD. Finally it was found 

that hard water catchments have a greater buffering capacity for AMD than soft water 

catchments. Significant differences in growth inhibition recorded for each water type with 

AMD indicate that there would be a lower biological impact in a hard water catchment 

affected by AMD than in a soft water catchment.

The third phase o f research aimed to illustrate how two wastewaters which are readily 

available, municipal final effluent and septic tank effluent, may be able to provide a low 

cost alternative to supplementation with an established nutrient medium, which can 

become costly if  it was to be used on a larger scale. It then used the selected wastewaters 

to supplement duckweed growing on acid mine drainage to establish if  the lowest 

ineffective dilution (LID) at which the inhibitory effects o f  AMD are observed can be 

increased. The results show that increasing nutrient concentration in the form o f APHA 

growth medium and municipal final effluent only increased growth to a certain point 

before levelling off. It is likely that the plant has the nutrients required for growth at this 

point therefore any increase provides an excess. It is concluded that both municipal final 

effluent and septic tank effluent can be substituted effectively for APHA nutrient medium. 

Finally the LID was increased for frond number with the addition o f  wastewater however 

the results for biomass and frond area were highly variable therefore a reliable conclusion 

could not be drawn.

To conclude the research, the ability o f duckweed to remove metals from AMD was 

assessed. The key research question is, can L. minor sufficiently detoxify AMD? All 

physico-chemical parameters o f AMD solutions were tested pre and post duckweed 

treatment to assess removal or mitigation o f  toxic elements. A control set o f  dilutions was 

also incorporated that did not contain duckweed to evaluate the effect o f  the duckweed on 

metal concentrations. The results indicated that whilst L. minor has the capability to 

remove certain metals from solution, others were left untreated and therefore it was 

deemed not to be a suitable system for bioremediation o f  this particular SAMD.

Duckweed significantly decreased Zn, Mg and Mn when compared to the control with no 

duckweed, whilst A1 and sulphate concentrations increased through the addition o f final 

effluent. Precipitation o f  metals was also evident as a mechanism for metal removal in 

particular with Fe.



The implications o f this research is the generation o f  a viable method for assessing the 

impact o f AMD, the duckweed impact assessment method. This method is simple and 

cost-effective, and can provide an overview o f the state o f the water body in question. If 

used in conjunction with a once o ff chemical assessment, the duckweed impact assessment 

method could then provide insight into how the affected water body changes over time and 

gauge any improvement or decline in water quality. The method compares favourably 

with other biological assessment methods available. Regarding the treatment o f AMD 

contamination, further study is required. Duckweed has shown that it can significantly 

reduce some o f the metals present and therefore may be successful in treating AMD that is 

not primarily dominated by aluminium.
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I. Introduction

1.1. M ining

Historically, the impact o f  mining on the environm ent has not been correctly regulated. 

This has resulted in many abandoned/historic mining sites yielding extremely detrimental 

environmental effects around the world. Modern mining is highly regulated due to these 

issues and the correct legislation has been put in place to protect the environment. The 

European Commission has introduced a directive for the management o f waste from 

extractive industries (Directive 2006/21/EC). Another directive was also amended to 

include the preparation o f an inventory o f  closed facilities (Directive 2004/35/EC).

Mining in Ireland dates back as far as the Bronze Age. There are many historic mining 

sites in Ireland, however the most prominent are the Silvermines, Tynagh Mines and the 

mines at Avoca, which were the subject o f  this study.

The mining history at Avoca is long and varied. M ining operations began during the 18“' 

century with the first attempt comprising a small operation to extract high-grade copper 

veins (CDM, 2008). By the 19"'century, pyrite was extraction was prominent. Mianrai 

Teoranta, the State mining company were involved in the production o f  ochre from the site 

during the 1940s through to the 1950s. This was then followed by copper extraction from 

1958 to 1962 by St. Patrick's Copper Mines and fmally Avoca Mines Ltd. In 1969. The 

mines finally closed in 1982, with a total o f 8.9 million tonnes o f  ore having been extracted 

through the years (CDM, 2008).

Figure 1.1 illustrates the main mining sites in Ireland and was generated as a joint project 

between Geological Survey Ireland and the Environmental Protection Agency to comply 

with Directive 2004/35/EC, ‘The Historic Mine Sites -  Inventory and Risk Classification’ 

(EPA and GSl, 2009).
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Figure 1.1 Map illustrating the main mineral deposits in Ireland (EPA and GSI, 2009).

This report classified the abandoned sites in Ireland based on associated risks and 

environmental impact. The sites were divided into five classes based on the results. The 

conclusion o f this report was that for Class 1 sites, such as the mines at Avoca, a full 

environmental risk assessment needs to be carried out and the sites need to be monitored 

on an ongoing basis. Class II sites should include general monitoring o f waste piles, 

discharges and stream sediments each year. Class III sites should have specific monitoring 

on certain waste piles, discharges and stream sediments every two years. Class IV sites 

should be monitored in a similar manner to class III sites, however this should be every 

five years. Finally, class V sites do not require any specific monitoring (EPA and GSI, 

2009).
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1.2. Acid Mine Drainage (AMD)

Acid mine drainage (AMD) is one o f  the primary causes o f  heavy metal contamination to 

surface and groundwaters worldwide (Maci'as et al., 2012b, Younger, 1997, Das et al., 

2009) Acid mine drainage is generated by the oxidation o f exposed mine tailings, 

normally pyrite as this is the most abundant sulphidic mineral on the planet, by the obligate 

acidophilic bacteria, Tliiobacilliis ferrooxidans (Evangelou, 1995, Gray, 1998, Johnson and 

Hallberg, 2005). The resulting acidity allows toxic metals to leach from the host rock 

(Gray, 1996a). This leachate is characterized by a naturally low pH (<4), increased 

concentrations o f  sulphate and increased concentrations o f  a variety o f  heavy metals 

varying by the geology o f  the affected location (Macias et al., 2012b, Song et a!., 2012). 

The toxic waters infiltrate groundwater, streams, rivers and lakes as they flow from 

abandoned mine workings or seep from piles o f mine tailings. There are several factors 

which affect the longevity o f the pollution from a single mining site; (i) the size o f  the 

mining operation including all underground shafts and tunnels, (ii) the volume o f waste 

rock left behind and (iii) a variety o f hydraulic and geological parameters (Younger et al., 

2002 ).

Whilst mining is one o f the primary causes o f  anthropogenically induced heavy metal 

pollution, other m ajor contributors include industries such as galvanic processing, power 

plants, construction sites, electroplating, textile, storage batteries, ceramic and glass 

industries (Das et al., 2009, Keskinkan et al., 2003, Horvat et al., 2007).

1.2.1. Chemistry o f  AMD

The generation o f  mine tailings through m ining processes increases the surface area for 

exposure o f the rock to atmospheric conditions. These pyritic and non-pyritic sulphidic 

minerals are exposed to water and oxygen resulting in the generation o f  an acidic, 

sulphate-rich wastewater with a high metal content (Das et al., 2009). This water pours 

from abandoned mines through adits which drain the inner workings o f  the mining 

structure, from surface piles o f  waste rock and can also drain from tailings dams (Younger 

et al., 2002, Feng et al., 2000). The driving forces which determine the rate o f production 

include pH, temperature, oxygen content o f  gas phase, oxygen concentration in water 

phase, degree o f  water saturation, chemical activity o f Fe^^, surface area o f exposed mine 

tailings and permeability o f  the waste rock, chemical activation energy required to initiate 

acid generation and bacterial activity (Akcil and Koldas, 2006). A wide range o f metals

3



can be found in AMD, the presence and quantities o f which depend on the composition o f 

the underlying rock. These toxic elem ents include aluminium (Al), iron (Fe), manganese 

(Mn), magnesium (M g), nickel (Ni), cadmium (Cd), zinc (Zn), copper (Cu), lead (Pb), 

calcium (Ca), arsenic (As), silver (Ag), mercury (Hg), uranium (U), chromium (Cr) and 

sulphate (SO4) (Hughes and Gray, 2010).

The exposure o f mine tailings ultimately leads to the oxidation o f sulphides, most 

commonly pyrite (FeS2) (Evangelou, 1995, Stumm and Morgan, 1981). This is the process 

that allows metals to be leached from the rock alongside sulphate and hydrogen ions;

1 . 2 FeS2 + IO2 + 2 H2O 2Fe^^ + 4 8 0 4 -̂ + 4H '

In the next phase, the dissolved ferrous iron (Fe“‘) is oxidised to ferric iron;

2 . 4Fe-^ + 4H^ + 0 2 ^  4Fe^" + 2 H2O

The ferric iron then follows one o f  two pathways. It is either hydrolysed to form insoluble 

ferric hydroxides (ochre deposition/yellowboy) which precipitate and can coat the 

substrate;

3. Fe^^ + 3 H2 0 ^  Fe(OH )3 + 3H '

Or it is involved in the oxidation o f pyrite (Stumm and Morgan, 1981).

4. FeS2 + 14Fe^^ + 8 H2O ^  15Fe-" + 2 8 0 4 -̂ + 16H*

The third equation, where ferric iron is hydrolysed to form its insoluble ferric hydroxides, 

relies on both the concentrations o f  dissolved ferric iron and the pH o f  the medium. This is 

due to the fact that ferric iron remains dissolved in solution only at very acidic pH (<3), 

above which concentrations are negligible unless high levels o f  a complexing agent such as 

humic acid are present (Carlile and Dudeney, 2000). Above pH3 it quickly precipitates 

from solution which also can lead to the smothering o f  life within the sediment layer. 

Alternatively the ferric iron may proceed to oxidise pyrite (equation 4).

4



L2.2. Implications o f  AMD

A M D  is a multifactor pollutant that negatively impacts aquatic ecosystems both directly 

and indirectly (Gray and Sullivan, 1995). It can have severe implications as it can connect 

through the hydrographic  system to generate a diffuse pollution and can also infiltrate 

groundwater, increasing the risk o f  polluting w ater intended for human consumption 

(Macias et al., 2012a, K anoun-Boule et al., 2009). This com plex pollutant causes serious 

problems for hum an health and the health o f  other b io ta  that come into contact with it, 

ultimately leading to diminished biodiversity (Bae et al., 2010, Horvat et al., 2007, 

Teisseire et al., 1998). A M D  effects can also range to include elimination o f  species, 

niches and habitats (Crowder, 1991). The heavy metals which characterise the pollutant 

accumulate in the tissues o f  plants and animals and thus bioaccumulate through food 

chains with the highest trophic levels most severely impacted (Schmitt et al., 2007, 

Dirilgen, 2011). Elimination o f  sensitive species in impacted water bodies results in food 

chain simplification, the ramification o f  which is a reduction in ecological stability (Gray 

and Sullivan, 1995). Accumulation o f  metals through food chain magnification has serious 

implications for aquatic life, and also through any species used for human consumption 

(Miretzky et al., 2004). In the environment, geochemical processes associated with 

mineral oxidation impact the dissolved oxygen levels and if  the water becomes deficient in 

oxygen then habitat loss can follow (Bhattacharya et al., 2006). The combination o f  

metals, sulphate and acidity pose a serious threat to freshwater communities in relation to 

both their stability and maintenance (Gray and Delaney, 2008). Heavy metal 

contamination in surface waters results in metals binding to particulate matter which in 

turn leads to a high metal content in the sedim ent as the particulate matter settles (Peng et 

al., 2008). This w ould  then directly impact rooted m acrophytes and other aquatic 

organisms. There are m any factors affecting the bioavailability o f  metals in surface waters 

(Kimball et al., 2009). These include precipitation and dissolution o f  metals, sorption onto 

organic matter and redox reactions. The bioavailable fraction will determine the level o f  

toxicity to aquatic o rganism s and thus the associated impacts.

The World Health Organisation released the following, ‘Guidelines for Drinking W ater 

Q uality ’ (W H O , 1993). They presented the following information:

A lum inium  salts are frequently used in w ater treatment and i f  the residual concentrations

are high, this can result in turbidity. There is little evidence that orally ingested aluminium

is toxic to humans, how ever exposure to alum inium  has been linked to A lzheim er’s
5



disease, although this is contested. Cadmium accumulates primarily in the kidneys and 

due to its long half-life, can be present in the body for 10-35 years after consumption, thus 

the kidney is the main target o f  cadmium toxicity in the body. It is believed to be 

carcinogenic if inhaled. Copper is an essential nutrient in the body so deficiency can also 

cause negative effects, however the upper limit o f acceptable copper intake per day is in 

the region o f several mg. There have been links to gastrointestinal effects with extremely 

high levels o f  copper. There is also some uncertainty regarding the effects o f  copper on 

people carrying the gene for W ilson disease or other metabolic disorders that are 

associated with copper homeostasis. Iron is an essential element for humans. There is no 

guideline for iron in drinking water, however up to 2mg/L is not considered to be 

hazardous to human health. Transfer o f lead through the placenta can occur from the 12'’’ 

week o f pregnancy and then continues through development. Young children are a higher 

risk as they absorb 4-5 times more lead than adults. Pregnant women and children under 6 

are the highest risk and the toxicant accumulates in the skeleton. It can inhibit one o f  the 

major enzymes associated with making haem for the body and interferes with calcium 

metabolism. It is toxic to both the central and peripheral nervous systems resulting in 

neurological and behavioural impacts. It is also a carcinogen. M anganese can result in 

adverse effects for both under and over exposure, as it is also an essential element for life. 

If inhaled it can cause neurological impacts, with similar effects also seen with prolonged 

exposure to a high level o f Mn in drinking water. Zinc is found in all food and potable 

water. The daily requirement for adult men is 15-20mg/day. It was deemed that a drinking 

water guideline was not necessary, however if Zn was present above 3mg/L in water, it 

may not taste acceptable. Above 15mg/L is considered to impair the potability o f water.

With such detrimental impacts it is necessary to generate a sustainable method o f  treating 

waters that have suffered AMD pollution. Current methodologies in place for treating 

AMD include chemical remediation techniques such as coagulation, co-precipitation and 

entrapment using a variety o f  alkaline reagents. This can be both costly and time 

consuming (Lee et al., 2007, Bae et a!., 2010).

1.2.3. Active treatment options fo r  AMD

Many technologies have been explored for heavy metal treatment however the efficiencies

o f  these methods tend to favour certain metals, and becomes very expensive when treating

large volumes o f  water (Hou et al., 2007). Aside from the high capital investment, the
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generation o f  a bulky sludge that w ill then require d isposal is also an issue. 1 he treatm ent 

options for A M D  can be categorised  into active or passive system s. Som e o f  the m ost 

com m on active system s include (i) oxidation  and chem ical neutralisation, (ii) flotation, (iii) 

m em brane filtration, (iv) ion exchange, (v) su lphate reducing  bacteria (SR B ) based 

system s and (vi) adsorption and (H ughes and G ray, 2010, K eskinkan et al., 2003).

(i) O xidation and chem ical neutralisation is the m ost com m on treatm ent type as it is a 

basic, low technology  system . It involves chem ical based neutralisation and the 

precipitation o f  m etals from  solution as hydroxides or carbonates. A lkaline m aterial can be 

added to A M D  to increase the pH thus accelerating  the oxidation o f  ferrous iron and 

causing the precip itation  o f  som e o f  the m etals in solution  as hydroxides and carbonates 

(Johnson and H allberg, 2005). This then generates a bulky, m etal rich sludge w hich needs 

to be disposed o f  carefully. There are several reagents used during this process including 

lim e, slaked lime, calcium  carbonate, sodium  carbonate, sodium  hydroxide, m agnesium  

hydroxide and m agnesium  oxide (Johnson and H allberg, 2005). In their review  Johnson 

and H allberg (2005) note the lim itations o f  som e o f  these m ethods as the ir effectiveness is 

oflten reflected in their cost. For exam ple lime is a significantly  cheaper alternative to 

sodium  hydroxide how ever sodium  hydroxide is approxim ately  50%  m ore effective in 

rem oving m etals.

(ii) F lotation is an effective m ethod o f  m etal rem oval. It is a highly selective technique 

w ith a high efficiency in contam inant rem oval. The requirem ent o f  a relatively  low 

retention period reduces tank size and land footprin t thereby reducing costs (R ubio et al., 

2002). I'here  are m any different m ethods o f  flotation, the m ost com m on o f  w hich are 

dissolved-air flotation and d ispersed-air flotation w hich use the technique o f  bubble 

attachm ent to rem ove contam inants (M atis et al., 2003). For exam ple, in froth flotation, 

hydrophobic particles are rem oved as they attach to the bubbles and are carried  to the 

surface w here they for a froth or scum  w hich can then be skim m ed (A lam  and Shang, 

2012). O ther flo tation m ethods include vacuum  air flotation, electro flo tation and 

biological flotation (K urniaw an et al., 2006). H ow ever it is com m on that m etal 

contam inated w aters require further treatm ent to rem ove residual m etals after flotation.

(iii) U ltrafiltration, nanofiltration and reverse osm osis are the all types o f  m em brane 

filtration used for the rem oval o f  heavy m etals from  solution. U ltrafiltration uses 

perm eable m em branes w ith pore size <20nm  which can filter the m etals from  solution. 

N anofiltration  uses a com bination  o f  sm all pore size w ith electrical potential to  filter out
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tlie m etals. R everse osm osis uses pressure to drive a substance across a sem i-perm eable 

m em brane, the applied pressure negating  the effect o f  osm otic pressure. The choice o f  

m em brane filtration system  depends upon the size o f  particle to be retained, how ever 

m em brane fou ling  can im pact the system s perform ance (K urniaw an et al., 2006).

(iv) The exchange o f  ions from  an exchange resin and electrolyte solution, or from  solid 

and liquid phases, is currently  used as a  m ethod o f  m etal rem oval and recovery. It is a very 

efficient m ethod after w hich the resin can be treated w ith reagents in order to recover 

m etals that m ay be o f  value (K urniaw an et al., 2006).

(v) Sulphate reducing bacteria (SR B ) system s can be both active and passive. A ctive 

bioreactors have the advantage o f  additional control over retention tim e and the reactor 

itself, w hich can allow  for m ore com pact treatm ent units. This resu lts in lower costs and 

reactor volum es (H ughes and G ray, 2010). The use o f  sulphate reducing bacteria (SR B ) in 

AM D treatm ent is a viable option , reducing sulphate to sulphide, how ever this m ethod 

requires specific environm ental conditions including high pH (>5), anaerobic environm ent, 

sufficient electron donors and a physical support to act as a substrate for im m obilisation 

(G ibert et al., 2002, Song et al., 2012).

(vi) The use o f  activated carbon for adsorption o f  heavy m etals is also  a com m on practice, 

how ever is an expensive technique and has thus generated a lot o f  research into alternative 

b iosorbents (A jm al et al., 2000, Schneider et al., 2001, Zhang, 2 0 I I ,  K eskinkan et al.,

2003, K eskinkan et al., 2004). B iosorption is classified as cell m etabolism , ex tracellu lar 

accum ulation, sorption onto cell surfaces o f  organism s and in tracellular accum ulation 

(V eglio and B eolchini, 1997).

/ .2.4. Passive treatment options fo r  AMD

Passive rem ediation has becom e a popular area o f  research to tackle th is grow ing problem . 

Som e o f  the m ost com m on passive system s include (i) constructed w etlands, (ii) anoxic 

lim estone drains, (iii) open lim estone channels and lim estone leach beds and (iv) C om post 

bioreactors/SR B  based passive system s (H ughes and Gray, 2010).

(i) There has been a lot o f  interest generated in recent years for phytorem ediation  potential 

o f  many m etal accum ulating/m etal tolerant plants (Peng et al., 2008). C onstructed



w etlands are a w idely used for w astew ater treatm ent but also for passive treatm ent o f  

A M D  (Y ounger et a!., 2002, M itscli and W ise, 1998). They are a low cost alternative to 

many o f  the previously d iscussed active system s and use relatively shallow  system s that 

operate by surface flow. They use natural processes to rem ediate A M D  (both biotic and 

abiotic) and are often used as part o f  an integrated system  or as a final polish ing step  for 

treated effluent (K osolapov et al., 2004). In w astew aters w ith high m etal content 

rhizolfiltration can be em ployed w hich uses the plant roots to  both absorb  and adsorb 

pollutants. It is possible for aquatic m acrophytes to  absorb m etals d irectly  from  the w ater 

phase through leaves or fronds, or if  rooted, from the sedim ent (Rai et al., 2003).

(ii) A noxic lim estone drains offer an alternative approach to  the addition o f  alkalinity than 

an active system  approach. These system s aim to keep iron in its reduced form  to prevent 

its precipitation w hich can result in arm ouring o f  the lim estone, w hich can reduce the 

effectiveness o f  the system  (Johnson and H allberg, 2005). The rate o f  lim estone 

dissolution is increased w ithin the drain which increases the alkalinity , thus m itigating the 

AM D. A lkalinity  can reach values o f  275m g/L  w hich is a vast increase on open lim estone 

channels w hich record alkalin ity  values o f  50-60 m g/L (K leinm ann et al., 1998). An issue 

arising with anoxic lim estone drains is that they are not suitable for use w ith mine 

drainages that contain very high quantities o f  ferric iron or alum inium  as they will 

eventually becom e ‘a rm oured ’ by the m etal precipitation w hich reduces the perm eability 

and thus the effectiveness o f  the system .

(iii) Open lim estone channels are sim ilar in principle to  anoxic lim estone drains. The 

channels are lined with large pieces o f  lim estone w hich, like anoxic lim estone drains, 

result in d issolution o f  the rock m aterial w hen A M D  is passed through the channels 

(H ughes and G ray, 2010). The perm eability  o f  the lim estone is key during  th is process and 

so the slope o f  the  channels needs to be increased to reduce the possib ility  o f ‘arm our’ 

form ing by increasing flow  velocity . As previously stated, alkalinity  values in an open 

system  such as this, are m uch low er than for the anoxic lim estone drains.

(iv) C om post bioreactors are anaerobic system s that can be used to detoxify  net acidic 

A M D  with high m etal content. A lkalinity  and biogenic hydrogen sulphide are generated 

through m icrobially  catalysed reactions w ithin the biological reaction cham ber w hich is 

m uch more beneficial than the addition o f  sulphide chem ically (active system s) (Johnson 

and H allberg, 2005). The b ioreactor is filled w ith com post w hich is derived from easily
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accessible organic m aterial such as m anure or m ushroom  com post and is m ixed w ith 

recalcitrant m aterials such as saw dust, peat or straw  w hich can then itse lf provide the 

electron donors w hich assist in the reductive reactions w ithin the process (Johnson and 

H allberg, 2005). This com post then provides a substrate for iron reducing bacteria (FR B ) 

or sulphate reducing bacteria (SR B ) w hich are the driving forces in com post bioreactors. 

The organic com post can also act as a filter for suspended particles and m etals are also 

adsorbed by the m aterial. M etals are rem oved from these system s as hydroxides, 

sulphides, carbonates, silicates or sulphates (H ughes and G ray, 2010). It is possible for 

these m etals to then be sold as com m ercial grade which is an additional benefit o f  the 

system .
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13 . Plant responses to heavy metals

It is know n that heavy m etals m ostly becom e toxic to living organism s above a certain 

threshold below  w hich, these m etals are often essential for life and grow th in m inute 

quantities (D as et al., 2009, Y ruela, 2009, Frankart et al., 2002, Erdei et al., 2002, Hall, 

2002). E ssential m etabolic processes are d isrupted w hen m etals are in excess o f  these 

thresholds such as protein denaturation, photosynthetic and respiratory electron  transport 

chains, cell w all m etabolism , oxidative stress protection, displacem ent o f  another metal 

essential for life, b lockage o f  functional groups, protein synthesis and the developm ent o f  

organelles (Ford and Ryan, 1995, Y ruela, 2009, Frankart et al., 2002). A deficiency in 

som e m etals can be as dam aging as m etal excess in som e cases. It is know n that Fe, Mn 

and Mo function as im portant m icronutrients, Cu, Co, Cr, Zn, N i, V and W are toxic, 

how ever can have im portance as trace elem ents and As, Ag, Cd, Hg, Sb, Pb and U have no 

function for plant life w ith generally  toxic im plications (Schiitzendiibel and Polle, 2002, 

Rascio and N avari-lzzo , 2011).

1.3.1. Metal-induced toxicity

Exposure to stress can u ltim ately lead to d isruption o f  plants cellular and m olecular 

processes. M ost m etals affect the grow th and developm ent o f  plants due to  their 

phytotoxicity. T here are three m olecular m echanism s o f  heavy metal tox icity  when 

sum m arised based on the ir chem ical and physical properties (Schiitzendubel and Polle, 

2002). T hese are sum m arised as (i) the production o f  reactive oxygen species by 

autoxidation and Fenton reaction; (ii) blocking essential functional groups in biom olecules 

and (iii) d isp lacem ent o f  essential m etal ions from  biom olecules. The first m echanism  (i) 

is noted as a typical reaction for transition m etals, for exam ple Fe, Zn and C u w hich are 

prom inent in A M D  contam ination. T ransition m etals such as Fe, Zn and Cu cause 

oxidative stress in p lant tissues, how ever there is no evidence that increased levels o f  

antioxidative system s w ould be able to m itigate this stress response. The b locking o f  

essential functional groups in biom olecules (ii) describes a m echanism  w hich usually 

occurs fo r non-redox-reactive heavy m etals eg. Cd and Hg. N on-redox-reactive m etals are 

also know n to induce toxic stress in plant tissues through lipid peroxidation , accum ulation 

o f  harm ful levels o f  H2O 2 and oxidative burst (Schiitzendiibel and Polle, 2002). 

A ccum ulation o f  Cd can result in reduced levels o f  photosynthesis, reduced uptake o f  both 

w ater and nutrients, chlorosis, grow th inhibition and ultim ately in severe cases, death

1 1



(Zhang et al., 2005). The third reaction (iii) occurs with different types o f heavy metals 

(Schiitzendiibel and Polle, 2002).

One o f the most common stress responses is the increased production o f reactive oxygen 

species (ROS) (Blokhina et al., 2003, Rascio and Navari-Izzo, 201 1, Hall, 2002). Whilst 

very high levels o f  ROS are associated with negative factors such as DNA injury and the 

oxidation o f  proteins and membrane lipids, it is now known that low levels o f ROS are in 

fact necessary for the healthy functioning o f plants (Schiitzendubei and Polle, 2002, Zhang 

et al., 2005). They have an important role in pathogen defence (oxidative burst) and can 

also act as intermediate signalling molecules in the regulation o f gene expression 

(Langebartels et al., 2002, Vranova et al., 2002). For these positive reasons it is necessary 

that their production be controlled and not eliminated.

1.3.2. Metal tolerance

The capacity o f aquatic macrophytes to both tolerate and accumulate heavy metals from 

solution has generated great interest in this area o f  research. As sessile organisms, plants 

have developed an array o f defence mechanisms which allow for them to tolerate 

environmental stressors as they must be flexible in order to survive their changing 

environment if they are to survive. A plants tolerance to an environmental stress can be 

attributed to a wide variety o f morphological, physiological and biochemical responses that 

adapt to cope with stress exposure or act to repair its damage. Whilst some responses are 

specific to certain stresses, the antioxidant response system is more o f  a general response, 

preventing or limiting damage from ROS amongst others things (Potters et al., 2007).

In a study to determine how plants react when faced with environmental stressors. Potters 

et. al., (2007) recorded inhibited cell division in the primary root meristem o f Zea mays 

within 5 minutes o f exposure to aluminium. However the authors recorded an increase in 

cell division in the distal elongation zone which resulted in the generation o f  lateral roots 

within three hours. They concluded that growth had not been inhibited, rather redistributed 

as a possible ‘flight’ response from the plant, with growth being redirected. They recorded 

a similar ‘flight’ response in Arabidopsis thaliana  when exposed to copper. Root 

elongation was inhibited however the authors then recorded an increase in lateral root 

formation from zero in the unstressed control to 38 initials per main root in seedlings 

treated with 30 Cu, and 102 initials when seedlings were treated with 100 |.iM Cu.
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Plants diminish the effects o f  heavy metals in three different ways: (i) they prohibit metals 

from entering the plant completely, (ii) they prohibit metals from entering the shoot or leaf 

tissue by restricting them in the roots and (iii) they accumulate/hyperaccumulate metals 

and concentrate them in plant parts (Kamal et al., 2004, M ishra and Tripathi, 2008). A 

com m on strategy for dealing with an excess o f  metals in their environm ent is preventing 

the metals from entering the root cells o f  the plant. Plants achieve this through binding the 

metals to organic acids exuded from the roots or to an anionic group o f  cell walls (Rascio 

et al., 2008). I f  metals do enter the root cells, some plants have developed responses in 

which they limit the amount o f  metal that can be translocated thus mitigating the impacts 

on the metabolically active, photosynthetic leaf  tissue. This can be achieved by 

complexation o f  the metal with amino acids, organic acids or metal-binding peptides or 

sequestration o f  the metals into vacuoles to restrict m ovem ent (Hall, 2002). Another 

strategy is the active uptake o f  heavy metals by ‘hyperaccum ulators’ (Rascio and Navari- 

Izzo, 2011). These plants to do not ‘exc lude’ metals or trap them within their roots, they 

translocate the metals to the shoots and leaves with concentrations known to be up to 1000- 

fold higher than found in plants that are not classified as ‘hyperaccum ulaters’, whilst 

showing no signs o f  phytotoxic stress (Reeves, 2006). It seems obvious that the ‘true’ 

hyperaccumulating plants, which make up a mere 0.2% o f  all known species, would be 

ideal candidates for phytoremediation; however this is not always the case. Most are metal 

selective with low growth rates and shallow root systems which w ould limit the removal o f  

metals (Rascio and Navari-lzzo, 2011). Choosing the correct plant assay for heavy metal 

contamination is an important process with many parameters to be taken into account.
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1.4. Introduction to Lemna minor

The Lemnoideae (duckweed) are a subfamily o f  Araceae and are floating vascular plants 

that are widely distributed around the world (Lewis, 1993). Lemna minor belongs to one 

o f five genera o f  duckweed, Lemna, Spirodela, Landoltia, Wolffia and Wolffiella, and is a 

simple structure composed o f a leaf or frond and a root structure. It is found in colonies o f 

>2 fronds, each frond with its own root. They are an ideal species for lab based testing for 

a variety o f reasons; size, ease o f  culturing, structural simplicity, high growth rate, low cost 

and reproduction by vegetative propagation to produce a genetically homogenous 

population (Lewis, 1993, Wang, 1986b, Wang, 1990). They also have the ability to 

directly take up chemicals not only through the roots but also through the frond tissue 

(Cedergreen and Madsen, 2004). Symptoms o f  duckweed stress include chlorosis, 

necrosis, reduced frond size in daughter fronds, loss o f  roots, loss o f  buoyancy, break up o f 

colonies through premature release o f  daughter fronds, not releasing daughter fronds at all 

resulting in overly large colonies and gibbosity (swelling) (Wang, 1990).

Plant assays are notably sensitive to pollutants (W ang and Freemark, 1995). The 

duckweed Lenma minor has shown significant potential for assessment and potential 

phytoremediation o f heavy metal polluted waters (Lewis, 1995, Miretzky et al., 2004, 

Naumann et al., 2007, Radic et al., 2011, Wang, 1986b). Furthermore, healthy duckweed 

also has a doubling time o f 1.3 to 2.8 days and so this coupled with its size and ease o f 

culturing makes it an ideal species for lab based testing (Khataee et al., 2012, Radic et al., 

2011, Wang, 1984, Wang, 1990). It also has a known ability for accumulating heavy 

metals and has ecological relevance for both detecting and monitoring metal pollution 

(Garnczarska and Ratajczak, 2000, Miretzky et al., 2004, Axtell et al., 2003, Rahmani and 

Sternberg, 1999). Duckweed is also known to exude organic acids from the roots which 

can bind to heavy metals thus hindering their entrance into root cells. This in turn reduces 

translocation o f the toxins to the fronds where the tissue becomes visibly damaged (Rascio 

and Navari-Izzo, 2011).

There are mixed reports arguing duckweeds sensitivity to environmental toxicity and

others suggesting its tolerance to toxicity. However they have been shown to be

particularly useful as a bioassay for complex pollutants and herbicides (Wang, 1990, Wang

and Freemark, 1995). Flowever early reports o f  duckweed tolerance indicated that it can

survive and grow at a wide range o f  nutrient concentrations and also in the presence o f

elevated heavy metals (Gabrielson et al., 1980). In toxicity testing carried out with sixteen
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aquatic pollutants, duckweed was shown to be equally sensitive if  not more sensitive to 

metal toxicity than som e fish species traditionally used for that purpose (W ang, 1986b). In 

all cases for the assessm ent o f  seven metal ions, Cd, Cr (VI), Cu, Pb, N i, Se and Zn the 

duckweed bioassay and its associated 96h EC50 was more sensitive to the metal ions than a 

corresponding 96h LC50 for the fish. Wang (1986) discusses the possible answer for this 

paradox in which duckweed is reported as both sensitive and tolerant. It is suggested that 

the plant is highly adaptive and when transferred from optimal conditions for growth into a 

mixture containing pollutants, it is responsive to the pollutants it encounters. H owever due 

to the high growth rate o f  duckweed, it may develop a resistance to contaminants at 

sublethal concentrations through adapting to survive. For exam ple in one study it was 

found that the duckweed L. perpiisilla  was the most abundant macrophyte occupying 95%  

o f  the surface area in a heavy coal ash retaining basin which indicated the species ability to 

tolerate and flourish in an environment with increased metal concentrations (Clark et al., 

1981). The high reproductive rate o f  duckweed is the most likely explanation for its ability 

to acclimate to chronic metal contamination at ‘below lethal’ doses. This contradicts the 

previously discussed study in which duckweed was shown to be more sensitive to metal 

contamination than fish (W ang, 1986b). This is not an uncommon phenomenon and is not 

limited to plants but is also seen with other organisms.

Many studies have shown the potential o f  som e aquatic macrophytes to accumulate heavy 

metals in their tissues (Peng et al., 2008, Samecka-Cymerman and Kempers, 2004,

Dirilgen, 2001, Dirilgen, 2011, Mishra et al., 2008, Mishra and Tripathi, 2008). In fact 

there are many studies that indicate the ability o f  Lemna to accumulate heavy metals 

(Miretzky et al., 2004, Axtell et al., 2003, Rahmani and Sternberg, 1999, Wang, 1987, 

Abdel Wahaab et al., 1995, Bharti and Kumar Banerjee, 2012, Megateli et al., 2009).

! .4.1. Lemna minor and w astew ater

The ability o f  duckweed to propagate quickly whilst depleting the nutrient content (in 

particular its ability to remove nitrogen and phosphorus compounds) o f  the solution 

qualifies it as an ideal organism for wastewater treatment (Cheng and Stomp, 2009, Oron,

1994, Korner et al., 2003). It has the potential to treat wastewater with the assistance o f  

aerobic and anaerobic bacteria (Ozengin and Elmaci, 2007). Duckweed also forms a 

floating mat which is easy to harvest and chopping and separation are not required before 

feeding to animals as with the water hyacinth. Thus, Lemna system s have long been used
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for the treatment o f  wastewater in temperate climates, especially in developing countries 

with low-cost land that can facilitate such low energy treatment processes (Crites et al., 

2006). The systems are generally in the form o f  a facultative pond or an aerated lagoon 

(M etcalf and Eddy, 1991). These are shallow yet require a large surface area and so the 

land footprint becomes a limiting factor in their use (Bonomo et al., 1997). It is a batch 

flow system from which duckweed is harvested regularly and the performance o f  such 

systems results in a high quality effluent. Duckweed can absorb nutrients directly from the 

wastewater through its fronds and does not have to enter through a central system like 

other plants (Oron, 1994). It also possesses the ability to assimilate amino acids, 

carbohydrates and other organic molecules. Duckweed is known to successfully grow on 

wastewaters such as high phosphorus stagnant bodies and significantly deplete the 

phosphorus (Oron, 1994).

The treatment o f wastewater using duckweed is not a new concept. They have long been 

considered a viable alternative to the more traditional water hyacinth which is more limited 

due to its intolerance o f colder conditions and difficulty with harvesting and processing. 

However even under freezing conditions it has been reported that duckweed can lay 

dormant at the bottom o f  a body o f  water until warmer conditions return (Zirschky and 

Reed, 1988). Another noted benefit o f  using duckweed is that it can shade out algal 

growth which can become a hindrance, due to the formation o f a mat on the surface o f  the 

treatment pond. Zirschky and Reed (1988) indicate that this shading out o f algae can help 

improve SS removal. The authors conclude that duckweed can improve performance in 

treatment ponds through BOD and SS removal. They also mention that duckweed is 

effective in depleting nutrient concentration once the biomass is regularly harvested.

One study investigated the use o f  L. gibba and L. minor for phosphorus removal from 

static sewage (Sutton and Ornes, 1975). The authors found that biomass was significantly 

increased when the duckweed was grown in secondary treated effluent compared to those 

grown in pond water. A 97% decrease in orthophosphate phosphorus was observed in the 

effluent which correlated with the phosphorus content increase in the duckweed biomass 

(up to 2 .l|ig /m l). When duckweed was grown in both 50% and 100% secondary effluent 

the protein content o f  the biomass almost tripled compared to the control grown on pond 

water. This result would then allow for the protein rich biomass to be used as a feedstock 

for animals and fish once phosphorus is depleted in the wastewater.
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Ozengin and Elmaci (2007) analysed the performance o f L. minor for removal o f  total 

phosphorus (TP), P04'^, total nitrogen (TN) and COD from municipal and industrial 

wastewaters. The results indicated COD removal o f  83.67% and 74.55% for municipal 

and industrial wastewaters respectively. With influent TN concentrations o f  45.8 mg/1 and 

36.8 mg/1 for municipal and industrial wastewaters, post duckweed treatment the TN 

values for the effluent were 8.06 mg/1 and 7.06 mg/1 for municipal and industrial efTluent 

respectively. Before treatment, TP concentrations o f municipal and industrial wastewaters 

were 3.53 mg/1 and 1.53 mg/l respectively. These concentrations were also reduced in the 

effluent to 1.363 mg/l and 0.289 mg/l respectively. Orthophosphate removal efficiencies 

were 83.26% and 94.99% for each wastewater. Influent concentrations were 1.17mg/l and 

6.17 mg/l respectively for municipal and idustrial. The authors concluded that duckweed 

can play a vital role in nutrient removal in both wastewaters and that degradation o f 

organic material and COD in a duckweed treatment system is also efficient.

Recent studies have shown duckweed to be a preferential treatment method for swine 

wastewaters due to its ammonia uptake capacity which is the dominant nitrogen form for 

that particular wastewater (Xu and Shen, 2011). Ammonia can accelerate eutrophication 

and can result in nitrate formation in groundwater. In countries such as Brazil which is the 

third largest producer o f pork meat worldwide, the environmental impacts o f  pig farming 

can be severe and so duckweed treatment is common (M ohedano et al., 2012). Most o f  the 

pig farming is carried out on smaller farms with fewer financial resources and therefore a 

low cost, simple technology is what is required. Many o f these small farms have installed 

anaerobic biodigesters to deal with the waste however the effluent has a high nutrient 

content which is why duckweed is often employed as an efficient polishing step prior to 

discharge (Mohedano et al., 2012, Xu and Shen, 2011). For example a removal rate o f  

2.1g/m^/d'' and 0.6g/m"/d ' has been recorded for L. minor in the tertiary treatment o f 

swine wastes for nitrogen and phosphorus respectively (Cheng et al., 2002b). M ohedano 

et al., (2012) recorded high removal nutrient removal efficiency at 99% for TKN and TP, 

however the authors note that this is likely due to the long retention time o f more than 200 

days. In a study o f the performance analysis o f a duckweed covered sewage lagoon 

removal values o f 74% and 77% were recorded for TKN and TP respectively with a 21 day 

retention period (Alaerts et al., 1996). The potential for farmers to benefit from the 

biomass produced through its use as feed is an incentive for this type o f treatment.
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! .4.2. Comparison o f  methodologies

Toxicit} parameters measured for L. minor include relative growth rate, Nfronds/Ncolonies 

ratio, dry to fresh weight ratio, frond area, frond number, dry biomass, and guaiacol 

peroxidise activity as an indicator o f oxidative stress (Horvat et al., 2007, Gubbins et al., 

201 lb). Frond number is the most commonly measured parameter in duckweed toxicity 

testing (Wang, 1990). The method used for frond counts entailed the counting o f any 

daughter frond visible to the naked eye or as soon as they had emerged from the pouch o f  

the mother frond (Horvat et al., 2007, Appenroth et al., 2010). Biomass is also a regularly 

used growth measurement with the plant material dried overnight at temperatures ranging 

from 80-108°C to constant mass (Horvat et al., 2007, Radic et al., 2010, Appenroth et al., 

2010). In one study, frond area was analysed on the final day o f experimentation once it 

was dried with filter paper and scanned with a HP-ScanJet 3400C scanner with a default 

resolution set at 200 d.p.i. (Horvat et al., 2007). Images were then analysed using Adobe 

photoshop 7.0. Another method used to measure frond area involved the use o f image 

processing and ‘Optim us’ software package (Fomin et al., 2000). An alternative to these 

methods is suggested by Lemna Tec which operates a ‘LemnaTec Scanalyser’ for the 

measurement o f  frond area amongst other parameters (Eberius, 2001).

During toxicity testing with Lemna minor it is most commonly grown at 24±2°C (Horvat 

et al., 2007, Radic et al., 2010, Kanoun-Boule et al., 2009, Appenroth et al., 2010,

Naumann et al., 2007, Appenroth et al., 2008). A 16/8 hour cycle o f light to dark is the 

most common light cycle, and a photon flux densities range from 40-160 |.imol/m^/s 

(Horvat et al., 2007, Kanoun-Boule et al., 2009, Radic et al., 2010, Appenroth et al., 2010, 

Naumann et al., 2007, Appenroth et al., 2008, Dirilgen, 2001). Appenroth et al., (2010) 

follow the ISO 20079 protocol however, which calls for a 24 hour light cycle, with several 

other studies adopting the same approach (Dirilgen, 2001).

Experimental conditions commonly include the selection o f  healthy duckweed fronds with 

2-3 fronds per colony, the counting o f  any daughter frond visible to the naked eye or as 

soon as they had emerged from the pouch o f the mother frond (Radic et al., 2010, Horvat et 

al., 2007). The authors initially used a range finding test to determine sub lethal 

concentrations o f the pollutant and concluded that concentrations above 25% (v/v) 

electroplating wastewater were not viable as the duckweed became chlorotic and died 

within three days.
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Horvat et al., (2007) used real electroplating wastewaters during their study as the authors 

believed artificial laboratory metal mixtures cannot entirely m imic the behaviour o f  the 

natural pollutant. The authors also advocate the use o f  the toxic unit approach (TU) to 

predict which metal in a multi-metal sample contributes the greatest am ount o f  toxicity. 

The method is generally used for single metal samples how ever in the aforementioned 

study, the authors used single metal data obtained from previous studies (Wang, 1986b) 

and then used this information to calculate the proportion o f  the toxicity o f  each individual 

metal to the total toxicity calculated for the multi-metal sample. The authors acknowledge 

the limitations o f  this approach and indicate that its use within a multi-metal sample just  

gives the likely relative toxicity induced by heavy metals.
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1.5. The potential of Lemna minor in AMD

] .5.1. Lemna minor and individual heavy m etal analysis

Duckweed can play an important role in the removal and bioaccumulation o f  heavy metals 

from an aquatic environment (Kara et al., 2003). The responses o f  duckweed to heavy 

metal exposure have been recorded as formation o f  smaller daughter fronds than the 

original parent frond, break up o f  colonies to produce single fronds, chlorosis, necrosis and 

loss o f  roots (Horvat et al., 2007). In one o f  the earlier studies carried out using duckweed  

as an assay for detecting the toxicity o f  aquatic pollutants, the authors generated EC50 

values for 10 heavy metals (W ang, 1986b). They determined that EC50 value decreases 

with longer exposure time to heavy metals. The results were classed into sections, 

extremely toxic, highly toxic and moderately toxic based on the recorded values. The 

metal were ranked in the fo llow ing order Cd>Ni (extremely toxic, ECso values o f  0.2 and 

0.45m g/L respectively), Cu>Se>Fe>Pb>Zn (highly toxic, EC50 values o f  1.1, 2.4, 3.7, 8 

and lOmg/L respectively) and Ba>Mn>Cr (moderately toxic, EC50 values o f  26, 31 and 

35m g/L respectively).

Naumann et al., (2007) found that by plotting dose-response curves for selected duckweed 

growth parameters, it is possible to evaluate the phytotoxicity o f  heavy metals generated 

through calculation o f  ECx values. They subsequently used this method to rank 10 heavy 

metals according to their individual toxicities (Based on EC50: Ag*> Cd~^> Cu'^> Hg"*> 

Ni"^> T r >  Cr(VI)> Zn“^> Co^^> A s(lII)> As(V)). The metals that were tested in both this 

study and the previous study by W ang (1986) were Cd, Cu, Ni, Cr and Zn. If we eliminate 

the other metals tested and rank the remainder based on the results o f  each study the result 

is Cd>Ni>Cu>Zn>Cr and Cd>Cu>Ni>Cr>Zn for Wang and Naumann et al., respectively. 

Both studies indicate that Cd is the most toxic metal to duckweed follow ed by Ni and Cu, 

then Zn and Cr. Another study that assessed the toxicity o f  four heavy metals to L. minor 

listed the metals in the fo llow ing order based on their EC50 values; Cu>Cr=Zn>Co 

(Dirilgen, 2001). Whilst the orders o f  these ranked toxicities are similar, there appears to 

be some discrepancy over the order o f  Cr and Zn from the first two studies; however the 

third study found them to be equal. A study on the time dependence o f  growth inhibition 

and recovery after exposure o f  L. m inor to heavy metals recorded ECso values after seven 

days which can also be compared to these results. The authors noted ECso values o f  1.9, 

9.7, 46.1 and 56.3 fxM for Cd, Cu, Zn and Ni respectively (Drost et al., 2007). This order 

differs slightly from previous investigations; however it is always clear that Cd and Cu are
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o f greatest concern. In higher plants, the negative effects o f  Cd toxicity include oxidative 

damage and competition for essential metal co-factors required for chlorophyll synthesis 

(Sanita di Toppi and Gabbrielli, 1999).

Increased lead concentrations inhibit the uptake and transport o f essential nutrients in 

plants such as Ca, Fe, Mg, Mn, P and Zn due to the fact that it binds to enzymes, amino 

acids, DNA and RNA resulting in the disturbance o f metabolic pathways (Patra et al., 

2004). Lead is also known to inhibit the release o f duckweed daughter fronds resulting in 

large colonies which is in contrast to most other metals (Li and Xiong, 2004).

Radic et al., (2010) reported that whilst Al and Zn both induce antioxidative responses in 

L. minor, Zn was individually more toxic than Al due to greater accumulation. Both 

metals were tested at concentrations o f  0.15 and 0.3mM for each metal, with duckweed 

recording uptake ranging from 2 0 4 1±72 to 4945±240(.ig g '' dry weight for Zn and 

1505±] 10 to 2554±180|.ig g"' dry weight for Al after an exposure time o f 15 days. The 

authors stated that this may be due to the fact that Zn is an essential element for plant 

functioning and Al is not, thus the L. m inor is more effective at bioaccumulating Zn. It 

was also noted that Al solubility is positively correlated with decreasing pH which could 

also be a contributing factor to the results. It was concluded that L. minor is an appropriate 

organism for use in phytoremediation o f waters contaminated by low levels o f  Al and Zn 

providing that it was combined with suitable harvesting o f plant material.

Both Ni and Zn have been recorded as having genotoxic activity via oxidative pathways 

which can have an impact on plant growth due to its influences on cell division (Rout and 

Das, 2009). The authors note that zinc can have an inhibitory effect on plant growth when 

in excess and can also result in chlorosis or yellowing o f  the frond tissue. It is known that 

Zn-^ is essential for plant growth but induces oxidative stress when above certain threshold 

concentrations (Erdei et al., 2002). A recent study on the effects o f nickel on the 

chloroplasts o f  duckweed the authors noted several things o f  interest. It was recorded that 

Ni^^ induced the accumulation o f starch in duckweed tissue in almost all cells investigated. 

It also resulted in root loss and the inhibition o f  frond multiplication and biomass and a 

decrease in photosynthetic pigments which could be attributed to the ability o f  Ni^^to 

inhibit photosynthesis through inducing the formation o f ROS (Appenroth et al., 2010).

The authors also noted that in micromolar concentrations o f nickel, the generation o f 

fronds produced daughter fronds o f  a smaller size than the original inoculate that were also
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paler green in colour. The authors concluded that due to recording a N i'* uptake o f  only 

3g/kg dry weight that the two species o f  duckweed tested, S. polyrliiza and L. minor, that 

they would be unsuitable candidates for remediation o f nickel polluted waters however 

their sensitivity to the pollutant made them excellent candidates as bioindicators.

Copper naturally occurs in plant tissues in concentrations o f  approximately 10|ig g ' 

(Greger, 1999). A recent study recorded concentrations ranging from 200 to 1700 |ig g”' o f 

dry weight in duckweed populations after exposure to solutions with concentrations o f 25, 

50 and 100|,iM o f  Cu (Kanoun-Boule et al., 2009). it is a highly reactive metal due to its 

readily interchangeable oxidation states which can result in the catalysed formation o f free 

radicals (Kanoun-Boule et al., 2009). Frankart et al., 2002 noted that even concentrations 

ofC u^ ' that were lower than 400|.ig/L reduced L. m inor’s photosynthetic capacity. Wang 

(1986) recorded an EC50 value o f  1100 |ig/L after an exposure time o f  96 hours.

/ .5.2. Lemna minor and multi-metal analysis

Most published data concerning the use o f  L. minor in assessment or uptake o f heavy 

metals relates to singular metals, however these studies cannot encompass the effects o f 

multi-metal interactions and the associated synergistic, antagonistic or additive responses. 

Studies involving the use o f aquatic plants in the assessment or treatment o f  multi-metal 

pollutants are rare due to the complexity o f the plant responses (Horvat et al., 2007). 

However in a natural aquatic environment it is most likely that these metals will be 

encountered in a variety o f  combinations and concentrations. It is difficult to explain the 

metal interactions and combined toxicities however the authors concluded that a L. minor 

bioassay can effectively assess these combined effects.

The toxicity o f four heavy metals, Cr, Zn, Cu and Co was tested using L. minor, both 

individually and in their binary mixtures (Dirilgen, 2001). The interactions between the 

binary mixtures was investigated and classed as synergistic, antagonistic or additive. The 

binary combinations were Zn+Co, Zn+Cu, Zn+Cr, Cu+Cr, Cu+Co and Cr+Co. The author 

determined that Cr displays an antagonistic effect at all test concentrations, limiting the 

amount o f metal accumulated by the plant in all binary mixtures when compared to the 

uptake o f the same metals singularly. However Zn, Cu and Co had a synergistic effect on 

Cr, increasing the concentration accumulated when compared to a solely Cr solution. 

Copper was shown to have an antagonistic effect on the accumulation o f  Zn and also on
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the accumulation o f Co, reducing the metal uptake o f  both when compared to the uptake o f 

each individual metal. Cobalt was seen to have an antagonistic effect on Cu. Zinc also 

had an antagonistic effect on Co, and Co had a synergistic effect with increased uptake o f 

Zn. The only additive effect was observed for Cu and Cr mixtures at 2+5mg/L and 

2+20mg/L. This research gives an indication o f the complexity associated with assessing 

multi-metal samples, it is extremely difficult to discern what elements are causing the 

greatest amount o f  toxicity as removing a metal from the system may actually result in an 

increase in uptake o f another metal therefore increasing overall toxicity.

Through use o f the toxic unit approach previously mentioned, Horvat et al., (2007) 

concluded that Zn and Fe were the primary sources o f toxicity in their electroplating 

wastewater sample containing Pb, Cr(VI), C r(lll), Mn, Fe, Ni, Cu and Zn. However, 

considering the complexity o f  working with multi-metal samples, using the toxic unit 

approach which is based on calculations the results are questionable. They also contradict 

other findings that indicate that Cd and Cu are the most toxic metals on an individual basis 

although multi-metal interactions may alter this pattern.

In a study comparing the management o f AMD through three aquatic macrophytes, 

Eichhornia crassipes, Lemna minor and Spirodela polyrhhiza, the authors ranked their 

metal removal capability in that order respectively when in monocultures (M ishra et al., 

2008). In combination, the most effective grouping was E. crassipes and L. minor, with 

the authors assuming that this might be due to the preferential higher absorption capacities 

o f these two species. Lemna minor recorded increased metal concentrations for all metals 

in both its roots and fronds which were analysed separately. Table 1.1 shows the values 

recorded both before and after the study, indicating the ability o f L. minor to accumulate 

metals from a multi-metal sample.
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Tabic 1.1 Chemical composition o f  L. minor (roots and leaves assessed separately) before and after growth 

in mining effluent (M ishra et al., 2008) *Bdl -  below detection limits.

Chemical
Roots Leaves

Before A fter Before A fter

Crude protein (%) 14.5 ±0.9 18.1 ± 1 .6 11.6 ± 1.0 15.8 ± 1.3

N (g/kg) 22.9 ± 1.6 29.3 ± 2 .4 22.06 ± 1.1 28.11 ± 1.7

P(g/kg) 7.6 ±0.7 9.9 ± 0 .7 7.1 ±0.8 9.5 ± 0.9

Ca (%) 1.9 ±0,01 2.8 ±0.1 1.5 ±0.08 1.8 ±0.7

K (%) 3.9 ±0.2 4.9 ±0.3 4.0 ±0.2 4.4 ± 0.8

Mg (%) 0.62 ±0.02 1.1 ±0.1 0.6 ± 0.02 0.9 ± 0.04

Fe (g/kg) 0.09 ± 0.01 0.64 ± 0.02 0.04 ± 0.006 0.6 ±0.01

Cr(g/kg) Bdl* 0.55 ±0.05 Bdl* 0.3 ± 0.02

Cu (g/kg) 0.035 ±0.001 0.35 ±0.05 0.02 ±0.0 0.28 ±0.03

Cd (g/kg) Bdl* 0.32 ±20.01 Bdl* 0.3 ±0.01

Zn (g/kg) 0.11 ±0.001 0.36 ±0.02 0.09 ±0.01 0.26 ±0.01

Ni (g/kg) 0.074 ± 0.002 0.23 + 0.01 0.062 ±0.01 0.17 ±0.01

It has been recorded that the growth o f  L. minor is inhibited during the first seven days o f 

exposure to a multi-metal sample, following which the plants detoxifying mechanisms 

manage to overcome the heavy metal toxicity over the next seven days (Horvat et al.,

2007). The authors note that the response o f  the duckweed, tolerant or toxic, is highly 

reliant on the proportion o f metals within the overall pollutant. It is also important to 

consider the precipitation o f metals from solution over time due to various environmental 

factors.

In a recent study o f heavy metal removal in duckweed and algae ponds as a polishing step 

for textile wastewater treatment (containing elevated concentrations o f metals), the order of 

metal removal for L. minor was determined to be Cr>Zn>Pb>Cd>Cu in the first run, 

Cr>Zn=Pb>Cd=Cu in the second run and Cr>Zn>Pb>Cu>Cd in the third run (Sekomo et 

al., 2012). The authors used mass balance analyses to illustrate the high binding capacity 

o f  L. minor compared to algae with special reference to Cr, Zn and Pb. Table 1.2 shows 

the mass balance calculations for the L. m inor system. Metal accumulation was calculated 

from the difference between inflows and outflows including both sedimentation, metal 

content o f  duckweed and metals remaining in the water phase. It was concluded that both 

the duckweed and algal ponds were suitable as a polishing step for heavy metal

contaminated waters, particularly for low level Cr and Zn polluted waters.
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Table 1.2 Mass balance calculations for the duckweed metal removal system, illustrating metals content in 

inlluent. effluent, harvested plant material, metals remaining in the water phase R “ and sedimentation (load 

in mg/total operational time; values in mg with percentage o f  total influent value)(Sekomo et al., 2012)

Metals load 

{mg/11 weeks)

Total influent 

load

Total effluent 

load

Harvested

duckweed
R® Sedimentation

Pb 447 (100%) 288 (64%) 101 (23%) 48 (11%) 10 (2%)

Cd 98 (100%) 75 (76%) 7 (7%) 12 (12%) 5 (5%)

Cr 2124 (100%) 100 (5%) 1130 (53%) 17(1%) 878 (41%)

Zn 2851 (100%) 1173 (41%) 1123 (39%) 189 (7%) 366 (13%)

Cu 213 (100%) 166 (78%) 20 (9%) 23 (11%) 5 (2%)

! .53 . Potential as bioindicator

As primary producers, aquatic plants play an important role in the food chain through the 

biogeochemical cycling o f  elements. They incorporate all aspects o f  any pollutant in the 

water column and sediment. Lemna minor has great potential as a bioindicator o f heavy 

metal pollution as it can integrate all environmental conditions and due to its rapid growth 

rate, quickly provide a response. As previously discussed, L. minor can also be very 

sensitive to environmental pollutants when a healthy stock maintained in optimal 

conditions is transferred to contaminated solutions, however it also has the ability to be 

tolerant to pollutants when it adapts in situ. A study by Radic et al. (2011), shows that 

duckweed can selectively bioaccumulate certain chemicals. I ’hus the authors suggest its 

use as a biomonitor with the perspective that duckweed could be more useful in assessment 

o f complex wastes than other plants. They reported consistency amongst their chosen 

growth parameters reinforcing the repeatability potential o f  this organism for use in 

toxicity testing.

Duckweed can be used as an effective early warning system for aquatic contamination as 

they bioaccumulate the contaminants. Lemna gibba was studied as an indicator o f AMD 

primarily composed o f boron (B) recording concentrations in excess o f  lOmg/L (Bociik et 

al., 2013). The authors used synthetically prepared AMD with boron concentrations o f  10, 

25, 50, 100 and 150mg/L at each o f  their test dilutions. Boron was seen to accumulate in 

the plant tissues however growth inhibition was displayed at concentrations in excess o f 

50mg/L. Dry biomass yielded boron concentrations o f  639mg/kg after seven days 

exposure to mine waters which contained 1 Omg/L o f  boron. At the highest boron
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concentrations (150mg/L) 27! 1 mg/kg was recorded in dry biomass. The authors 

concluded that the duckweed has potential as a bioindicator o f  boron-containing mine 

effluent due to its high recorded capacity for accumulation o f  the metal.

Horvat et al., (2007) measured the toxic effects o f  electroplating wastewater, a complex 

pollutant similar to AMD with its high metal content and low pH (<2). The authors chose 

L. minor as their bioindicator species to assess the pollutant. It was observed that 

concentrations as low as 10% electroplating wastewater was enough to significantly 

suppress duckweed growth, due to the concentrations o f  heavy metals being high even at 

this dilution. Some physical responses o f  the plant were also noted for example the 

formation o f  smaller daughter fronds than usual, premature release o f daughter fronds 

leading to an increase in the number o f  single fronds and also chlorosis. These results can 

be linked to zinc toxicity amongst other things and generating a method o f  quantitatively 

assessing these visual stresses would also be beneficial in its use as a bioindicator. The 

authors concluded that based on their results, a bioassay using L. minor would be an 

effective approach to monitoring the toxicity o f  multi-metal contaminants.

A more recent study looked at the use o f  both L. minor and S.polyrhiza  as potential 

indicators o f nickel contamination (Appenroth et al., 2010). The authors investigated the 

effect o f  nickel following the ISO 20079 protocol (ISO, 2005). It was found that at 

concentrations o f  40|xM N iC b it took just four days to observe an effect using both species, 

thus allowing duckweed to give quick results. As seen in previous studies, new growth 

was smaller when the plant was under stress with the new daughter fronds displaying signs 

o f chlorosis, however the mother fronds did not seem to be affected. Low concentrations 

o f Ni^^ (0.4(j.M) were not seen to significantly enhance frond growth however the highest 

concentration (4|iM ) did inhibit frond number over the seven day test period. It is 

concluded that both species are effective as biomonitors for the pollutant due to not only 

the quantitative analysis carried out by the authors but also due to the visual response to 

each concentration. Both allow for a quick assessment o f  nickel contamination.

Freshwater algae and macrophytes have become a popular choice by aquatic ecologists for 

use in monitoring the impact o f  pollution in surface waters (Lewis, 1993). However their 

use in lab based toxicity testing has been less common than daphnia and fish species. This 

is in part to do with the historic belief that macrophytes are not as sensitive to changes in 

water chemistry as other animal species. Several studies have reported on this subject,
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indicating the sensitivities o f macrophytes to be less than other species (Kenaga and 

Mooienaar, 1979). The methodology used by Kenaga and M oolenaar has been criticised 

and deemed to be the reason for obtaining these results. However there are many studies 

that indicate the opposite o f these findings (Wang, 1986b).
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1.6. Potential uses for biomass after treatment

1.6.1. Nutritional value

Duckweed has a high nutritional value because the biomass consists only o f metabolically 

active, non-structural tissue (Oron, 1994). With regard to protein content and value, 

duckweed biomass was assessed at approximately $0.20/kg (in 1994) which at that time 

was comparable with soybean (Oron, 1994). It has been recorded as reaching crude 

protein levels o f  40% (Landesman et al., 2002). Horvat et al., (2007) recorded a significant 

increase in soluble protein on day three o f  their experiments however by the sixth day this 

had decreased and remained constant until the end o f testing. Oron (1994) further notes 

that the duckweed can then be used as a high protein fodder after wastewater treatment or 

for agricultural fertilisation. The remaining effluent can also be used for agricultural 

irrigation. However, due to the high heavy metal content o f  AMD, the subsequent use o f 

duckweed biomass that has accumulated these toxic metals may rule out its use as feed.

! .6.2. Production o f  bioethanol

Maize crop is the main source o f bioethanol in the United States, however there are many 

environmental concerns relating to its intensive production. It is necessary to come up 

with an alternative, more environmentally friendly, sustainable method for generating 

bioethanol. Some studies have been carried out to assess whether duckweed could be a 

viable alternative (Cheng and Stomp, 2009, Xu et al., 2011). Xu et al., (2011) studied the 

production o f  duckweed with high starch content and its ability to be converted to 

bioethanol. The authors used the duckweed species S. polyrrhiza  in a pilot scale pond 

treating swine effluent for the generation o f biomass. The duckweed was harvested from 

the pond and placed in well water to induce nutrient starvation and generate starch 

production at different loadings o f NaCI as previous studies indicated that salinity stress 

can favour starch production. The duckweed was then placed in a fermentor for enzymatic 

hydrolysis and yeast fermentation to produce bioethanol. This study achieved a 50% 

higher yield o f ethanol than the maize to ethanol conversion indicating that it is a viable 

alternative.

Due to duckweeds known ability to grow and accumulate nutrients from wastewater, the 

abundance o f both livestock and municipal wastewaters is an excellent source o f nutrients 

for the production o f the duckweed biomass required to generate bioethanol, thus creating

dual benefits for this process as wastewater can be treated prior to duckweed harvesting.
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Cheng and Stomp (2009) list more attributes o f  duckweed as an ideal species for this 

purpose for the following reasons. An aquatic plant is preferable for this purpose as they 

directly absorb nutrients from the water phase, and eliminate the need for agricultural land 

and the associated environmental impacts o f its maintenance. Duckweed ponds could be 

built on land that is unsuitable for agriculture thereby not unnecessarily taking up valuable 

crop space. It can also tolerate the varying nutrient content o f  wastewater including the 

relatively high ammonia concentrations in some wastewaters and also has the ability to 

shade out algal growth when growing in a dense mat on the surface which can be a 

problem in the treatment o f  high nutrient wastewaters. It has a high growth rate, is easy to 

harvest and has a high surface area to biomass ratio m inimising the need for milling which 

is a major energy input in the corn to ethanol process. The authors found that a very 

simple process o f merely growing duckweed in a high nutrient environment followed by 

transfer to tap water resulted in plant material with a starch content o f  45.8% dry weight 

(Cheng and Stomp, 2009). After enzymatic hydrolysis and fermentation, the study 

recorded 258mg o f ethanol per gram dry weight o f duckweed biomass.

Another recent study investigated the ability o f L. minor to grow in agricultural wastewater 

(swine lagoon water) and Schenk & Hildebrandt (SH) medium, and the subsequent 

conversion o f its biomass to ethanol (Ge et al., 2012). The wastewater was diluted upon its 

release to a nearby pond thus diluting the nutrient content to within the optimal range for 

duckweed growth. During the initial growth surge from 0-15 days, starch content was not 

increased however once the duckweed entered a stationary growth phase, starch content 

rapidly increased which was triggered by nutrient starvation. The authors found that they 

could increase starch content to 36% (w/w) through the addition o f glucose to Schenk & 

Hildebrandt medium during the incubation period in the dark. This is likely due to 

photosynthesis being suppressed by the darkness and the availability o f an exogenous 

carbon source. After enzymatic hydrolysis and fermentation, ethanol was recorded at 

0.085g/g o f duckweed biomass although this has the potential to be increased if conditions 

are further manipulated to increase starch content.
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1.7. Comparison with other organisms

Submerged aquatic plants have the unique ability to assess the water column and sediment 

through their rooted structure. They possess the ability to absorb nutrients and chemicals 

from both environments (Xue et al., 2010). Potamogeton pectinatus L. is a submerged 

perennial aquatic plant is found worldwide and can survive in polluted waters that other 

aquatic plants and organisms cannot tolerate and thus can colonise (Samecka-Cymerman 

and Kempers, 2004, Peng et al., 2008). Peng et al., (2008) found that both P . pectinatus 

and Potamogeton malaiantis had the ability to accum ulate high concentrations o f  heavy 

metals in their leaves. The authors concluded that the positive relationship between the 

concentrations o f Zn, Cu and Mn in the plant tissue and the concentrations o f  the same 

metals in the river water was significant (p < 0.05) and so it was suggested that the plants 

main method o f  accumulation was through water.

Samecka-Cymerman and Kempers (2004) recorded that both P. pectinatus and 

Myriophyllum spicatum  were suitable species for removal o f Co, Mn, Ni and Cu in 

contaminated lakes with tissue analysis recording much higher concentrations o f  these 

metals than would be considered toxic for aquatic plants.

Erdei et al., (2002) assessed the heavy metal physiological changes in the antioxidative 

response systems o f barley seedlings. The authors assessed Zn and Cd separately. They 

determined that metals primarily accumulated at the roots o f the plants however the leaves 

were the main site o f  the oxidative damage. They concluded that the metals had very 

different impacts on the seedlings with Cd having more detrimental effects than Zn, 

possibly due to the fact that Zn has an essential role in plant growth whilst Cd has no vital 

function. Both metals were accumulated proportionally based on initial concentrations and 

incubation period however it was Cd that caused a reduction in chlorophyll content (at 

concentrations ranging from 0.3 -  Im M ) whilst Zn (all concentrations up to ImM ) did not. 

Within four days o f  Cd treatment, chlorophyll had reduced by 60%.

A study was carried out to assess the heavy metal accumulating potential o f  many native

plant species from Sao Domingos mine which is located in the Iberian Pyrite Belt and can

be dated back to pre Roman times (Anawar et al., 2011). Acid mine drainage has caused

major environmental impacts in the area. The AMD is primarily composed o f As, Ag, Cr,

Hg, Sn, Sb, Fe and Zn. The highest metal concentrations were recorded in Erica

andevalensis. Erica australis, Echium plantagium , and Lavandula luisierra. Other species
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tested included Daphne gnidiiirn, Rumex induratiis, Ulex eriocladus, Junciis, Genista 

hirsutiis, Rumex induratiis, Corrigiola telephypholia, Agrostis castellana, Eritrae 

pidcheria, Carlina corymbosa, Cistus ladanifer, Ulex eriocladus, Echiiim plantagium, 

Graniina and Genista hirsutiis. The authors noted that whilst all species are considered to 

be tolerant, there was wide variation in the metal accumulating capacity and specificity o f 

each species. For example both E. australis and E. andevalensis accumulated the highest 

Fe content (306 -  1159mg/kg biomass), whilst D. gnidium  recorded the lowest Fe levels. 

Accumulation o f Fe was higher than had been recorded in other studies due to the high Fe 

content o f  the drainage. Erica australis and L. luisierra recorded the highest concentration 

o f Zn whilst A. castellana recorded the lowest. Amongst the many plant species recorded, 

E. australis and E. andevalensis showed the highest accumulation for most metals. These 

included Fe, As, Cr, Cs, Zn and Sb. Both are deemed to be extremely tolerant to metal 

contamination and are found together close to the AMD source at the mining site. The 

authors conclude that in addition to these species C. ladanifer, L. luisierra, D. gnidium, R. 

induratiis, Junciis and G. hirsutiis are the most appropriate for mitigating the mining 

impacts in the area.
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1.8. Aims and objectives of this study

The primary research question is: can the response o f Lemna minor to acid mine drainage 

be used for the assessment and bioremediation o f this wastewater? The potential o f  Lemna 

minor will be assessed not only as a bioindicator but also for its potential in 

bioremediation. It is vital to establish a simple methodology for assessing the toxicity o f 

AMD (incorporated into a single biological response) that would be widely accessible.

This is an important step towards developing a cost-effective, passive treatment system for 

this pollutant. The most important question throughout the research is whether duckweed 

can detoxify AMD. The research can be subdivided to form several exploratory strands: 

toxicity o f  acid mine drainage, bioindicator value in receiving waters, bioremediation and 

metal recovery. The thesis is broken down into a number o f experiments under these 

general themes, each with a series o f specific questions/hypotheses to be addressed.

Toxicity o f acid mine drainage

1. Duckweed is a reliable indicator for overall AMD toxicity

i) Lemna minor shows increasing sensitivity to an increase in AMD 

concentration;

ii) Removal o f  Cu and Zn from A Ml^ decreases its toxicity to Lemna minor;

iii) Adjusting the pH o f the test samples to pH 6 reduces the overall toxicity o f 

AMD to Lemna minor

Bio-indicator value in receiving waters

2. Duckweed can be used as a measure of AMD impact on riverine ecosystems

iv) When L. minor is used to assess the impact o f AMD in surface waters, 

duckweed growth inhibition values correlate with recorded sulphate, heavy 

metals and pH.

v) Duckweed growth inhibition values complement the established acid mine 

drainage index (AMDI).

3. Buffering capacity plays a vital rol e in mitigating AMD impacts

vi) The buffering capacity o f the ri ver changes the response o f  duckweed to 

AMD.

vii) Hard water catchments have a greater buffering capacity for AMD than soft 

water catchments.
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Bioremediation and metal recovery

4. Duckweed can grow on unsupplemented AMD?

viii) It is possible to determine a dilution o f  AMD (lowest ineffective dilution), 

below which, duckweed can grow.

5. Wastewaters can supply sufficient nutrients to supplement duckweed growth

on AMD

ix) Increasing nutrient concentration corresponds to an increase in duckweed 

growth.

x) Both final effluent and septic tank effluent can be effectively substituted for 

modified APHA plant growth medium.

xi) Lowest ineffective dilution (LID) o f  AMD can be increased with the addition 

of nutrients.

6. Duckweed systems can significantly detoxify AMD prior to discharge to

surface waters.

xii) Lenina minor can remove significant quantities o f  metals from SAMD

xiii) Lemna minor can significantly decrease the level o f  sulphate in SAMD

xiv) Lemna minor can reduce the overall toxicity o f  AM D prior to discharge to 

surface waters
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2. Materials and Methods

2.1. Overview

The project explores the effect o f  acid mine drainage (AMD) on the ducivweed Lemna 

minor and its potential to detoxify the pollutant by a series o f  inter-related experiments: (i) 

toxicity trials, (iia) impact assessment, (iib) the effect o f buffering capacity on the toxicity 

o f AMD, (iiia) comparison o f wastewaters as a viable nutrient source for L. minor, (iiib) 

lowest ineffective dilution o f AMD and (iv) potential o f  L. minor in the treatment of 

SAMD. This is achieved by assessing the toxicity o f AMD to the duckweed L. minor, its 

potential use as a bioindicator o f  AMD in a contaminated river, and its potential to detoxify 

AMD. Acid mine drainage was assessed as a whole unit and also some o f  its more toxic 

components individually. Comparison o f wastewaters as a viable nutrient source for L. 

minor also gives insight into its potential growth in these wastewaters in general. Finally 

duckweed was grown on diluted AMD supplemented by wastewater as a nutrient source to 

determine metal removal capabilities. The order o f  experiments is given below where each 

experiment is categorised based on test substance (Figure 2.1).

The principle method used throughout the experiments was the BS ISO standard, 

Determination o f  the toxic effect o f  water constituents and waste water on duckweed  

(Lemna minor) -  Duckweed growth inhibition test (ISO, 2005). The method measures 

duckweed growth inhibition over a 7 day period allowing toxic effects to be observed.
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2.2. Plant Material and Culturing

Duckweed was collected from a local wooded area, identified as Lemna minor by the 

botanical gardens at Trinity College Dublin and rinsed several times using distilled water 

prior to culturing (Parnell et al., 1996). It was important to choose an Irish culture o f L. 

minor that would be most appropriate for full scale treatment if the research is successful. 

A stock culture was maintained for the entire research period and was stored in a heated 

glasshouse where it was pre-cultured in modified Steinberg medium for a minimum o f 14 

days prior to experimentation (Table 2.1).

Table 2.1 pH -stabiliscd Steinberg  m edium  (m odified by A ltenburger)(ISO , 2005)

Substance N utrient m edium
M acroelem ents M olecular Mass mg/l m m ol/l

KNO3 101,12 350,00 3,46
Ca(N03)2.4H20 236,15 295,00 1,25
KH2 PO4 136,09 90,00 0,66
K2HPO4 174,18 12,60 0,072
MgS04.7H20 246,37 100,00 0,41

M icroelem ents M olecular Mass Hg/I Umol/I
H3BO3 61,83 120,00 1,94
ZnS04.7H20 287,43 180,00 0,63
NaMo04.2H20 241,92 44,00 0,18
MnCI.4H20 197,84 180,00 0,91
FeCl3.6H20 270,21 760,00 2,81
EDTA Disodium-dihydrate 372,24 1500,00 4,03

The medium was changed weekly as exponential growth must be maintained, with a 

doubling time o f <2.5 days for the fronds in the pre-culture (ISO, 2005). It was then 

transferred to modified APHA growth medium (Table 2.2) as per ISO 20079 for 16-24 

hours prior to testing to eliminate ethylenediaminetetraacetic acid (EDTA), a chelating 

agent which could confound results by decreasing the concentration o f  metals in solution 

and thus reducing the metal availability for the plant (Table 2.2). This would have a 

profound effect on the overall result as it has been shown that inhibition o f growth in 

duckweed is proportional to metal absorption (Nasu et al., 1983).

37



Table 12 Chemical breakdown o f modified APHA plant growth medium (ISO, 2005).

Substance C oncentration Stock so lution

Stock so lu tion  ‘  

g /l

M e d iu m
m g /l

M gS04.7H20 14,7 147 C
NaNOs 25,5 255 A
CaCl2.2H20 4,41 44,1 S'*
KCI 1,01 10,1 A
NaHCOs 15,0 150 A
K2HPO4 1,04 10,4 A
H3BO3 0,186 1,86 C
MnCl2.4H20 0,4149 4,149 B
MgCl2.6H20 12,17 121,7 B
N a2M o04.2H 20 0,00726 0,0726 C
ZnCb 0,00327 0,0327 C
CuCb 9,0 X  10’^ 9,0 X 10-5 C
C0 CI2 0,00078 0,00078 C
FeCl3.6H20 0,16 1,6 B

pH adjustment Adjust to pH 8,30 Immediately before testing
Sterilisation None

 ̂ To prepare medium, add 10ml of each stock solution to 970ml dilution water (7.1) and aerate 
vigorously at least Ih  to 2h 

Lemna to be used for testing shall be acclimated for 18h to 24h in modified APHA growth medium 
under test conditions 

Concentrations of substance in medium 
 ̂ Acidify solution B to pH 2,0 to prevent precipitation. Store in amber bottle to protect solution from 

light.
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2 3 . Experimental Protocol

The ISO 20079 standard protocol for assessing  duckw eed grow th inhibition in w astew aters 

was used for all testing  (ISO , 2005). U sing 150ml Pyrex glass beakers as the standard test 

vessel, 100m l o f  test m edium  was added to each and then inoculated w ith 15 healthy 

duckw eed fronds com prising o f  several colonies, each w ith 2-3 fronds per colony (D avis et 

al., 2002, H orvat et al., 2007, Radic et al., 2010). The incubation period for this test is 7 

days. All testing  was com pleted in a grow th cham ber (C M P 6010, A daptis by C onviron) 

under continuous artificial daylight and at a constant tem perature o f  24°C ±  2 °C. D uring 

incubation the vessels w ere placed in individual com partm ents w ithin a black lined box 

and covered w ith watch glasses to m inim ise both evaporation and contam ination. The 

black lined boxes also m inim ised light penetration from  the sides o f  the test vessels as a 

lim itation m easure against algal grow'th (L asfar et al., 2007)(F igure 2.2).

Figure 2.2. Watch glass covered test vessels in black lined boxes within the growth chamber used for testing. 

The black boxes excluded light entering the test vessels from the side thereby reducing algal development. 

Watch glasses minimised both contamination and evaportation.

23.1 . Duckweed Growth Parameters

The ISO protocol calls for the m onitoring o f  frond num ber in addition to  one o ther grow th 

param eter o f  choice. The param eters analysed during these studies w ere frond num ber, 

frond area and biom ass. H ow ever, general observations w ere also recorded during the test 

period. These include both chlorosis and necrosis o f  plant tissue and w hether th is was 

localised or size specific, presence o f  abnorm ally  sm all fronds, root dam age, break-up o f  

colonies and precipitates in each test vessel (Figure 2.3).
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Frond number was recorded by daily counts (Drost et al., 2007). Each day a report sheet 

was completed to include the number o f fronds in each vessel and also any o f  the 

aforementioned subjective observations. To limit subjectivity, every frond visible to the 

naked eye was counted therefore this was inclusive o f both budding new daughter fronds 

and mature older fronds (Horvat et al., 2007, Appenroth et al., 2010). The fronds in each 

vessel were counted a minimum o f  twice or until the same final number was reached on 

two consecutive counts thus reducing human error.

Biomass was determined by measuring dry weight on days 1 and 7 o f  the test period. Due 

to the destructive nature o f  the testing, a representative sample was processed on day 1. 

Each sample was removed from the test vessel using a forceps, rinsed with distilled water, 

dried with tissue and transferred to a pre-weighed foil boat which was then placed into a 

drying oven (Gubbins et al., 201 la). The plant tissue was then dried overnight at 105 °C to 

constant mass (Appenroth et al., 2010). The dry weight was determined by weighing each 

sample and subtracting the pre-weighed foil boats to give the final result.

Frond area was quantified using picture analysis. On day 1 and 7 each replicate test 

vessel was digitally photographed from a fixed height. This was achieved using a light 

table with attached camera stand. Each sample was labelled, placed on the light table and a 

digital photograph taken. In order to facilitate faster processing o f  these images, a custom 

imaging algorithm was designed using a MATLAB programme. This process reduced the 

amount o f time taken to process each image and calculate frond areas from approximately 

6-8 minutes to <30 seconds per image.

Observational parameters included chlorosis and necrosis o f  plant tissue. These were 

recorded daily on the same standard report sheets as frond number. As it is difficult to 

accurately quantify these parameters, the number o f fronds affected by chlorosis and 

necrosis were counted. It was also determined if the affected fronds were smaller new 

fronds or the older, original inoculate. These values were then ranked as low, moderate or 

high (Table 2.3). Precipitates in the test vessels were recorded by either presence or 

absence. Abnormally small daughter fronds, loss o f roots and break up o f colonies were 

recorded as low, moderate or high (Table 2.3).
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Table 23  Ranking system created for subjective parameters in this study.

Chlorosis/Necrosis
1 -  Low: Slight discolouration on 2-3 f ronds
2 -  M oderate :  Approx. half of f ronds  affected
3 -  High: All f ronds affected  entirely

Root Damage
1 -  Low: 1-2 roots de tach ed
2 -  M oderate :  Approx. half of roo ts  d e tached
3 -  High: All roots d e tached

Abnormally sm all fronds
1 -  Low: New fronds  slightly smaller than  p a ren t  f ronds
2 -  M odera te :  New fronds  significantly smaller
3 -  High: New fronds  a tiny fraction of p a ren t  f rond size

Colony separation
1 -  Low: 2-3 single f ronds
2 -  M odera te :  Approx. half of f ronds single
3 -  High: All f ronds  have s e p a ra ted  into single colonies

%
A

Figure 2 3  Examples of general observations recorded throughout testing. A -  chlorosis o f frond tissue 
(specifically larger, older fronds), B -  necrosis o f frond tissue, C -  root damage, D -  break up of colonies and 
E -  precipitates in test vessel.
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2.4. Synthetic AMD

Synthetic A M D  (SA M D ) w as used in preference to real AM D due to  the variabihty  o f  

natural drainage due to w eather conditions at som e study sites. Synthetic A M D  w as 

freshly prepared as required from stock  solutions o f  key m etals m ade up as sulphate 

com pounds, and adjusted to pH3.1 im m ediately prior to use through the addition o f  either 

concentrated  sulphuric acid or a solution o f  6N N aO H  (G ray and O ’N eill, 1995; Table 

2.4). The use o f  individual stock so lu tions for each m etal also facilitated the rem oval o f  

key m etals for separate analysis. W here exclusion o f  Cu, Zn or both Cu and Zn w as being 

assessed, SA M D  w as prepared as norm al how ever distilled w ater was supplem ented in 

place o f  the respective stock solutions for the m etals. Synthetic A M D  w as used in 

conjunction with real A M D , collected from  the abandoned Cu-S m ines at Avoca, Co 

W icklow , in certain cases (Figure 2.1).

Table 2.4 Mean concentration o f  major cation and anions in real AMD from Avoca mines in County 

Wicklow, and their ratio to lead. Synthetic AMD was generated from these values by making up 

concentrated stock solutions as sulphate compounds (Gray and O'Neill. 1995).

Cations and anions in AMD (mg/l)
Al Fe Mg Zn Mn Cu Pb Cd SO4 pH

Real AMO 150 132 113 88.2 5.6 4.8 1.5 0.2 1500 3.1
Ratio 97 86 73 57 4 3 1 0.1
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3. Assessing the toxicity of acid mine drainage to Lemna minor

3.1. Introduction

Acid mine drainage (A M D ) is one o f  the primary causes o f  heavy metal contamination o f  

water bodies in mining districts and is a serious problem in relation to the pollution o f  

surface waters worldwide (M acias et al., 2012b, Younger, 1997). Singularly its 

components can have a detrimental impact on aquatic ecosystem s. Combined they can 

cause such severe ecological disturbance that few  organisms can survive (Gerhardt et al., 

2004, Peplow and Edmonds, 2005). The toxicity o f  iron, copper and zinc are o f  greatest 

concern in this context (Drost et al., 2007, Horvat et al., 2007, Radic et al., 2010). As 

previously discussed in Chapter 1, a sim ple yet cost effective method for assessing the 

toxicity o f  AM D would be hugely beneficial. This study aims to generate a simple and 

cost effective method o f  assessing the toxicity o f  A M D, using a plant that can incorporate 

the toxicity o f  each aspect o f  the pollutant.

Plant assays are notably sensitive to pollutants (W ang, 1984, Lewis, 1995, Wang and 

Freemark, 1995, Appenroth et al., 2010, Bonanno and Lo Giudice, 2010). Choosing the 

correct plant as a bioindicator for a specific pollutant is critical (Lahive et a!., 2011). The 

duckweed L. m inor has shown good potential for assessm ent and phytoremediation o f  

heavy metal polluted waters (Lewis, 1995, Materazzi et al., 2012, Miretzky et al., 2004, 

Naumann et al., 2007, Radic et al., 2011, Wang, 1986b). Naumann et al., (2007) found 

that by plotting dose-response curves for selected duckweed growth parameters, it is 

possible to evaluate the phytotoxicity o f  heavy metals generated through calculation o f  ECx 

values. They subsequently used this method to rank 10 heavy metals according to their 

individual toxicities (Based on EC50: Ag^> Cd"^> Cu“*> Hg^^> Ni^^> Ti^> Cr(VI)> Zn^^> 

Co^^> As(lII)> As(V )). A study by Radic et al. (2011), show s that duckweed can 

selectively bioaccumulate certain chemicals. Thus the authors suggest its use as a 

biomonitor with the perspective that duckweed could be more useful in assessment o f  

com plex wastes than other plants. They reported consistency amongst their chosen growth 

parameters reinforcing the repeatability potential o f  this organism for use in toxicity  

testing. As new fronds are formed by clonal propagation, each plant is genetically identical 

thus the homogenous plant material is a possible reason for consistency within chosen 

parameters and toxicity endpoints (Naumann et al., 2007, Radic et al., 2011). It has also 

been shown that L. m inor can effectively remove metals from solution, for example, up to 

90% o f  lead was removed from water (5.0m g/L concentration) after an exposure time o f  3
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weeks (Ralimani and Sternberg, 1999). Furthermore, healthy duckweed also has a 

doubling time o f  1.3 to 2.8 days and so this coupled with its size and ease o f  culturing 

makes it an ideal species for laboratory based testing (Khataee et al., 2012, Radic et al.,

2011, Wang, 1984, Wang, 1990).

Both copper and zinc are highly toxic to duckweed when in excess however in lower 

quantities they are essential micronutrients, with copper naturally occurring at 10|ig g"' in 

plant tissues (Razinger et al., 2007, Greger, 1999). Copper is an important component o f 

several enzymes that effect both electron flow and redox reactions within the plant. Lemna 

minor has also been reported as an ideal test organism in phytoremediation o f  low level Cu 

and Cd polluted waters (Hou et al., 2007). However even concentrations <400(,ig/L have 

been shown to reduce the photosynthetic capacity o f L. minor (Frankart et al., 2002). Both 

metals can be easily removed from solution using simple electrochemistry. This process 

has been studied for metal contaminated mining wastes before (Stopic, 2007). The author 

used an electrolytic cell with two rotating, stainless steel discs to act as cathodes and a 

platinum coated titanium anode. The author concluded that this process was effective for 

metal removal using real wastewaters and succeeded in reducing all metal concentrations 

to <1 mg/L. The current study will investigate how removal o f Cu and Zn affects the 

toxicity o f  AMD to L. minor thereby increasing the concentration o f AMD in which the 

plant can still survive and grow.

Whilst there has already been some research investigating the toxic effects o f  heavy metals 

to L. minor, there are very few studies available on the effects o f heavy metals together as 

a combined, multifactor pollutant as seen with AMD. As AMD also combines the toxic 

effects o f the metals with an extremely low pFI, factors affecting bioavailability o f  toxic 

metals to aquatic ecosystems is another area that needs to be explored in depth to gain a 

better understanding and knowledge base o f  the subject. Both metal speciation and the 

processes affecting the bioavailability o f heavy metals are key in understanding the 

antagonistic or synergistic effects observed in a multi metal sample such as AMD 

(Buckley, 1994). Adjustment o f the pH o f  the test solutions was investigated as a method 

o f  reducing AMD toxicity; however a change in toxicity would most likely be attributed to 

the alteration o f  which metals are bioavailable and the precipitation o f  others from 

solution.
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The aim o f this study was to determine if the standard toxicity assessment ISO 20079 

method using ductcweed (ISO, 2005) is suitable for the evaluation o f AMD toxicity to 

surface waters. The study examines (i) the toxicity o f  synthetic AMD; (ii) the effect o f 

excluding key metals from AMD on its toxicity; (iii) the effect o f  buffering AMD to pH6; 

and (iv) the comparison o f  frond number, biomass and frond area as measures o f  toxicity 

response. Three hypotheses were tested:

Toxicity o f acid mine drainage

1. Duckweed is a reliable indicator for overall AMD toxicity

i) Lemna minor shows increasing sensitivity to increasing AMD concentration;

Ho: Lemna ininor does not show increasing sensitivity to increasing AM D  

concentration.

ii) Removal o f Cu and Zn from AMD decreases its toxicity to Lemna minor,

-Ho: Removed o fC u  and Zn from  AM D does not decrease its toxicity to Lemna 

minor.

iii) Adjusting the pH o f  the test samples to pH 6 reduces the overall toxicity o f 

AMD to Lemna minor.

Ho: Adjusting the pH  o f  the test samples to p H  6 does not reduce the overall 

toxicity o f  AMD to Lemna minor.
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3.2. Materials and Methods

See chapter 2 for detailed methodology.

Summary

This purpose o f this study was to investigate the toxicity of AMD to L. minor. The 

principle method used throughout the experiments was the BS ISO standard, 

Determination o f the toxic effect o f water constituents and waste water on duckweed 

(Lemna minor) -  Duckweed growth inhibition test (ISO, 2005). This method was used to 

assess the effects of AMD as a whole entity, and then to investigate how these effects 

would differ if some key components o f AMD were removed. To facilitate this, synthetic 

AMD (SAMD) was used throughout (chapter 2, section 2.4). The following treatments 

were tested:

1. SAMD -  Synthetic acid mine drainage

2. SAMD without Cu -  SAMD prepared without copper

3. SAMD without Zn -  SAMD prepared without zinc

4. SAMD without Cu or Zn -  SAMD prepared without copper or zinc

5. SAMD, pH 6 -S A M D  adjusted to pH 6

6. SAMD without Cu, pH 6 -  SAMD prepared without copper, adjusted to pH 6

7. SAMD without Zn, pH 6 -  SAMD prepared without zinc, adjusted to pH 6

The method involved a seven day test period during which three growth parameters, frond 

number, frond area and biomass were measured (chapter 2, section 2.3.1). Testing was 

carried out using 150ml beakers containing 100ml of test solution and an inoculate o f 15 

healthy duckweed fronds (chapter 2, section 2.3). This was conducted in a controlled 

growth chamber at 24°C, under continuous light as per ISO protocol. Subjective 

observations were also recorded and subsequently used to generate a subjective index 

(chapter 2, section 2.3.1). This index assisted in the ranking of each treatment type.

Each of the test vessels used during this study contained 90ml test solution and 10ml of 

modified APHA nutrient medium. The test solution varied with each experiment, 

comprising a range o f AMD (real and synthetic) concentrations from 0.001% - 40% (Table 

3.1). In each experiment a range o f 6 -7 concentrations were tested initially using 6 

replicates and reducing this number to 3 once variation was assessed.
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T able 3.1 Breakdown o f  test solutions for toxicity assessment.

Test Concentration 
(%)

AMD (ml) Distilled w ater 
(ml)

APHA nutrien t 
medium  (ml)

Total te s t solution per 
150ml vessel (ml)

0.001 0.001 89.999 10 100
0.01 0.01 89.99 10 100
0.1 0.1 89.9 10 100
1 1.0 89.0 10 100
5 5.0 85.0 10 100

10 10.0 80.0 10 100
20 20.0 70.0 10 100
40 40.0 50.0 10 100

Tests w ere repeated excluding key m etals and under botii the original dilution pH and 

under an adjusted pH o f  6, and also to com pare real and synthetic A M D . C opper and zinc 

were chosen for separate assessm ent as they w ere deem ed to be m ost toxic to duckw eed 

according to  the available literature (N aum ann et al., 2007, D rost et al., 2007, Kanoun- 

Boule et al., 2009, Radic et al., 2010). They are both com m on, toxic m etals in A M D  the 

concentration o f  w hich can be altered by treatm ent processes such as neutralisation or 

rem oved using sim ple electrochem istry.

3.2.1. Statistical Analysis

All analysis was carried out using Data Desk 6.1.1®. Inhibition w as calculated for each 

value as a percentage o f  the control. From this, ECso values w ere obtained by plotting % 

inhibition o f  growth for each param eter against the concentration creating  dose-response 

curves. C oncentration was plotted on a logarithm ic scale. By fitting a line through the 

points ECso values could be obtained from  the dose-response graphs (±S.E .). A nalysis o f  

variance (A N O V A ) was then com pleted using each individual ECso value (effective 

concentration at w hich 50%  o f  the m easured effect is observed) to com pare the d ifferences 

between each treatm ent. F inally Student t-tests w ere carried out to  determ ine w hich 

grow th param eter was the m ost sensitive for assessing the toxicity  o f  SA M D  and its 

various com ponents.

47



3_3. Results and Discussion

3 3 .1 .  Toxicity o f  synthetic acid mine drainage (SAMD)

Dose-response curves were plotted using up to six different dilutions o f SAMD using frond 

number, biomass and frond area (Fig. 3.1). The analysis o f SAMD was repeated four 

times, each with 4-6 replicates per concentration. There was no significant difference 

between experimental runs (p=0.26). The ECso values recorded from this baseline 

experiment were then used as reference values from which to compare the results o f all 

further treatments. Figure 3.1 indicates that biomass is the most sensitive o f the three 

chosen growth parameters to SAMD as a whole, with a mean EC50 value o f  0.65% SAMD. 

Frond area however yielded an EC50 value o f  6.10% SAMD and thus is the least sensitive 

o f  the recorded growth parameters. The EC50 value for frond number was 2.78% which 

was over four times that o f  biomass but ju st under half o f  the value recorded for frond area.
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Figure 3.1 D ose-response curve for synthetic  AM D (SA M D ) illustrating the inhibition o f  frond num ber (a), 
biom ass (b) and frond area (c) for each o f  4 experim ental runs ±S.E .
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The coefficient o f  variation was highest for biomass, with both frond number and frond 

area having a much lower percentage deviation from the mean value (Table 3.2).

Table 3.2 The mean and standard deviation (SD) and coefficient o f  variation (CV) o f  the calculated ECjo 
values for SA M P using different growlh parameters o f  L. minor.____________________________________

Min Max Mean SD CV n
Frond Number 1.40 5.30 2.78 1.08 39 19
Biomass 0.26 1.40 0.65 0.34 52 17
Frond Area 2.20 10.00 6.10 2.36 39 22

This indicated that frond number and area are more reliable indicators o f the toxicity o f 

SAMD than biomass. This could be attributed to the root loss observed at higher 

concentrations o f SAMD with 1% concentrations having the most adverse effect, whilst 

10% was seen to result in the detachment o f  a small number o f  roots from the duckweed 

fronds (Table 3.4). Loss o f  roots on such a small organism would greatly impact the 

biomass results. Chlorosis, necrosis and unusually small new frond growth were recorded 

at concentrations above 1% SAMD which could also influence biomass results, with a 

small amount o f  necrotic tissue observed on approximately 2-3 fronds at concentrations 

above 5%, and mild to high percentage o f  chlorosis recorded increasing with SAMD 

concentration from I % to 10%. None o f these factors would influence frond number 

values. Frond area would only be affected by the reduced size o f  daughter fronds 

generated during the test period whilst chlorosis, necrosis and root loss would not impact 

the results.

Fomin et al., (2000) deduced that variability associated with frond area was due to varying 

concentrations in the Al content o f  the acidic mining lakes they studied. They found that at 

concentrations o f O.ImM AP* ,̂ an increase in growth was observed whilst at 0.2mM AP^ 

or higher, a significant inhibitory effect was noted (Fomin et al., 2000). O f the bioassays 

the authors tested (L. minor (duckweed); Lepidium sativum  (cress); Tradescantia- 

micronucleus; Arabidopsis and Euglena gracilis (algae-motility bioassay)), L. m inor was 

found to be the most sensitive to the two most acidic mining lakes tested with a growth rate 

o f  0.06 recorded after 12 days at 50% concentration o f  AMD, however when the 

concentration was reduced to 10% this corresponded with a significant decrease in toxicity.

The toxicity o f  a multi-metal sample cannot be solely assessed based on total metal content 

(Table 3.3). To achieve more accurate toxicity results, the bioavailable fraction must be 

determined.
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Tabic 3_3 M etal content (m g/L ) for individual m etals at all experim ental concentrations o f  SAM D.

Metals 40% 20% 10% 5% 1% 0.1% 0.01% 0.001%
A1 60.0 30.0 15.0 7.5 1.50 0.150 0.015 1.5x10-3
Fe 52.8 26.4 13.2 6.6 1.32 0.132 1.32x10-2 1.32x10-3
Mg 45.2 22.6 11.3 5.65 1.13 0.113 1.13x10-2 1.13x10-3
Zn 35.3 17.64 8.82 4.41 0.882 8.82x10-= 8.82x10-3 8.82x10'*
Mn 0.224 0.112 0.056 0.028 5.6x10-3 5.6x10-'* 5.6x10-5 5.6x10-^
Cu 0.192 0.096 0.048 0.024 4.8x10-3 4.8x10-'* 4.8x10-5 4.8x10-^
Pb 0.060 0.030 0.015 7.5x10-3 1.5x10-3 1.5x10'* 1.5x10-5 1.5x10-'’
Cd 8.0x10-3 4.0x10-3 2.0x10-3 1.0x10-3 2.0x10-'* 2.0x10-5 2.0x10-^ 2.0x10-’
Total 193.78 96.88 48.44 24.22 4.84 0.48 0.048 4.8x10^

There are many factors which affect the bioavailable proportion o f  the metal content, 

including but not limited to total metal content, pH, redox conditions, organic matter and 

levels o f humic acid present. Bioavailable iron is significantly altered with changing pH 

(Evangelou, 1995). With increasing pH it quickly becomes an insoluble ferric hydroxide 

precipitate, which, in an environment polluted by AMD, can cause a number o f other 

ecological consequences also such as the alteration o f water pathways within abandoned 

mine workings causing changes to the underground structure and thus altering the location 

o f AMD discharge. Change in pH also affects Cu, Zn and Mn. Low pH values increase 

bioavailability by altering complexation, speciation, solubility and adsorption. For 

example when pH increases and Fe complexes from solution, it often results in a 

simultaneous decrease in Cu from the soluble metal fraction due to co-precipitation.

Metals can also be complexed by presence o f organic m atter in surface waters.

Other subjective parameters recorded include chlorosis, necrosis, root loss, abnormally 

small fronds, colony separation and precipitates in the test vessel. A daily record was kept 

o f  these observations (Table 3.4). This record shows that at dilutions o f  1 % and lower 

there were generally very few adverse effects for the duckweed.

Overall the results indicate that for the first hypothesis, L. minor shows increasing 

sensitivity with increase in AM D concentration. Therefore the null hypothesis can be 

rejected. It can be concluded that duckweed is sensitive enough to both detect AMD and 

give an indication o f toxicity through its physiological responses.
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Table 3.4 Subjective observations ofducicweed hcaltli recorded on the final day o f  the toxic ity test period.
Details o f the scoring are given at the bottom o f  the table. Subjective index generated for this study.

Cone.
(%)

Chlorosis
Root A bnorm ally  small 

Necrosis „  ,  , 
Damage fronds

Colony
separation

Precipitates
ev ident

1. SAMD
10 3 1 1 2 3 No
5 2 1 0 2 2 No
1 1 0 3 2 1 No
0.1 0 0 0 0 0 No
0.01 0 0 0 0 0 No

2. SAMD w ith o u t Cu
40 0 3 0 0 0 No
20 2 3 0 0 0 No
10 2 0 0 3 0 No
5 2 0 0 2 2 No
1 2 0 2 2 0 No
0.1 0 0 0 0 0 No

3. SAMD w ith o u t Zn
40 0 3 0 0 0 No
20 0 3 0 0 0 No
10 0 3 0 0 0 No
5 3 0 0 0 0 No
1 2 0 2 2 0 No
0.1 0 0 0 0 0 No

4. SAMD w ith o u t Cu o r Zn
40 0 3 0 0 0 Yes
20 3 2 0 0 0 Yes
10 2 1 0 2 0 No
5 2 0 0 2 0 No
1 0 0 2 0 0 No
0.1 0 0 1 0 0 No

5. SAMD, pH6
20 0 3 3 0 0 Yes
10 0 3 3 0 0 Yes
5 3 1 3 0 0 Yes
1 2 0 1 3 0 Yes
0.1 0 0 0 0 0 No
0.01 0 0 0 0 0 No

6. SAMD w ith o u t Cu, pH6
40 0 3 0 0 0 No
20 1 2 0 3 0 No
10 2 0 0 3 0 No
5 1 2 0 3 0 No
1 1 0 2 2 0 No
0.1 0 0 0 0 0 No

7. SAMD w ith o u t Zn, pH6
40 0 2 2 0 0 Yes
20 2 0 2 3 0 Yes
10 2 1 2 3 2 No
5 1 0 1 1 0 No
1 2 0 2 3 3 No
0.1 1 0 0 0 0 No

Chlorosis/Necrosis A bnorm ally  small fronds
1 -  Low: Slight discolouration on 2-3 fronds 1 -  Low: New fronds slightly snnaller than parent fronds
2 -  M oderate: Approx. half o f fronds affected 2 -  M oderate: New fronds significantly smaller
3 -  High: All fronds affected en tire ly  3 -  High: New fronds a tiny fraction o f parent frond  size

Root Damage Colony separation
1 -  Low: 1-2 roots detached 1 -  Low: 2-3 single fronds
2 -  M oderate: Approx. ha lf o f roots detached 2 -  M oderate: Approx. half o f fronds single
3 -  High: All roots detached 3 -  High: All fronds have separated into single colonies
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Subjective observations can give useful insight into the response o f the plant and level o f 

toxicity. Quantification o f these results would be beneficial in gaining a better 

understanding o f the results. For every concentration the individual scores for each 

parameter can be added to give an overall score for that treatment to a maximum o f  15.

For example, the score for SAMD treatment at 10% concentration would be 3+1+ 1+2+3 = 

10. Table 3.5 was generated using this process for each treatment type, listed 1-7 as with 

Table 3.4. A score o f zero indicates no obvious physiological changes. Scores 1-3 

indicate mild changes, 4-7 indicate a moderate physiological response and scores above 8 

indicate a severe response.

Table 3.5 Scores generated through quantification o f  subjective analysis for each treatment ( I -7 as numbered 

in Table 3.3)

Cone. (%) 1 2 3 4 5 6 7

40 - 3 3 3 - 3 4

20 - 5 3 5 6 6 7

10 10 5 3 5 6 5 10

5 6 6 3 4 7 6 3

1 7 6 6 2 6 5 10

0.1 0 0 0 1 0 0 1

0.01 0 - - - 0 - -

1. SAMD

2. SAMD without Cu

3. SAMD without Zn

4. SAMD without Cu or Zn

5. SAMD. pH 6

6. SAMD without Cu, pi 1 6

7. SAMD without Zn. pH 6

These results indicate that the most toxic combinations o f  treatment and concentration are 

SAMD at 10% and SAMD without Zn, pH6 at both 10% and 1%. These three 

combinations yielded the highest cumulative score which indicates that they are visually 

displaying high levels o f toxicity. However it must be remembered that these scores are 

subjective and therefore must only be used in a supportive capacity in combination with 

further analysis. These scores provide additional biological insight into the toxicity o f  the 

metals to L. minor.
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3.3.2. The effect o f  metal exclusion on the toxicity o f  SAMD

Figure 3.2 illustrates tiie growth response o f  L. minor when Cu and Zn have been removed 

from SAMD. Previous studies have revealed that Cu and Zn are the most toxic 

components o f AMD to a variety o f  freshwater organisms including duckweed, alga, 

cladoceran, snail, hydra and fish (Dam et al., 2008).

When Cu was removed, the mean ECso value for frond number stayed much the same as 

for whole SAMD, dropping slightly but not significantly (p>0.05) to 2.43%. This trend 

was also seen in the results for biomass. Frond area was dramatically inhibited with the 

lowest recorded growth inhibition for any replicate starting at ju st over 50%. For this 

reason, ECso values could not be provided for frond area (Table 3.6).

T able 3 .6  The m ean and standard deviation (SD) and coefficient o f  variation (C V ) o f  the calculated ECso 
values for SA M D  w ithout copper, w ithout zinc and w ithout copper or zinc using different growth param eters 
o f  L. m inor.

M in M ax M ean SI) CV n

SA M D  w ithout Copper
Frond N um ber 2.20 2.80 2.43 0.32 13 3
B iom ass 0.26 0.64 0.50 0.21 41 3
Frond Area - - - - - 3

SAM D  w ithout Z inc
Frond N um ber 0.55 1.20 0.85 0.33 39 3
B iom ass 0.16 0.33 0.25 0.09 36 3
Frond A rea 0.17 0.32 0.26 0.08 31 3

SA M D  without C opper or Z inc
Frond N um ber 2.70 3.40 2.97 0.38 13 3
Biom ass 3.50 9.80 6.67 3.15 47 3
Frond A rea 3.40 5.70 4.27 1.25 29 3

Copper is one o f  the most toxic metals, significantly increasing the concentration o f 

reactive oxygen species present in the plants (Upadhyay and Panda, 2010). As seen 

before, there was a high coefficient o f variation associated with the biomass result when 

compared with both frond number and frond area (Table 3.6).
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Figure 3.2 Dose-response curve for synthetic AM D  without key metals (Cu, Zn and both) illustrating the 
inhibition o f frond number (a) biomass (b) and frond area (c) for each experimental run ±S.E.
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Removal o f  Zn causes the EC50 values o f  all growth parameters to fall below 1% (Figure 

3.2; Table 3.5). It has been shown that Cu alone has a greater toxicity than Zn, however 

when plants previously exposed to Cu were supplemented with Zn, a significant increase in 

growth was observed (Upadhyay and Panda, 2010) which helps to explain the current 

results. Dirilgen et al., (2001) also report an antagonistic effect o f  Cu on Zn in a binary 

mixture. IfZ n  and Cu have an antagonistic effect on the overall toxicity, then removal o f  

Zn or Cu could yield a larger increase in toxicity than can be explained by its toxicity as a 

single metal. H owever the multifactor nature o f  AM D and combined toxic metal 

interactions are com plex and require further study. Moreover Cu toxicity decreases in the 

presence o f  chelating agents such as suspended solids or humic acid and also in the 

presence o f  zinc, sulphate or magnesium so further study must be carried out to determine 

what effect these factors have on AM D toxicity. A study on heavy metal toxicity to L. 

m inor  recorded highest toxicity for Cd and Cu with EC50 values o f  1.9|xM and 9.7|.iM 

respectively (Drost et al., 2007). The authors also indicated a much higher tolerance o f  L. 

m inor  to increased concentrations o f  Ni and Zn with EC50 values o f  56.3|iM  and 46.1 |,iM 

respectively. However as mentioned previously, in a multimetal sample metal interactions, 

both antagonistic and synergistic, can be responsible for generating an unexpected  

response.

Removal o f  both Cu and Zn results in the highest recorded EC50 values for both biomass 

and frond number measuring 6.67% and 2.97% respectively. Frond area shows an increase 

in value when compared to the removal o f  Zn alone, however the value is lower than that 

recorded for whole SAM D, at 4.27%. As has been the trend thus far, biomass results are 

associated with the highest coefficient o f  variation; with lower levels associated with the 

remaining parameters (Table 3.6). Quantification o f  subjective parameters indicates mild 

to moderate visible physical changes to the test plants for all three treatments, SAM D  

without copper, without zinc and without copper or zinc (Table 3.5).

As with whole SAM D there was som e root detachment at 1% SAM D without Cu (Table 

3.4). H owever this was much less severe than before with only 2-3 roots per test vessel 

affected. Moderate to high levels o f  chlorosis and necrosis were also recorded for this 

treatment however this was restricted to concentrations above 5%. Smaller new fronds 

were seen at 1-10% concentrations as with whole SAM D. When Zn was removed from 

SA M D  a higher level o f  complete necrosis was recorded for concentrations over 10%. 

Chlorosis patterns were consistent with previous treatments and again, there was moderate
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root loss recorded at 1% concentration. Finally, when both Cu and Zn were removed, there 

was an increase in chlorosis with moderate to severe cases observed between 5% and 20% 

concentrations; however necrosis levels were mild to moderate at highest concentration 

with only a small amount o f  tissue on some o f  the fronds affected.

Removal o f  copper alone did not significantly decrease the toxic response so therefore it 

would need to be evaluated fully before adopting its removal as a treatment option to 

reduce AM D toxicity to surface waters. This may be due to the fact that copper is required 

as an essential micronutrient for healthy plant metabolism (M egateli et al., 2009), however 

in high concentrations can accumulate in plant tissues which can affect physiological and 

biochemical processes (Llorens et al., 2000). Removal o f  zinc is not a viable approach, as 

contrary to expectations this resulted in an increase in toxicity. Megateli et al., (2009) 

recorded 50% growth inhibition o f  Lemtia gihba  at 4 mg/L zinc concentrations. At low  

concentrations the authors recorded no adverse effects and this was further explained in a 

study which recorded an absence o f  any visual symptoms at 7.1 mg/1, zinc concentrations 

(Mishra and Tripathi, 2008). Overall it can be deduced that removal o f  Cu or the removal 

o f  Zn on an individual basis does not decrease the toxicity o f  SAM D to L. minor, however 

removal o f  both Cu and Zn greatly increased the recorded EC50 values. With this decrease 

in toxicity recorded with dual removal o f  Cu and Zn, the null hypothesis that removal o f  

Cu and Zn from SAM D does not decrease its toxicity to L. minor, can be rejected.

3 .3 3 . The effect o f  pH  on m etal toxicity

Some species o f  duckweed are known to have a wide range o f  tolerance for pH, thus 

making them ideal candidates for the toxicity assessment o f  unmodified environmental 

samples (W ang, 1990, Wang and Freemark, 1995).

The toxicity o f  multi-metal samples cannot be solely assessed based on total metal content.

To achieve more accurate toxicity results, the bioavailable fraction must be determined.

There are many factors which affect the bioavailable proportion o f  the metal content,

including but not limited to; total metal content, pH, redox conditions, organic matter and

levels o f  humic acid present (USEPA, 1984). Bioavailable iron is significantly altered

with changing pH. With increasing pH it quickly becom es an insoluble ferric hydroxide

precipitate, which, in an environment polluted by AM D, can cause a number o f  other

ecological consequences also such as the alteration o f  water pathways within abandoned
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mine workings causing changes to the underground structure and thus altering the location 

o f AMD discharge. Change in pH also affects Cu, Zn and Mn. Low pH values increase 

bioavailability by altering complexation, speciation, solubility and adsorption. For 

example when pH increases and Fe precipitates from solution, it often results in a 

simultaneous decrease in Cu from the soluble metal fraction due to co-precipitation.

Metals can also be complexed by presence o f organic matter in surface waters.

Dose-response curves were plotted for 5 pH values ranging from 3-7 using frond number, 

biomass and frond area (Fig. 3.3). The ECso values recorded for frond number, biomass 

and frond area were 3.77, 3.63 and 4.30 respectively. Figure 3.3 indicates that biomass is 

the most sensitive growth parameter to acid pH, with frond number yielding a similar 

value.
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Figure 3 3  Dose-response curve from acid to neutral pH, illustrating the inhibition o f  frond number, biomass 
and frond area ±S.E

Frond area recorded the highest value with an ECso value o f  pH 4.3. These results indicate 

a low tolerance o f  duckweed to extremely acid pH, however growth inhibition dramatically 

decreases upwards o f pH 4-5. This finding is similar to the results obtained by McLay 

(1976), who found that the duckweed L. minor grew from pH 4 -  10 with an optimum pH 

o f  6.2 (McLay, 1976). This is further corroborated by a more recent study which indicated 

that above pH4, growth o f  L. minor is not significantly inhibited (Fomin et al., 2000). The 

authors also indicated that above pH 4, fronds exhibited no signs o f  stress such as chlorosis



or necrosis. Table 3.7 shows recorded pH values for day 1 and day 7 o f a given test period 

for all experiments.

Table 3.7 pH values for each treatment type at all concentrations on day 1 and day 7 o f  the test period.
Experiment 40% 20% 10% 5% 1% 0.1% 0.01% 0.001%

SAMD
pH  Day I 

4.46 4.62 5.60 7.02 7.22
SAMD minus Cu 3.64 4.02 4.45 4.58 5.71 7.01 - -

SAMD minus Zn 3.75 4.12 4.50 4.63 5.77 7.03 - -

SAMD minus Cu and Zn 3.71 4.15 4.52 4.62 5.81 7.04 - -

SAMD
pH  Day 7 

4.16 4.42 5.41 7.27 7.40
SAMD minus Cu 3.64 4.02 4.45 4.52 5.93 7.54 - -

SAMD minus Zn 3.74 4.11 4.40 4.53 5.94 7.32 - -

SAMD minus Cu and Zn 3.72 4.16 4.45 4.59 5.84 7.28 - -

From concentrations o f 10% and lower, pH values are approximately 4.5 to 7. In this 

range we know that pH alone will not limit growth excessively however as previously 

discussed, pH plays a vital role in determining metal availability and thus it interaction 

with the metals present in the test solution must be taken into account. Adjusting the pH to 

6, could almost completely eliminate the effect o f  pH alone; however it will have 

implications for bioavailability o f  certain metals.

3.3.4. The effect o f  adjusting to pH6

Normalisation (manually adjusting the pH) o f  acidic waste is a simple process that can be 

managed on a large scale through the addition o f lime (Ackman, 2000, Hughes and Gray, 

2010). Analysis was carried out to assess the impact o f this process on the toxicity values. 

SAMD was again analysed as a whole entity, without copper and without zinc with each 

adjusted to pH6. Figure 3.4 illustrates the growth response o f L. minor in the pH adjusted 

solutions.
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Figure 3.4 Dose-response curve for pH adjusted SAMD without key metals; SAMD, pH6 (a), SAMD 
without copper, pH6 (b), SAMD without zinc, pH6 (c), illustrating the inhibition o f  frond number, biomass 
and frond area for each experiment ±S.E
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The mean EC50 value for frond number increased to 3.4% when compared to the first 

SAM D experiment for which the pH had not been adjusted (Fig. 3.4). The values for 

biomass increased to 2.7%, over 4 times that o f  SAM D. Frond area displayed a slightly 

reduced EC50 value, down to 5.3% from 6.1% in the original baseline experiment (Table 

3.8).

T able 3.8 The m ean and standard deviation (SD ) and coeftlcient o f  variation  (C V ) o f  the calculated  EC 50 

values for pM adjusted  SA M D without copper, w ithout zinc and w ithout copper o r zinc using  different 
jrow th  param eters o f  L. m inor.________________________________________________________________________

M in M ax M ean SD CV n

SAM D p H  6

Frond N um ber 2,80 4.00 3.40 0.60 18 3
Biom ass 1.50 3.80 2.70 1.16 43 3
Frond Area 5.00 5.80 5.27 0.46 9 3

SA M D  without C opper. p H  6
Frond N um ber 6.70 8.60 7.30 1.07 15 3
Biom ass 7.50 24.0 13.8 8.8 64 3
Frond Area 29.0 35.0 32.3 3.06 9 3

SA M D  w ithout Z inc. p H  6
Frond N um ber 27.0 37.0 33.0 5.29 16 3
Biom ass 0.60 0.85 0.77 0.14 18 3
Frond Area 0.52 0.63 0.58 0.06 10 3

In terms o f  subjective assessment, moderate to high levels o f  chlorosis were noted at mid

range test concentrations (1-5%; Table 3.4). At 20-40%  test concentrations, the 

populations were com pletely necrotic. Only a small amount o f  necrosis was visible on the 

tissue o f  2-3 fronds at 5%. Root loss was common in test concentrations above 5%. 

Quantification o f  subjective assessment indicated moderate toxic response for SAM D, pH6 

and SAM D without copper, pH6 whilst SAM D without zinc, pH6 had severe physical 

responses to concentrations o f  1 % and 10% (Table 3.5). The treatment SAM D without 

zinc at pH 6 had a very high E C 5 0  value for frond number but very low values for both 

other growth parameters. Table 3.4 indicates high values for subjective assessment o f  

abnormally small new daughter fronds for this treatment, which could account for the 

discrepancy between the EC50 value for frond number and the values for biomass or frond 

area.

When Cu was removed from the pH adjusted SAM D the EC50 values greatly increased

using frond number to 7.3%, with biomass and frond area recording highs o f  13.8% and

32.3%  respectively. Subjective observations indicated mild levels o f  chlorosis from 1-

20%. Complete necrosis was noted at SAM D strengths o f  40%, with 20% displaying a
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m oderate am ount o f  necrotic tissue. Root detachm ent occurred at I % with approxim ately 

h a lf o f  the test population losing their roots. W ith the exception  o f  0 .1 % , all new  grow th 

resulted in abnorm ally sm all daughter fronds.

Rem oval o fZ n  resulted in a bim odal response for frond area and biom ass, reaching 50%  

inhibition at low concentrations, decreasing in the m id-range and finally reaching 50%  

inhibition again at the upper end o f  the scale. This response pattern w as seen in a sim ilar 

study, w here the authors assessed the toxicity  o f  ten heavy m etals to duckw eed (N aum ann 

et al., 2007). They found that duckw eed exhib ited  a b im odal response to chrom ate and 

also to a lesser extent w ith copper and zinc. They concluded that due to the bim odal nature 

o f  the inhibition curve, it does not provide the sam e level o f  reliability for ECso calculation 

as those that are not biinodal. They found that w ith chrom ate, copper and zinc, the values 

were m ore diverse than for the o ther test m etals. The m ain consequence o f  this is that it 

results in an extrem ely low E C 50, follow ed by a decrease below  50% inhibition, then a 

final rise above it, w hich essentially  results in the generation o f  tw o E C 50 values. In the 

case o f  pH adjusted SA M D  w ithout zinc, the bim odal response w as observed for all three 

grow th param eters (Fig. 3.4). H ow ever, due to  the fact that in this test frond num ber was 

not as sensitive as the o ther param eters this has not affected the recording o f  an E C 50 value. 

Chlorosis was evident in all test concentrations. The low er end o f  the scale w as only 

m ildly affected, w ith a sm all am ount o f  chlorosis beginning on the edges o f  2-3 fronds per 

replicate w hilst higher concentrations exhibited m oderate am ounts o f  chlorosis affecting 

som e tissue on approxim ately h a lf  o f  the test fronds. O nly the fronds at 40%  test 

concentration w ere im pacted by necrosis w ith necrotic tissue appearing on h a lf  

A pproxim ately  h a lf o f  the duckw eed population o f  all concentrations (w ith the exception 

o f  0.1% ) recorded root loss. N ew  daughter fronds across these concentrations w ere also 

sm aller than the original test fronds.

By adjusting  the pH to 6, m etal speciation and bioavailability  w ere altered, w ith som e 

m etals precipitating  from solution thus reducing the overall toxicity. This is particularly  

true for iron w hich form s a ferric hydroxide precipitate w ith an increase in pH. C u can 

also be co-precip itated  w ith iron further decreasing  toxicity  (G ray and O 'N eill, 1995, 

U SEPA , 1984). The total m etal content o f  a sam ple is not indicative o f  the quantity  w hich 

is bioavailable; therefore it is the free metal ion concentration that is the determ ining  factor 

in heavy m etal uptake. C opper has tw o oxidation  states, Cu 1 (cuprous) and Cu II (cupric). 

It has been found that the cupric state is dom inant in low pH environm ents, w hich is the
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bioavailable form, so that by increasing the pH the available portion decreases. However 

due to its many complex interactions it is hard to determine the exact quantity o f various 

copper compounds and complexes as they depend on so many environmental variables 

(USEPA, 1984). Toxicity o f copper is also known to increase with a decrease in water 

hardness or dissolved oxygen (DO) and when in combination with other metals. 

Furthermore, A1 is also strongly pH dependent and is toxic in its hexahydrate species, but 

forms unavailable complexes in an alkaline environment. In acidic conditions zinc forms 

hydrated cations, the speciation o f which is primarily affected by pH and alkalinity. The 

ECso values obtained when SAMD without Cu was adjusted to pH6 yielded the expected 

response increasing the value for frond number to 7.3%, biomass to 13.8% and frond area 

to 32.3% (Table 3.7).

The process o f adjusting the pH changed which metals were bioavailable during the test 

period, reducing the overall toxicity to the duckweed. The exceptions to this were the ECso 

values recorded for biomass and frond area when zinc was removed from pH adjusted 

SAMD, due to their bimodal response. The bioavailability o f heavy metals is highly pH 

dependent. In a complex, multifactor pollutant like AMD, altering the pH reduces the 

availability o f  certain metals. An increase in pH for example, causes iron to precipitate out 

o f  solution immediately. By increasing the pH o f the test solutions, an overall decrease in 

toxicity was observed. Adjusting to pH6 can decrease the toxicity o f  SAMD. As such, 

this would allow greater quantities o f acid mine drainage to be assessed and treated using 

L. minor.

Overall, it appears that pH adjusted SAMD without copper is the least toxic combination, 

whilst removal o f both copper and zinc also yielded a positive result, as did pH adjusted 

SAMD. Adjusting the pH o f SAMD without zinc to pH 6 resulted in a bimodal response 

which may also render it an unsuitable approach for reducing toxicity prior to treatment.

The final hypothesis to be tested was that adjusting the pH o f  the test samples to pH 6 

reduces the overall toxicity o f  AMD to L. minor. The null hypothesis in this case can be 

rejected for all pH adjusted experiments with the exception o f pH adjusted SAMD without 

zinc, due to the bimodal response.
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3.3.5. Comparison ofECso values fo r  each treatment

An analysis o f  variance w as carried out to  com pare the E C 50 values generated  for each 

SA M D  treatm ent. This w as carried out for each o f  the grow th param eters; frond num ber, 

biom ass and frond area.

S ignificant d ifferences w ere individually  observed in the E C 50 values obtained for frond 

num ber, biom ass and frond num ber (p<0.001). A Tukey pairw ise com parison w as then 

carried out for each param eter.

The com parison for frond num ber illustrated that tw o treatm ents d iffered significantly  

from all others (p<0.001). These treatm ents w ere SA M D  w ithout Cu, adjusted  to pH 6 and 

SA M D  w ithout Z inc, adjusted to pH6. Rem oval o f  these m etals both alone and in 

com bination did not elicit a sim ilar result. A djusting w hole SA M D  to pH 6 also did not 

yield such high values. This indicates that frond num ber has the highest th reshold  for 

SA M D  when a key m etal is rem oved and the solution is adjusted to pH6.

The com parison for biom ass indicated that one treatm ent differed from all others, SA M D  

w ithout Cu or Zn. N o other treatm ent proved to be significantly  different. This indicates 

that biom ass has the highest threshold  for SA M D  w hen both Cu and Zn w ere rem oved.

Finally the com parison for frond area illustrated that tw o treatm ents, SA M D  and SA M D  

w ithout Cu differed from all o thers, how ever could not be distinguished from  one another. 

This indicates that frond area has the highest threshold for these tw o treatm ents.

3.3.6. Comparison to other AMD toxicity assessment methods

Gray and O ’N eill (1997) conducted  A M D  toxicity  testing  using the sam e synthetic A M D  

as used in th is study. The authors assessed the suitability  o f  the M icrotox® B ioassay test, 

the biochem ical oxygen dem and (B O D ) inhibition test and the activated sludge respiration 

inhibition test. The criteria  they used to choose the m ost appropriate toxicity  test for A M D  

were variability , repeatability  and sensitivity to  low levels o f  contam ination, cost 

effectiveness and test tim e. They concluded that the Microtox® Bioassay test w as the m ost 

suitable m ethod based on its high level o f  repeatability  and reproducibility . H ow ever, it
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requires complex equipment and is expensive. The ECso value obtained by Gray and 

O ’Neill using the Microtox® Bioassay test was 1.39% (SD 0.13) and 2.63% (SD 0.10) 

when done in soft (alkalinity 30 mgL"' as CaCOs) and hard water (300 m gL '' as CaCOs) 

respectively which is very sim ilar to the ECso values obtained in the present study using 

frond number.

The activated sludge respiration test was seen to be ideal as it used the same heterotrophic 

decomposing micro-organisms that are found in surface waters but was time consuming 

and suffered from poor repeatability (Gray and O'Neill, 1997). Likewise, duckweed 

represents the response o f  the freshwater native primary producers which rely entirely on 

water quality being independent o f  the substrate. This is in contrast to the Microtox® 

Bioassay test which is based on the response the light emitted by a lyophilised luminescent 

marine bacterium Photohacterium phosphoreum. Toxicity testing using L. minor has 

overcome these issues, as it is cost effective, is a common freshwater plant, displays good 

test repeatability and is very sensitive to low levels o f  AMD. For example, a concentration 

o f 0.1% AMD induced 15%, 23%  and 19% inhibition o f frond number, biomass and frond 

area respectively. This is important as ecological impact is more frequently related to 

different inhibition levels than the traditional ECso (e.g. 10%, 25% etc.)(Naumann et al., 

2007). Using frond number (1), biomass (2) and frond area (3), then ECy can be calculated 

for any dilution o f AMD (x) (Figure 3.5) using the regression equations:

ECy = 0.4253x+  1.5198 (1)

ECy =0.4101 x + 1.5440 (2)

ECy = 0 .2 2 0 3 x + 1.5396 (3)

65



(a)

e
Co
2
c£  15

I
o
O
S’ 0.5

y = 0.4253X + 1.5198 
= 0.9835

-2.5 -1.5 -1 -0.5 0 0.5

Log of SAMD Concentration (%)

1.5

(b)

E  I 5 -
2
x:_c
sz
\
O
" 0

0.5

y = 0.4101X + 1.544

- : .5

= 0.8987

- 1.5 -1 -0.5 0 0 5

Log of SAMD Concentration

1.5

(c)

1.8

O 1.6

:s
jc_c
JC

%s
O
"o
8>

1.4

1.2

1

0.8

0.6
-2.5

y = 0.2203X + 1.5396 
= 0.9866

-1.5 -I -0 5 0 0.5

Log of SAMD Concentration (%)

15

F igure 3.5 Log transformed (base 10) linear regression o f  the dose-response growtfi for synthetic AMD 
using a) frond number (r^=0.9835), b) biomass (r-=0.8987) and c) frond area (r-=0.9866).
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In each case the lowest concentration. 0.01% SAMD has been excluded as there is a large 

amount o f variation in results at that concentration (Fig. 3.5). This is due to the fact that 

when SAMD concentrations are extremely low, the metals are only available in trace 

amounts. Many o f  these trace metals also double as essential m icronutrients for plant 

growth and so growth stimulation occurs. Fomin et al., (2000) also determined that growth 

stimulation can be a direct result o f  the  ̂Arndt Schulz E ffe c t' which allows for minute 

levels o f  toxins to become beneficial once below a certain threshold, and has been 

described for plants at low levels o f  heavy metals.
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3.4. Conclusions

•  H ypothesis i - Lemna minor shows increasing sensitivity to increasing AM D  

concentrations.

- Lemna m inor responds in a predictable manner to AM D making it a reliable 

indicator for AM D toxicity assessm ent and impact analysis. Ho can be rejected.

•  SAM D has an ECso o f  2.8%, 0.7% and 6 .1 % o f  its original strength using frond 

number, biomass and frond area respectively.

•  Removal o f  copper from A M D did not result in a decrease in toxicity.

- The ECso value for frond number stayed much the same, decreased for biomass 

and increased for frond area. SAM D without Cu has an EC5oof2.4%  and 0.2%  

using frond number and biomass respectively. The lowest inhibition recorded for 

frond area was above 50%.

• Removal o f  zinc increased the toxic response o f  duckweed.

- Frond number, biomass and frond area were recorded at 0.9%, 0.3% and 0.3%

respectively. These results indicate the com plexity o f  AM D as many metal 

interactions need to be taken into account. The metal interactions need to be fully 

explored.

•  H ypothesis ii - Rem oval o fC it and Zn from  AM D decreases its toxicity to  Lemna 

minor.

- Removal o f  both copper and zinc resulted in a decrease in toxicity to Lemna 

minor. EC50 values for frond number, biomass and frond area were 3.0%, 6.7%  

and 4.3% respectively. The overall plant response was lessened. Ho can be 

rejected.

•  Adjusting SAM D to pH 6 reduced toxicity in some cases.

- ECso values for frond number, biomass and frond area were 3.4%, 2.7% and

5.3% respectively. This is an increase for frond number and biomass based on the 

same experiment at dilution pH. The value for frond area has slightly decreased.



•  H yptliesis Hi - Adjusting the p H  o f  the test sam ples to p H  6 reduces the overall 

toxicity o f  AM D to  Lemna minor.

- Adjusting SAM D to pH 6 in conjunction witii the removal o f  copper yielded the 

highest ECso values at 7.3%, 13.8% and 32.3% for frond number, biomass and 

frond area respectively. This is a dramatic decrease in toxicity when compared to 

the baseline SAM D experiment. Ho can be rejected.

• Removal o f  zinc in conjunction with pH adjustment resulted in a significant 

decrease in toxicity for frond number (EC50 33.0%, p<O.OOI) however due to the 

bimodal response o f  the growth parameters, both biomass and frond area recorded 

abnormally low EC50 values o f  0.8% and 0.6%.

• A single total contaminant response provided by the duckweed growth inhibition 

method could result in multiple contaminant exposure doses across different AM D  

solutions due to variation in properties.
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4. Using duckweed for acid mine drainage impact assessment

4.1. Introduction

The impacts o f AMD are long term and extremely detrimental to all aquatic life (Mishra et 

al., 2008, Gray and Delaney, 2008, Dirilgen, 2011). Taking into account the severity o f 

AMD contamination, there are few reliable methods for the assessment and prediction o f 

its ecological impact on surface waters. Furthermore, due to the intrinsic variations 

associated with AMD, prediction o f its potential impact in any given situation is both 

challenging and costly (USEPA, 1994). The aim o f this study is to evaluate the use o f 

Lenina minor as a biotoxicity assay method to assess the impact o f  AMD.

Aquatic plants have been used in impact assessment for many years (W ang, 1984, Lewis, 

1995, Wang and Freemark, 1995, Appenroth et al., 2010, Bonanno and Lo Giudice, 2010). 

The genus Lennia has been used to assess a wide variety o f  pollutants (W ang, 1990).

Wang reviewed the use o f L. minor not only for toxicity testing, but also the many factors 

which make it an ideal test species. As a primary producer, duckweed also responds 

directly to the factors that characterise water quality including pFl, salinity, nutrients, 

dissolved oxygen, light and metals. This allows it to detect changes in integrative 

ecosystem health. Many studies have also assessed the toxic effects o f  a variety o f  heavy 

metals to L. minor and thus making it a potentially excellent organism for both toxicity and 

impact assessment o f AMD (Drost et al., 2007, Horvat et al., 2007, M ishra et al., 2008, 

Kanoun-Boule et al., 2009, Radic et al., 2010, Dirilgen, 2011, Radic et al.. In Press).

Lemna minor has been seen to be sensitive to even very low levels o f  heavy metal 

contaminants, whilst a reduction in pH also results in a reduction in growth rate. Its 

sensitivities to the chemical components that characterize AMD make it a reliable indicator 

o f  AMD contamination in both surface and ground water. It also compares favourably 

with other biological indicators that have been used to assess the toxicity o f  AMD, for 

example Daphnia magna and some macroinvertebrates (Yim et al., 2006, Gerhardt et al., 

2005). After testing with both single and multi-metal samples, Yim et al. (2006) 

determined that there was no combined toxicological effect to D. magna  in the multi metal 

samples. They also found that AMD toxicity increased greatly in soft water samples. 

Gerhardt et al. (2005) determined that it is pH and not heavy metals that is most correlated 

with immobility in both D. magna and Ganibusia holbrooki, with a pH o f 4.9 and below 

resulting in 50% immobility. As such Daphnia magna  could be deemed too sensitive to be 

an ideal test organism for AMD impact assessment.
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Gray (1996) generated an index for the assessment o f AMD in surface and ground waters. 

This index, known as the AMD Index (AMDI) is an excellent method o f determining if a 

water body is contaminated by AMD, however it gives no further insight into the 

biological impacts. Using L. minor as a bioindicator could provide a method for assessing 

the impact on biota. Biological monitoring can prove more effective than physico

chemical assessment as the organism can integrate all characteristics o f the water body in 

question (Zalack et a!., 2010). M oreover this method could provide insight into a wide 

range o f AMD contamination, from both acute to chronic and mild to heavily contaminated 

water bodies. Chemical analyses are difficult to interpret as each parameter can act 

independently or in combination with others, not to mention parameter relationships can be 

additive, synergistic or antagonistic. Diatoms and macroinvertebrates have been used with 

some success (Zalack et a!., 2010). Duckweed however, can give insight at another trophic 

level which is important in community stability and thus may be more quantitative than 

other indicators. In this case, the method put forward can provide a biological impact 

assessment o f  surface or groundwater in a simple and cost effective way. This method 

could also provide an early warning system thus mitigating the potentially devastating 

effects o f  a pollutant considered to be the largest environmental problem facing the mining 

industry (ADTI, 2000).

The buffering capacity o f a water body plays a vital role in mitigating AMD contamination 

(Wang, 1986a). There are many factors to consider when investigating buffering capacity, 

including but not limited to: metal species alteration due to pH fluctuation, ions adsorbing 

to particulate matter or metals being complexed from solution. The main processes by 

which heavy metals are removed from water depend on several well-known parameters, 

quantity and composition o f  suspended particles, metal speciation and water composition 

(Smolyakov et al., 2010). This study looks at the natural buffering capacity o f  the Avoca 

River, a soft water catchment (6.5-11.5 mg/L CaCOs). Previous studies have shown that 

ambient water quality can significantly alter perceived toxicity values. Wang (1986) 

compared the effect o f  river and distilled water on the phytotoxicity o f  Ba, Cd and Cr. It 

was found that toxicity for Ba and Cd significantly decreased when river water was used as 

diluent, whilst Cr toxicity remained the same for both river and distilled water samples.

This was due to the fact that the Cr(VI) ion is negatively charged and therefore would not 

be adsorbed by negatively charged clay particles present in the river water and is also not 

known to be involved with any complexation or chelation in the environment (Wang,
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1986a). Hard and soft water play a vital role in toxicity mitigation, a well known example 

o f this being copper ion toxicity (USEPA, 1972).

This study incorporates the use o f  a British Standard, ‘ Water quality -  Determination o f  

the toxic effect o f  water constituents and wastewater on duckweed (Lenina minor) — 

Duckweed growth inhibition test for the evaluation o f  water and wastewater using 

duckweed and utilises it to investigate the impacts o f an abandoned Cu-S mine in southeast 

Ireland that releases AM D in the Avoca River (ISO, 2005). It will test the following 

hypotheses:

Bio-indicator value in receiving waters

2. Duckwced can be used as a measure of AMD impact on riverine ecosystems

iv) When L. minor is used to assess the impact o f  AMD in surface waters, 

duckweed growth inhibition values correlate with sulphate, heavy metals and 

pH.

-Ho: Duckweed growth parameters do not correlate with recorded sulphate, 

heavy metals or pH.

v) Duckweed growth inhibition values complement the established acid mine 

drainage index (AMDI).

-Hq: Duckweed growth inhibition values do not complement the AMDI.

3. Buffering capacity plays a vital role in mitigating AMD impacts

vi) The buffering capacity o f the river changes the response o f duckweed to 

AMD.

-Ho: The buffering capacity o f  the river does not change the response o f  

duckweed to AMD.

vii) Hard water catchments have a greater buffering capacity for AMD than soft 

water catchments.

-Ho: Hard water catchments do not have a greater buffering capacity fo r  

AMD than soft water catchments.
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4.2. Materials and Methods

The purpose o f this strand o f  the study was to investigate if  L. minor was capable o f 

distinguishing between AMD impacted sites in the Avoca River, and whether it could give 

an indication o f the severity o f  the pollution at each site. This was then compared to an 

already established method for assessing the impact o f  AMD in surface waters, the acid 

mine drainage index (AMDI). A second experiment was conducted to investigate the 

buffering capacity o f  the Avoca River. This involved sampling the AMD directly and then 

creating a range o f dilutions using river water (collected 1km above the first AMD input to 

the river) and distilled water. Finally the toxicity o f AMD was assessed using both hard 

and soft water as diluents to determine how this affected the overall toxicity to L. minor.

River samples were collected for both multi-chemical assessment (Gray, 1996b), and 

duckweed growth inhibition analysis (ISO, 2005)(detailed in chapter 2), at six key points 

along the Avoca River, Co. Wicklow above and below the adits draining the abandoned 

Cu-S mine at Avoca (Figure 4.1) . Each sample was taken downstream o f AMD inputs 

(adits or bank infiltration) to ensure full mixing had occurred. Standard methods fo r  the 

Examination o f  Water and Wastewater were observed throughout sampling (APHA,

2005). Samples required for metal and sulphate analysis were filtered in the field through 

a 0.45|im filter. Nitric acid was also added in the field to samples taken for metal analysis. 

All testing was completed within 24 hours, prior to which samples were stored in the dark 

at 4°C. The river sample taken at each o f  the sampling sites was divided for duckweed 

growth inhibition testing and chemical analyses. During growth inhibition testing, each 

river sample was divided into four replicates for each site tested and inoculated with 15 

healthy duckweed fronds (see Ch. 2, section 2.3.1 for further detail on growth parameters 

measured).
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4.2.1. Sampling sites

The control site w as chosen south o f  the confluence o f  the A vonm ore and A vonbeg rivers 

and approxim ately  1km upstream  o f  the first A M D  input (O S 719403, 682563). Site 1 is 

dow nstream  o f  the entry point o f  the Deep A dit to ensure full m ixing had occurred (OS 

719834, 681985). Site 2 is ju s t dow nstream  o f  the B allym urtagh adit (OS 719889,

681906). These adits are the prim ary influxes o f  A M D  into the river; how ever bank 

infiltration is also an issue. C om plete m ixing occurred by Site 3 (O S 720289, 679950) due 

to m ultiple bends in the river, which is ju s t  over 1km south o f  the first A M D  input, with 

site 4 a further 3.4 km south (O S 719227, 677248). Site 5, the R iver A ughrim , is an 

unpollu ted  tributary with sim ilar characteristics to  the A voca R iver (OS 71 8933, 677073), 

and finally site 6 was in A rklow  tow n, 11 km dow nstream  o f  the m ines w here it flow s to 

the sea (OS 724377, 673617).

of th« w«t»r*

Avoc* Mlaca

Irish Sea

1 km

Figure 4.1 Sampling sites on the Avoca River used for all impact assessment experimentation [adapted from: 

(Gray and Delaney, 2010)]. Sites 1-6: Deep Adit. Ballymurtagh Adit, Avoca Bridge, Woodenbridge,

Aughrim and Arklow respectively.
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4.2.2. Multi-chemical assessment

Gray (1996) describes a multi-chemical assessment method for measuring the impact o f 

AMD in surface waters (Acid Mine Drainage Index -A M D l). This method requires the 

quantification o f  several key metals (Fe, Zn, Al, Cu and Cd) as well as pH and Sulphate.

Cation analysis was performed using inductively coupled plasma atomic emission 

spectrophotometry (ICP-AES)(APHA, 2005). Detection limits were determined for each 

metal prior to analysis. Duplicates and blanks were used for quality control purposes 

during metal analysis in addition to a pre-prepared multi-metal sample (CertiPUR®, 

Merck) which was tested immediately post calibration and at ten sample intervals for the 

remaining samples and after the last sample.

pH was measured using a standard pH meter for each replicate sample. The meter was 

fully calibrated prior to analysis at all times.

Sulphate was analysed using ion chromatography (IC S-1500, Dionex, USA)(APHA, 

2005). All samples were filtered in the field prior to assessment (0.45 |,im filter) to prevent 

contamination o f the IC injection port and column. A mobile phase stock solution was 

prepared comprising o f 0.8M Na2C03 and 0.1 M NaHCOs. This was then used to prepare 

the working stock solution by placing 20ml o f the solution into a 2L volumetric flask and 

filling with deionised water. This diluted solution was then filtered through a 0.2 |.mi 

cellulose acetate membrane filter and sonicated for 20 minutes. This step degasses the 

liquid to prevent damage to the pump. Once the ion chromatograph was fully prepared, all 

samples were loaded into the auto sampler. Duplicates and blanks were used for quality 

control purposes.
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4.23. Buffering capacity

AM D  was also collected d irectly  from the D eep and B allym urtagh adits in A voca for 

toxicity  testing w ith both hard and soft bottled w aters to give an indication o f  the 

im portance o f  the buffering  capacity  o f  receiving w aters on the tox icity  o f  A M D  to 

duckw eed. C om m ercially  available bottled w ater w as used as a source o f  standard hard 

and soft w ater w ith B allygow an and Volvic natural m ineral w ater used respectively (Table 

4.1). Bottled w ater was used for consistency and also as it is close to real conditions due to 

other cations and anions being present. B allygow an is naturally filtered through calcium - 

rich lim estone. Volvic is filtered through 6 layers o f  volcanic rock.

Table 4.1 Chemical composition o f  both the hard and sofl bottled water used to assess buffering capacity.

E lem ent
(mg/L)

Ballygow an
(Hard)

Volvic
(Soft)

Chlorides 28 13.5

Magnesium 16 8.0

Bicarbonates 400 71.0

Nitrates 9 6.3

Potassium 3 6.2

Sulphates 15 8.1

Sodium 15 11.6

Calcium 114 11.5

Silica - 31.7

River w ater was collected above the first A M D  input for use as d ilu ting agent in the 

assessm ent o f  the buffering capacity  o f  the river. Standard ISO 20079 experim ental 

protocol w as follow ed throughout testing (ISO , 2005).

4.2.4. Statistical Analysis

The relative responses o f  each o f  the duckw eed grow th param eters w ere calculated as a 

percentage o f  the control. G row th inhibition w as calculated for each replicate at each o f  

the representative points on the A voca River.

Acid M ine D rainage Index values w ere calculated based on the w eighted scores for each 

w ater param eter recorded (Table 4.2). This allow ed a score to be allocated for each 

param eter concentration using w eighted w ater quality  rating table (G ray, 1996b).
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Table 42 Parameters and weightings used in the calculation o f AM DI (Gray, 1996b)

Parameter 
identifier (i)

Parameter Weighting (w,)

1 pH 0.20
2 Sulphate (mg/l) 0.25
3 Iron (mg/l) 0.15
4 Zinc (mg/l) 0.12
5 Aluminium (mg/l) 0.10
6 Copper (mg/l) 0.08
7 Cadmium (|ig/l) 0.10

Total weighting 1.00

AM D l values were calculated for each point on the river using the following formula:

AM D I = [L water quality scores]'

  ( 1)
100

A correction factor is included in the calculations i f  a parameter cannot be measured for 

some technical reason. This correction factor is [l/(new total/100)]. For example (1/0.90) 

was used as Cd was below detectable limits.

A M D l = [S water quality scores x (1/0.9)]^

  (2)

100

Pearson Product Moment correlation was used to correlate AM DI values with inhibition 

for each o f the duckweed growth parameters at all sites. For further confirmation, the 

growth parameters were then correlated with each individual water chemistry component 

required to generate the A M D l values. ECx values were generated for toxicity testing and 

evaluation o f the mitigating effect o f buffering capacity and water hardness in a catchment. 

Finally an ANOVA was carried out to illustrate the differences between each o f the test 

sites on the river.
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43 . Results and Discussion

43.1. Impact assessment

Inhibitory effects o f contaminated river water were measured for L. minor at each test site 

on the Avoca River. This experiment was carried out on two occasions several months 

apart. Physico-chemical parameters were measured to generate AM D Index values (Table 

4.4) (Gray, 1996b). The resulting values and corresponding water types are shown in 

Table 4.3.

Table 4 3  AMDI values and corresponding water types for each site on the river. *Both the upstream 

(control) site and the River Aughrim. a tributary, are uncontaminated by AM D (Fig. 4.1)

Sampling site 
(with site 
number)

Approx. distance 
downstream 
of mines (km)

AMDI

Value Impact evaluation based on AMDI

Run 1
Control
1. Deep
2. Ballymurtagh
3. Avoca Bridge
4. Woodenbridge 
6. Arklow
5. Aughrim*

1.0 (upstream)
2.5 
2.7
3.6
7.0
11.0 
7.3

97.8 Surface or ground water uncontaminated by AMD
95.6 
91.3
95.6 Impacted water downstream of mines
95.6
95.6
97.8 Surface or ground water uncontaminated by AMD

Run 2
Control
1. Deep
2. Ballymurtagh
3. Avoca Bridge
4. Woodenbridge 
6. Arklow
5. Aughrim*

1.0 (upstream)
2.5 
2.7
3.6
7.0
11.0 
7.3

97.8 Surface or ground water uncontaminated by AMD
95.6 
93.4
95.6 Impacted water downstream of mines
95.6
95.6
97.8 Surface or ground water uncontaminated by AMD

The most notable observation is that AM DI values are almost identical for both

experiments, yielding the same impact evaluation on both occasions (Table 4.3; Table 4.4).

The control site and the unpolluted tributary, the Aughrim River, were classed as

unpolluted water by the index. A ll other sites were classed as impacted but only slightly as

the evaluation for impacted water downstream o f mines includes a range o f AM D I values

from 70-98. The AM D I shows a reduction after both the Deep and Ballymurtagh adits

have entered the river (Sites I and 2 in Table 4.3 indicate where the adits have entered the

river and become fully mixed, not the undiluted adit drainage itself)- As you move away

from this point, the AM D is buffered by the river water and values raise slightly indicating

overall improvement in water quality. The index is designed to broadly characterise AM D

and is most discriminative with undiluted AMD. Its use with surface waters is increasingly
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lim ited as A M D  concentration is reduced by various hydrological m echanism s, often 

falling to norm al background levels or below  analytical detection limits.

Table 4.4 lists all o f  the variables required for generating  A M D l values. pH values 

increase m oving aw ay from  the m ines w hilst m easured m etals (m g/L) decrease w ith 

increasing d istance from  A M D  input.

Table 4.4 Metals, sulphate and pH analyses at each sampling site (*Cd below detectable limits).

Sampling site Metals measured for AMDl
(with site Fe Zn Al Cu Cd ♦ SO4 pH
number) (mg/l) (mg/l) (mg/l) (mg/l) (ng/i) (mg/l)

Run 1
Control 0.256 0.040 0.157 0.006 <50 3.24 6.76
1. Deep 0.523 0.186 0.468 0.010 <50 4.89 6.53
2. Ballymurtagh 1.410 0.273 0.481 0.012 <50 7.37 6.24
3. Avoca Bridge 0.439 0.178 0.359 0.009 <50 3.28 6.51
4. Woodenbridge 0.398 0.164 0.020 0.009 <50 3.28 6.70
5. Aughrim 0.324 0.005 0.022 0.006 <50 1.84 6.98
6. Arklow 0.394 0.107 0.275 0.007 <50 3.34 6.77

Run 2
Control 0.188 0.044 0.101 0.009 <50 2.57 7.14
1. Deep 0.421 0.212 0.384 0.014 <50 4.65 6.54
2. Ballymurtagh 0.468 0.220 0.377 0.016 <50 4.51 6.35
3. Avoca Bridge 0.292 0.169 0.333 0.011 <50 3.30 6.59
4. Woodenbridge 0.239 0.145 0.228 0.010 <50 3.87 6.77
5. Aughrim 0.173 0.008 0.015 0.010 <50 1.71 7.13
6. Arklow 0.206 0.117 0.241 0.009 <50 5.03 6.72

C adm ium  was below  detectable lim its (50 |ig /L ) at all sites. For this reason a correction 

factor was used w hen calcu lating  A M D l values, as indicated in the m ethodology (G ray,

1996b). The index allow s for a param eter not to be m easured for technical reasons, and the 

correction factor is used to adjust the w eighting o f  the rem aining param eters. H ow ever the 

A M D l w hich incorporates all the key A M D  im pact variables is unable to d iscrim inate well 

w ith high dilution and subtle changes found in the recovery zone o f  the river. There are 

som e differences betw een the tw o experim ents w hich are to be expected due to  the studies 

being carried out several m onths apart. Environm ental factors such as rainfall, river flow, 

and level o f  organic m atter and pH fluctuations on a given day w ould im pact the results 

recorded. In this case how ever, the d ifferences in w ater chem istry betw een the tw o 

sam pling days do not change the A M D l evaluation o f  the river. In the second 

experim ental run, SO 4 concentrations at site 6 in A rklow  is at 5.03 w hich is indicative o f  

the estuarine conditions at this site.
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In the first experiment growth parameters were most inhibited at the first two samphng 

sites, closest to the A M D  inputs.

A!?.®

Sampling Site

□  Biomass

Frond Area

Frond Number

v\3S>

(b)

c
o

!c
c

□  Biomass

□  Frond Area

■  Frond Number

Sampling Site

Figure 42  Inhibition calculated as a percentage o f the growth rates at the control site for 3 growth endpoints 

at each site downstream o f  A M D  input (Mean ± S.E.). (a) Experiment I ; (b) Run 2 conducted several months 

later.
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Table 4 ^  Mean growth inhibition values for each parameter including standard error o f  the mean.

Frond
Site

Number
S.E. Frond Area S.E. Biomass S.E.

Experiment 1
1. Deep (mixed site) 12.59 2.55 38.88 4.56 42.72 3.27
2. Ballymurtagh (mixed site) 13.39 1.33 32.06 3.60 27.89 4.50
3. Avoca bridge 4.81 1.43 14.47 3.43 29.59 2.00
4. W oodenbrldge 4.13 1.64 14.81 5.67 26.80 6.17
6. Arklow 6.19 0.94 16.75 3.25 23.98 4.58

Experiment 2
1. Deep (mixed site) 12.8 5.2 24.7 8.0 32.9 6.1
2. Ballymurtagh (m ixed site) 5.7 7.0 25.6 6.8 26.8 10.0
3. Avoca bridge 8.4 6.7 9.1 7.4 32.9 6.1
4. W oodenbridge 4.3 2.3 5.1 6.6 18.7 8.1
6. Arklow 11.8 4.2 24.1 6.1 10.6 8.1

In the second experim ent a sim ilar pattern w as seen with highest inhibition recorded for the 

first 3 sites closest to  the A M D  inputs. By the th ird  site, ail A M D  inputs have been 

incorporated into the river and are fully m ixed w hich is reflected in the values for biom ass. 

B iom ass was again the m ost sensitive param eter with the highest inhibition o f  grow th 

displayed at both Deep and A voca Bridge sites (32.9% ). As with the first experim ent, 

frond num ber w as the least sensitive param eter w ith the highest recorded inhibition after 

the first adit input (12.8% ) then decreasing dow nstream  o f  the inputs and rising again to 

11.8% w here the river enters the bay at A rklow . Frond area was the m ost sensitive grow th 

param eter after biom ass w ith the highest recorded values at the first tw o sites ju s t south o f  

the A M D  inputs (24.7%  and 25.6%  respectively).

Paired t-tests w ere carried out to see if  the relationship  betw een A M D  in the river and 

grow th inhibition in duckw eed differed betw een the tw o sam pling dates. Each grow th 

param eter w as tested  and no significant difference (P>0.05) was found. The duckw eed 

grow th inhibition values follow ed a sim ilar pattern on both sam pling occasions.
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iv) Hypothesis: The inhibition o f duckweed growth parameters correlate with key 

physico-chemical parameters associated with AMD contamination (sulphate, 

heavy metals, pH).

N egative correlations w ere observed betw een the percentage inhibition o f  frond num ber 

(FN), frond area (FA ) and biom ass (Bio) at each site, and the corresponding A M D I value 

(p < 0.01 FN, FA; p < 0.05 Bio). Further analysis betw een each physico-chem ical 

param eter and frond num ber yielded a strong positive correlation for all m etals (p < 0.01 

Al, Fe, Cu; p < 0.05 Zn). pH was negatively correlated  w ith frond num ber inhibition (p < 

0.01). The m ost notable correlation was recorded for su lphate, w hich increased as 

inhibition rose (p < 0.001). As sulphate is the m ost reliable indicator value in relation to 

A M D , this relationship is expected reinforcing the strength o f  duckw eed as an indicator. 

Further analysis for frond area revealed positive correlations w ith both m etals and sulphate 

(p < 0.001 Cu, Zn; p < 0.01 SO4; p < 0.05 Fe). N o significant correlation w as seen 

between frond area and Al. As w ith frond num ber, there w as a strong  negative correlation 

with pH. Finally inhibition o f  biom ass also correlated negatively w ith the A M D I results (p 

< 0.05) how ever this is the w eakest relationship o f  the three grow th param eters m easured. 

As with the previous grow th param eters, biom ass was negatively correlated w ith pH (p < 

0.01) and a positive correlation w ith sulphate (p <  0.05). W ith the exception o f  iron, all 

m etals were positively correlated w ith this param eter (p < 0.001 Zn; p < 0.01 Al, Cu). The 

null hypothesis can be rejected for all param eters w ith the exception o f  iron.
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v) Hypothesis: The duckweed growth inhibition vahies complement the 

established acid mine drainage index (AMDI).

Sites 1 and 2 were the most heavily impacted sites on the river, which was reflected in both 

the duckweed growth inhibition values and the AMDI. These sites were chosen just 

downstream o f the two main adit entry points, after full m ixing had occurred. From this 

point on the river toxicity decreased, moving away from the AMD inputs due to further 

dilution o f  the pollutant and also allowing the natural buffering capacity o f the river to 

mitigate the impacts. This again, was reflected in the inhibition o f  all growth parameters 

and also in the AMDI values. However at site 6, an increase in toxicity was observed for 

both assessment methods. This is most likely due to the fact that the site is located below 

the tidal range, so mixing o f  both river and sea water may have occurred. An increase in 

sulphate concentration was recorded at this site coinciding with a decrease in pH which 

supports this theory.

The results obtained show the duckweed impact assessment method to be a viable method 

for gauging the impacts o f  AMD in surface waters. Each o f  the duckweed growth 

parameters recorded a negative correlation with the AMDI values. However it also gives 

an insight into the biological status at each test site. For example, the AMDI classifies all 

sites (with the exception o f the control site and the River Aughrim) as ‘impacted water 

downstream o f  the m ines’. The AMDI does not have sufficient discriminative power at the 

lower end o f the scale where full dilution has occurred. Figure 4.2 however, clearly 

displays a gradient in toxicity at each site moving downstream o f the inputs when 

duckweed was employed as an indicator. Each growth endpoint also displayed significant 

correlation with the individual components required to generate the AMDI. Most 

importantly, significant correlations were seen between pH and sulphate concentrations 

which are o f the utmost importance when assessing the toxicity o f AMD (p<0.01).

Sorption processes do not effect either parameter, whilst furthermore, sulphate is not 

affected by the natural neutralization processes occurring in the water body (Gray, 1996b). 

The growth parameters also display positive correlations with all metals, with the 

exception o f biomass with iron and frond area with aluminium. Duckweed displays good 

discrimination compared to other methods such as the AMDI. The null hypothesis is 

rejected in this case.
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4 3 .2 . Buffering effect on AMD toxicity

The mitigating effect o f the buffering capacity o f  the river was evaluated by assessing the 

toxicity o f  AMD collected from an adit at Avoca, to L. m inor using river water as diluent 

and distilled water as a control (Figure 4.3). Percentage inhibition was plotted against log 

AMD concentration. EC30, so values were recorded for both river and distilled water (Table 

4.6).
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Figure 43  Inhibition (%) o f each growth parameter at each test concentration for both river water (a) and 

distilled water (b) (Mean ± S.E.).
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The EC values indicate that when dikited w ith river water, A M D  does not inhibit 

duckweed growth to the same extent as when it is diluted w ith distilled water. W ith the 

exception o f biomass, both the ECso values and EC30 values almost doubled when diluted 

w ith river water (Table 4.6). This is like ly due to the many m itigating factors naturally 

occurring in the river water as previously discussed, such as clay and organic colloidal 

particles that have the ab ility  to adsorb metals (Smolyakov et al., 2010).

Table 4.6 ECx, regression equation and values for AMD obtained for each water type tested

Parameter ECso (AMD %) E C 3 0  (AMD %) Regression Eq. R̂

River W ater

Frond Number 4.6 0.62 9.7105Ln(x) + 34.71 93.3

Frond Area 1.5 0.25 11.389Ln(x) +46.145 97.9

Biomass 4.3 0.42 8.6309Ln(x) + 37.374 99.5

Distilled W ater

Frond Number 2.3 0.32 10.389Ln(x) +41.587 96.8

Frond Area 0.8 0.11 9.5815Ln(x) + 51.717 95.1

Biomass 8.5 1.20 10.104Ln(x) + 28.335 91.0

Table 4.7 lists the corresponding alkalin ity values for the duckweed growth inhibition 

recorded in Figure 4.2. As expected, the values decrease at the point where the A M D  from 

the adits and bank infiltration enter the river as the river naturally buffers against the 

impact o f the drainage. W ith the exclusion o f the tidal value at A rk low  (number 6), there 

is negative correlation between alkalin ity and growth inhibition (r = -0.526, p < 0.05).

Table 4.7 Alkalinity values for all experimental sites and both hard and soft waters. Hard and soft water 
values represent estimates taken from the water packaging and respective websites.__________________

Site Distance Downstream of 
AM D Input

Alkalinity 
CaCOj mg/L

Control Site 1.0 (upstream) 10.08
1. Deep adit (fully mixed) 2.5 6.50
2. Ballymurtagh adit (fully mixed) 2.7 3.62
3. Avoca Bridge 3.6 6.48
4. Woodenbridge 7.0 9.62
5. Aughrim 7.3 11.48
6. Arklow 11.0 19.32

Volvic (soft) - 71.0
Ballygowan (hard) - 400.0
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vi) Hypothesis: The buffering capacity o f  the river affects observed toxic 

response o f  duckweed.

The Avoca River lies in a soft water catchment. The underlying geology is comprised 

mostly o f  granite, slate and volcanic rock with a layer o f  sandstone and shale (GSl, 2011). 

Due to the enormous variation in underlying geologies at affected sites worldwide, it is 

difficult to predict the impacts o f AMD contamination effectively. Lemna minor can 

incorporate the mitigating effects o f  the natural buffering capacity in its response to the 

unique AMD generated at each location. It incorporates all o f  the physico-chemical 

parameters into one measurable response. W hilst the results will be catchment specific, 

duckweed has the ability to gauge the relative impact in a single catchment by indicating 

which areas are the most severely affected.

The buffering capacity o f  the Avoca River was assessed by comparing the use o f  river 

water and distilled water as dilutants in a toxicity assessment. The results indicated that 

buffering capacity influences the toxicity results, therefore altering the impact assessment 

results. The EC30, so values for frond number and area almost doubled when river water 

was used as dilutant, with the exception o f the value for biomass which decreased. This 

indicates that the buffering effect o f  the river water moderates the toxic effect o f  the AMD 

for duckweed. Increased buffering capacity in a water body is known to alleviate stress to 

aquatic organisms (Kelly, 1988). The presence o f unknown factors and pollutants may 

also need to be considered when using river water. The null hypothesis in this case is 

rejected.
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vii) Hypothesis: Hard water catchments have a greater buffering capacity fo r  

AM D than soft water catchments.

Toxicity tests were carried out with AMD taken from Avoca to assess tiie difference 

between the buffering capacity o f  soft and hard water. The buffering capacity o f  a water 

body refers to its ability to maintain a stable pH with the addition o f  acid or base, with 

minima! fluctuation. These were then used for comparison with water taken from the 

control site o f  the River Avoca, which is a soft water catchment. Soft and hard waters 

were Volvic Natural mineral water (Total dissolved solids (CaCOs 61.5 mg/L) and 

Ballygowan Pure Irish Still water (CaCOs 400 mg/L) respectively (Table 4.7). Inhibition 

was plotted against AMD concentration and ECx values were obtained for each water type 

(Figure 4.4; Table 4.8).

T able 4.8 EC*, regression equation and values obtained for each water type tested (Maximum AMD 

loading was 40%).

Parameter ECso {AMD %) E C 3 0  (AMD %) Regression Eq.

Hard Water

Frond Number >40.0 30.0 5.7097Ln(x) + 10.435 87.7

Frond Area >40.0 16.0 9.9068Ln(x) + 2.6704 96.4

Biomass >40.0 36.0 0.3969Ln(x) + 1.9777 97.2

Soft Water

Frond Number 35.0 6.2 11.809Ln(x) + 8.1419 94.8

Frond Area 36.0 8.4 13.488Ln(x) + 1.2515 93.9

Biomass 32.0 16.0 0.7132Ln(x) + 1.4092 98.4
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Earlier toxicity studies showed 100% inhibition at 40% synthetic AM D which is why 40% 

was chosen as a maximum value in this study. In reality, AM D will rarely reach 40% o f  

the total river flow  therefore it was deemed unnecessary to include higher concentrations. 

However when real A M D is used in conjunction with hard or well buffered water, the toxic  

response is decreased.

Hard and soft bottled waters were also used to determine the effect o f  water hardness on 

A M D toxicity. The results clearly show that hard water mitigates the toxic effect o f  AM D  

to L. minor. Inhibition o f  50% was not reached for all growth parameters, in particular in 

hard water test samples, thus EC30 was also recorded (Table 4.8). At a minimum, hard 

water samples allowed double the amount o f  A M D to be added before the EC30 value was 

reached. These results emphasise the importance o f  water hardness and buffering capacity 

in remediation A M D impacted rivers and lakes. A study using the Microtox Bioassay 

method to assess the toxicity o f  AM D in surface waters noted decreasing toxicity  

associated with increasing alkalinity (Gray and O'Neill, 1997). Water hardness must also 

be considered when assessing impacted water bodies. Supplementation o f  Ca'^ has been 

indicated to alleviate metal toxicity in plants (Rengel, 1992). It has been shown that 

calcium can alleviate symptoms o f  metal toxicity in L. g ibba  (Oukarroum et al., 2013).

The authors tested the toxic effects o f  silver and to what extent CaCb could protect the 

plant. Several treatment concentrations o f  Ag^ were used ranging from 0.5 -10|,iM. Where 

CaCh was supplemented, the concentration was 10|.iM. The authors noted many adverse 

effects to the plant in the solutions with just Ag^ such as increased frond abscission and an 

increase in reactive oxygen species (ROS), however the addition o f  CaCb decreased the 

uptake o f  Ag^ by L. g ibba  thus creating com plexes with A g and reducing the stress to the 

plant.

4.3.3. Com parison o f  duckw eed with existing methods

This study has shown duckweed is sensitive enough to differentiate between various sites 

in the recovery zone o f  the river. The AMDI cannot differentiate between sites in the 

recovery zone which is one o f  its limitations. However there are a huge variety o f  

organisms that have been com m only used as bioindicators o f  pollution to surface waters. 

The results o f  this study indicate that duckweed compares favourably with some o f  the 

already established methods.
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Diatoms iiave long been used as an indicator o f  water quality. There are many reasons for 

their use including the fact that they are present at all times in a riverine environment, 

unlike other biological indicators that may be absent during certain seasons. Studies have 

already been carried out on the use o f  diatoms in the assessment o f  AMD impacted waters, 

as the response o f  diatom assemblages to pH variability is well documented but the effects 

o f  heavy metals also need to be accounted for when dealing with AM D (Zalack et al., 

2010). A recent study o f 39 streams along an AMD gradient in New Zealand found that in 

highly impacted AMD streams, taxonomic richness was significantly decreased (Schowe et 

al., 2013). The authors concluded that diatom communities were primarily impacted by 

pH, with significant correlations noted for pH, Al and Fe. Only moderate metal 

concentrations could be tolerated without altering the community structure. This result 

may limit their use as an indicator for heavily impacted AMD water bodies.

A study on AMD toxicity testing compared the use o f several tests to assess their potential 

for rapid screening o f  AMD (Gray and O'Neill, 1997). Their research was carried out on 

the same river as the current study and used the same sampling sites. The authors used the 

BOD inhibition test, the activated sludge respiration inhibition test and the Microtox 

Bioassay procedure. Whilst the Microtox Bioassay is rapid, with results in as little as 5-15 

minutes, and shows low variability it was also unable to discriminate between the test sites 

as well as the duckweed growth inhibition test, and was also much more costly. The same 

test sites were used in the current research with the Microtox Bioassay only capable o f 

detecting toxicity as far as Site 3 at Avoca Bridge. The M icrotox Bioassay had an ECso 

value o f 2.2% in a mixed sample o f  mine drainage from the Deep and Shallow adits at 

Avoca, which increased significantly once dilution had occurred (ECso 67.1% at Site 3). 

The authors concluded that the BOD inhibition test was unsuitable for use with AMD due 

to a high chemical oxygen demand o f  the AMD and growth o f chemo-autotrophic bacteria, 

with the activated sludge inhibition respiration test having issues o f  repeatability.

Daplinia magna is a common species used for biomonitoring. However one study 

recorded ECso values o f  just 3|ag/L for Cd and 4|ig/L for Cu, illustrating a very low 

tolerance for heavy metals (Yim et al., 2006). The authors o f the study also found that an 

extreme increase in toxicity was recorded in soft water catchments. These results indicate 

that whilst D. magna is useful as a bioindicator, it may not be the best choice for use with 

AMD. Whilst duckweed recorded an increase in toxicity for soft water catchments, all 

growth parameters yielded ECso values o f  above 30% for AMD when diluted by water
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with low bicarbonate content. It would be unlikely in a natural environment that a river 

would exceed 30% AMD content. Several other studies have recorded pH as the best 

predictor in relation to D. niagna (Soucek et al., 2000, Gerhardt et al., 2005). As pH is a 

defining characteristic o f  AMD, this again may be a limitation for the use o f this species in 

AMD biomonitoring and assessment. Duckweed however, has been shown to grow at a 

wide range o f  pH values (4-7). In a more recent study o f  combined chemical-biological 

treatment for synthetic AMD (SAMD), the authors concluded that both for SAMD pre and 

post chemical treatment, 100% immobility o f  D. niagna was recorded and therefore the 

species is deemed to be too sensitive for use with AMD (Pagnanelli et al., 2008).

Benthic macroinvertebrates are considered to be amongst the most sensitive species for the 

assessment o f  metal contamination; however there is a great deal o f  variation between 

species. In one study conducted in rivers o f the high Andes in Bolivia, the authors found 

pH was the most important predictor o f  community richness followed by metal load, 

finding decreased diversity at the AMD impacted site (Van Damme et al., 2008). The 

authors recorded similar results to previous studies with a high volume o f  Chironimidae 

which are known to be highly tolerant o f  AMD and a decrease in Trichopteran diversity 

(Gerhardt et al., 2004, De Jonge et al., 2008). M acroinvertebrates are affected by both the 

metals in the water column and the metals contained in the sediment and so when coupled 

with the low pH associated with AMD, there is a great reduction in species richness and 

diversity (Sola et al., 2004, Gerhardt et al., 2004). In this regard, macroinvertebrates may 

provide more insight into the overall ecological status o f  a riverine environment as they 

encompass all aspects o f  the toxicity. However variability and replication are issues 

widely associated with their use (Clarke et al., 2002). A study conducted on a lowland 

river in Flanders compared diatom and macroinvertebrate responses to heavy metal 

pollution (De Jonge et al., 2008). The authors concluded that diatom community 

assemblages best reflected heavy metal pollution at the source, whilst macroinvertebrates 

were better indicators downstream in recovery zones and effectively indicated a gradient in 

pollution, which is a similar response to the use o f  duckweed as a bioindicator.

A recent study investigated the use o f  a simple model for measuring the community 

response o f bentic macroinvertebrates in an erosional river impacted by AMD (Gray and 

Delaney, 2010). The authors compared 5 biotic indices and 5 diversity indices that had 

previously been used in the assessment o f  AMD in freshwaters. The biotic indices 

included Biological M onitoring W orking Party (BM W ?), average score per taxa (ASPT),
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the percentage abundance o f three indicators, Ephemeroptera, Plecoptera and Trichoptera 

(EPT), EPT/EPT+Chiroiiimidae and percentage Chironimidae. The diversity indices 

selected were Shannon, Simpson, Menhenick, M argalef and Brillouin. They concluded 

that the biotic indices based on saprobity did not accurately reflect the community 

disturbance whilst the diversity indices were better at measuring AMD impact in the river 

but due to being based on a theoretical community model, were not fully appropriate for 

use with AMD. The authors proposed a simple model to provide a more reliable indication 

o f the effects o f  AMD in surface waters (A M D ’) which used the number o f taxa per site 

and the normalised total abundance per site which limited over estimation o f  water quality 

based on the probability o f  drift organisms being sampled. As with the current duckweed 

impact assessment method, the AM D’ correlated with all key chemical parameters o f 

AMD.

The duckweed impact assessment method is as effective as current methodologies for 

assessing the impact o f  AMD on surface waters; however it is simple and low cost and also 

provides additional biological insights that are not consistently available with existing 

methods.
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4.4. Conclusions

•  Hypothesis iv -  When L. m inor is used to assess the impact o f  AMD in surface 

waters, duckweed growth inhibition values correlate with sulphate, heavy metals 

and pH.

-  S ig n ifican t c o rre la tio n s  w ere  o b se rv e d  b e tw een  each  o f  th e  ind iv id u al d u ck w eed  

g ro w th  p a ra m e te rs  and  th e  p h y s ic o -c h em ica l p a ram ete rs  m easu red . Ho is re jected .

•  Hypothesis v - The duckweed growth inhibition values complement the established 

acid mine drainage index (AMDI).

-  D u ck w eed  g ro w th  in h ib itio n  v a lu es  w ere  n eg a tiv e ly  co rre la ted  w ith  A M D I 

values. A  h igh  A M D I v a lu e  in d ic a tes  an u n -im p a c te d  w ate r body , w h ils t a h igh  

d u ck w eed  in h ib itio n  v a lue  in d ic a tes  the  p resen ce  o f  A M D . T h is  d em o n stra te s  tha t 

im pact a s sessm en t u sin g  d u ck w e ed  is a v ia b le  te s t m ethod  as th e  resu lts  co m p are  

fav o u rab ly  w ith  e x is tin g  m eth o d s. Ho is rejected .

•  Hypothesis vi - The buffering capacity o f  the river changes the response o f  

duckweed to AMD.

-  B oth  r iv e r w a te r  and  d is tille d  w a te r  w ere  used  as d ilu en ts  fo r real A M D . T he 

d u ck w eed  g ro w th  inh ib ition  v a lu es  w ere  s ig n ific an tly  low er in r iv e r w a te r te s t 

sam p les  th an  fo r d is tilled  w a te r  sa m p le s , th u s in d ica tin g  the ca p ac ity  o f  the w a te r 

body  to  m itig a te  the  to x ic  e ffec ts  o f  A M D . Ho is rejected .

•  Hypothesis vii - Hard water catchments have a greater buffering capacity fo r  AMD  

than soft water catchments.

-  B oth  hard  and  so ft b o ttled  w a te r  w ere  u sed  as d ilu en ts  to  re flec t varia tio n  w ith in  

c a tc h m en t geo logy . T h e  resu lts  in d ica te  th a t th e re  w ou ld  be a lo w er b io log ica l 

im p act in a  hard  w ate r c a tc h m e n t a ffec ted  by  A M D  than  in a so ft w a te r  ca tc h m en t 

as s ig n ific an t d iffe ren ces b e tw e en  w a te r  ty p e s  w ere  o bserved  in g ro w th  in h ib itio n  

o f  d u ckw eed . Ho is re jected .
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5. Growth of duckweed on acid mine drainage supplemented by

wastewaters

5.1. Introduction

In order to  support a duckw eed population key nutrients and trace elem ents are required. 

These are norm ally supplied  in laboratory studies using a standard nutrient solution. Acid 

m ine drainage is devoid o f  these nutrients and so needs to be supplem ented, but the use o f  

a standard nutrient solution becom es prohibitively expensive w hen scaled up to pilot or full 

scale A M D  treatm ent operation, thus a cheaper alternative is required. This specific set o f  

experim ents explores the use o f  tw o nutrient rich w astew aters, final effluent from  a 

m unicipal w astew ater treatm ent plant and septic tank drainage, as a supplem ent to support 

duckw eed developm ent. U sing the m ost effective w astew ater, the low est ineffective 

dilution (LID ) at w hich the inhibitory effects o f  AM D  are observed w ill be determ ined.

M any species o f  duckw eed have been used in the treatm ent o f  w astew ater (Z irschky and 

Reed, 1988, Bonom o et al., 1997, O ron et al., 1988). It is their ease o f  grow th over a range 

o f  clim atic conditions, fast reproductive rate, high protein content and their ease o f  harvest 

that m ake them  a popular choice (B onom o et al., 1997). If harvested regularly, duckw eed 

can be used for nutrient rem oval and have also been used to shade out algal grow th prior to 

discharge o f  som e w astew aters (Z irschky and Reed, 1988). There are m any studies 

recording the potential o f  duckw eed in the treatm ent o f  a variety o f  w astew aters from 

sw ine lagoons, m unicipal and septic tank effluents (C heng et al., 2002a, Xu and Shen,

2 0 1 1, M ohedano et al., 2012, Papadopoulos and T sihrin tzis, 2011).

D uckw eed absorbs nutrients through both fronds and roots, rather than ju s t through root 

system s as with o ther m acrophytes (B onom o et al., 1997, Oron et al., 1986). D uckw eed 

also has the ability to  significantly  reduce phosphorus content in a body o f  w ater and can 

rem ove nitrogen from  w astew ater, generally  in the form  o f  am m onia w hich is directly 

converted into high protein biom ass (O ron et al., 1988). In som e cases, rem oval o f  TKN 

(Total K jeldahl N itrogen) and TP (Total Phosphorus) w as seen to reach 98.0%  and 98.8%  

rem oval respectively (M ohedano et al., 2012).

For the aforem entioned reasons, both m unicipal final effluent and septic tank effluent were

chosen as an alternative nutrient source for this study. Both w astew aters contain a wide

variety o f  trace elem ents necessary for duckw eed grow th in addition to the relatively high

95



concentrations o f  nitrogen and phosphorus. This experim ent aim s to investigate if  

duckw eed can grow  on the tw o chosen w astew aters as well as it w ould on m odified A PH A  

nutrient solution, w hich is an ISO  recom m ended nutrien t solution for use in toxicity  testing 

w ith heavy m etals (ISO , 2005). It is recom m ended for use w ith heavy m etals as ED TA , a 

com m on com ponent o f  m ost nutrient solutions, is not present, therefore w ill not chelate the 

m etals and alter the final result.

Acid m ine drainage (A M D ) contains a w ide variety o f  heavy m etals w hich are determ ined 

by the geology o f  w here it is fornied (Lefebvre et al., 2012, N ieto e t al., 2013). In its 

concentrated form , A M D  is extrem ely  toxic to m ost organism s (K anoun-B oule et al., 2009, 

Dirilgen, 2011, O randi and Lew is, 2013). H ow ever, i f  it is diluted such that the m etals fall 

below  the toxicity  threshold o f  an individual organism , those sam e m etals can becom e a 

source o f  m acro and m icro nutrients. For this reason the low est ineffective dilution (LID ) 

o f  synthetic A M D  w ill be determ ined during this study to record at w hat point duckw eed 

ceases to exhibit a toxic response to the pollutant. The study then aim s to significantly  

increase the LID o f  synthetic A M D  through the addition o f  w astew ater as a nutrient 

source. W astew ater contains m any o f  the trace elem ents required for plant grow th and 

screened and settled m unicipal w astew ater has also been show n to decrease the toxicity  o f  

A M D  through chelation and adsorption o f  m etals (H ughes and G ray, 2013).
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The following hypotheses will be tested:

Bioremediation and metal recovery

4. Duckweed can grow on unsupplemented AMD?

viii) It is possible to determine a dilution o f  A M D  (lowest ineffective dilution), below 

which, duckweed can grow.

-Ho: It is not possible to determine a dilution o f  AMD, below which, duclcweed 

can grow.

5. Wastewaters can supply sufficient nutrients to supplement duckweed growth 

on AMD

ix) hicreasing nutrient concentration corresponds to an increase in duckweed growth. 

-Ho: Increasing nutrient concentration does not correspond to an increase in 

duckweed growth.

x) Both final effluent and septic tank effluent can be effectively substituted for 

modified A PH A  plant growth medium.

Ho: Final effluent and septic tank effluent cannot be effectively substituted for  

modified APHA plant growth medium.

xi) Lowest ineffective dilution (LID) o f  A M D  can be increased with the addition o f  

nutrients.

-Ho: Lowest ineffective dilution o f AMD cannot be increased with the addition o f  

nutrients.
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5.2. Materials and Methods

The rationale behind this experiment was that firstly, wastewater may be able to provide a 

low cost alternative to using prescribed nutrient supplements (such as modified APHA 

nutrient medium), which can become expensive when working with large volumes. The 

chosen wastewaters were municipal final effluent and septic tank effluent. These were 

chosen due to their chemical compositions and availability. Secondly, it was noted in 

earlier experiments that when AMD is present in an extremely dilute form, the chemicals 

present can fall below their toxicity thresholds and become essential macro and micro 

nutrients for duckweed. The second part o f  this study was carried out to investigate where 

this threshold lies for AMD as a whole entity, or in other words, what is the lowest 

ineffective dilution (LID) at which AMD causes duckweed to exhibit no signs o f distress. 

Then, once that point was established, another experiment was conducted to assess whether 

this threshold point could be raised through the addition o f a nutrient supplement. In 

theory if this was possible, then duckweed could be present in a viable state with higher 

concentrations o f AMD without adverse effects, which could be beneficial if it was to be 

used as a treatment system for AMD.

5 .2 ./. Comparison o f  two wastewaters as an alternative nutrient source

The initial phase o f this experiment was to investigate how increasing the percentage o f 

APHA nutrient medium and municipal final effluent affected duckweed growth. Dilutions 

from 20% to 80% were used including full strength APHA nutrient medium and final 

effluent (100%) and no nutrient supplement (0%). Frond number, biomass and frond areas 

were measured during this time to illustrate growth. Next, 10% solutions o f APHA 

nutrient medium, final effluent and septic tank effluent were compared to assess which one 

generated the greatest increase in duckweed growth. The dilution o f 10% was chosen as 

the British Standard ^Duckweedgrowth inhibition te s t’ calls for 10% supplementation 

during its 7 day test period (ISO, 2005). The APHA nutrient medium is the standard 

medium used for testing metal compounds and metal contaminated effluents using L. 

minor.

A sample o f final effluent was collected from a municipal wastewater treatment plant in 

North Dublin. A second sample was taken from a privately owned septic tank in 

Ashbourne, Co. Meath. Samples were transported in cooler bags from site for immediate 

use. These samples were then used to compare with the standard nutrient medium,
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m odified APH A  nutrient m edium  that was used throughout all experim entation. Both 

w astew aters and the m odified A PH A  nutrient m edium  w ere diluted to 10% so lu tions as the 

standard ISO protocol previously used (chapter 2) indicated 10% nutrient supplem ent per 

w eek o f  experim entation. A 100ml sam ple o f  these solu tions w as then transferred  to 

150ml beakers on w hich duckw eed was grow n, each w ith 6 replicates. S tandard ISO  

20079 experim ental protocol was follow ed throughout (chapter 2, section 2 .3)(ISO , 2005).

Frond num ber, frond area and biom ass w ere recorded during this experim ent (detailed in 

chapter 2). The m ean value for each o f  the three grow th param eters on day 7 o f  the test 

period was then plotted on a bar chart w ith standard error bars. This allow ed a visual 

com parison o f  each treatm ent type. A tw o-sam ple t-test was used to assess the individual 

d ifferences betw een the three treatm ent types. An A N O V A  w as then carried out to  see if  

the grow th differed significantly  betw een nutrient sources and thus allow ing  the selection 

o f  the optim al nutrient source for duckw eed grow th.

5.2.1. Lowest Ineffective dilution (LID)

The low est ineffective dilution (LID ) o f  SA M D  was then found and com pared to the LID 

w hen supplem ented by APH A  nutrient m edium  (com position: Ch. 2, section 2.2), final 

effluent (TN and TP 21.11 m g/L and 0.26 m g/L  respectively; suspended solids 26 m g/L) 

and septic tank effluent (TN and TP 43.78 and 2.63 m g/L respectively). A gain, frond 

num ber, biom ass and frond area w ere used as m easurem ents o f  grow th (chapter 2).

These experim ents are designed to give insight into a duckw eed treatm ent system  for 

AM D. The results will indicate the quantity  o f  A M D  that can be supplem ented w ithout 

adverse effects to the plant and if  this quantity  can be increased w ith a w astew ater 

supplem ent. To test for the concentration at w hich there w as no inhibition w hen com pared 

to  the control (low est ineffective dilution -  LID), a range o f  5 dilu tions o f  synthetic A M D  

(chapter 2, section 2.4) was prepared from  1% to 0.01% , each w ith four replicates and a 

control (Table 5.1). A second experim ent was run sim ultaneously to  the sam e 

specifications, how ever w ith a 10% nutrient supplem ent (M odified A PH A  nutrient 

m edium  as per ISO protocol). This experim ent was then repeated using unsupplem ented 

SA M D  (as per Exp. 1; Table 5.1), SA M D  supplem ented by final effluent and SA M D  

supplem ented by septic tank effluent (as per Exp. 2; Table 5.1). The standard ISO 20079 

experim ental protocol w as observed throughout (chapter 2, section 2 .3)(ISO , 2005).
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Table 5.1 Breakdown o f  test solutions for lowest ineffective dilution (LID). Experiment I was 

unsupplemented by modified APHA nutrient medium, whilst experiment 2 was supplemented by the nutrient

solution.

Test concentration SAMD Distilled w ater APHA nut. med. Total te s t solution per
{%) (ml) (ml) (ml) 150ml vessel (ml)

Experiment 1
0.01 0.01 99.99 0 100
0.05 0.05 99.95 0 100
0.1 0.1 99.9 0 100
0.5 0.5 99.5 0 100
1 1.0 99.0 0 100

Experiment 2
0.01 0.01 89.99 10 100
0.05 0.05 89.95 10 100
0.1 0.1 89.9 10 100
0.5 0.5 89.5 10 100
1 1.0 89.0 10 100

All analysis was carried out using Data Desk 6.1.1®. Inhibition was calculated for each 

value as a percentage o f  the control. Growth inhibition for each parameter was plotted 

against the concentration creating dose-response curves to display the concentration o f  

SA M D  at which there was no growth inhibition when compared to the control. 

Concentration was plotted on a logarithmic scale. An A N O V A  was then carried out to 

determine if  the results differed significantly when SA M D  was supplemented by nutrients.
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53. Results

5.3.]. The effect o f nutrient concentration on duckweed growth

supplemented by final effluent (FE) and modified APHA nutrient medium

M odified APH A  nutrient m edium

The response o f  each grow th param eter (a - frond num ber; b - dry w eight and c -  frond 

area) to a range o f  m odified A PH A  nutrient m edium  concentrations is illustrated in Figure 

5.1. Frond num ber is seen to increase from  the control, w hich contained no nutrient 

supplem ent. H ow ever, the increase w ith concentration thereafter is negligible. It appears 

that all concentrations had a sim ilar grow th response in relation to frond num ber. There 

appears to be no significant increase in dry w eight as nutrient concentration  increases. 

Frond area appears to have been affected in a sim ilar m anner to frond num ber. A large 

increase is seen from  the control (Table 5.2).

An AN O V A  test w as carried out for each grow th param eter to determ ine if  there was a 

significant difference on the final day o f  the test period. C oncentration w as seen to have a 

significant effect for frond num ber (A N O V A , p=0.0003), how ever the significant 

differences were betw een concentration zero (control) and both concentrations 80%  and 

100%. The A N O V A  carried out for biom ass indicated that the observed differences 

between concentrations were not statistically  significant. A significant d ifference was 

recorded on the influence o f  concentration on frond area (p=0.002). Further investigation 

show ed this to be due to both 40%  and 80% being significantly  d ifferent from  zero 

(control).
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Figure 5.1 Variability o f  duckweed growth parameters at different concentrations o f  the standard growth 

medium APHA after 7 days (n = 4) (a) frond number, (b) biomass and (c) frond area (+/- standard error).
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Table 5.2 Minimum, maximum, mean standard deviation (SD), coefficient o f  variation (CV) and replicate 

number (n) for each growth parameter in APHA nutrient medium.

Cone. {%) Min. Max. M ean SD CV n
APHA Nutrient Medium: Frond Number

0 23 29 24.8 2.87 12 4
20 30 32 30.8 0.96 3 4
40 32 41 36.3 3.77 10 4
60 30 33 32.3 1.50 5 4
80 30 36 32.3 2.87 9 4

100 30 38 34.8 3.40 10 4
APHA Nutrient IVIedium: Biomass (mg)

0 2.3 3.2 2.9 0.39 14 4
20 2.6 3.4 3.2 0.34 12 4
40 2.5 3.4 3.1 0.41 13 4
60 2.6 3.9 3.1 0.57 19 4
80 2.8 3.8 3.0 0.45 14 4
100 2.3 3.4 2.9 0.49 17 4

APHA Nutrient Medium: Frond Area
0 0.51 0.68 0.60 0.07 12 4

20 0.80 1.07 0.90 0.13 14 4
40 0.88 1.14 1.03 0.13 12 4
60 0.71 1.00 0.86 0.13 15 4
80 0.90 1.27 1.03 0.17 16 4
100 0.60 0.96 0.79 0.16 20 4

Final Effluent

Figure 5.2 outlines the response o f  each grow th param eter (a - frond num ber; b - dry 

w eight and c -  frond area) to a range o f  final effluent (FE) concentrations. As seen with 

m odified APFIA nutrient m edium , there is an increase in frond num ber w hen com pared to 

the control. A gain, once this increase is observed the values level o f f  (Table 5.3).

Biom ass appears not to be significantly  affected by increase in concentration  o f  fmal 

effluent. Frond area appears to  increase from  the control, level o ff  and then increase again 

at 100% concentration.
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Figure 5 ^  Variability o f  duckweed growth parameters at different concentrations o f  municipal final effluent 

after 7 days (n = 4) (a) frond number, (b) biomass and (c) frond area (+/- standard error).
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Table 5_3 Minimum, maximum, mean standard deviation (SD), coefficient o f variation (CV) and replicate 

number (n) for each growth parameter in municipal final effluent.

Cone. Min. Max. Mean SD CV n
Final Effluent: Frond Number

0 22 28 25.0 2.45 10 4
20 35 38 36.5 1.29 4 4
40 37 38 37.8 0.50 1 4
60 31 42 37.0 4.69 13 4
80 35 42 39.3 2.99 8 4
100 35 44 40.5 3.87 10 4

Final Effluent: Biomass (mg)

0 2.9 3.8 3.3 0.39 12 4
20 3.0 4.0 3.6 0.49 14 4
40 2.9 4.6 3.7 0.70 19 4
60 2.9 3.9 3.2 0.58 18 4
80 2.6 4.2 3.2 0.72 23 4
100 3.0 3.6 3.3 0.32 10 4

Final Effluent: Frond Area

0 0.57 0.75 0.66 0.07 11 4
20 1.02 1.14 1.08 0.05 5 4
40 1.04 1.17 1.10 0.06 5 4
60 0.89 1.35 1.13 0.19 17 4
80 1.00 1.35 1.21 0.16 13 4
100 1.11 1.74 1.39 0.28 20 4

A N O VA results for frond number indicate that concentration has a significant effect on 

number o f fronds (p=0.0001), however further analysis indicates that this is due to both 

20% and 60% being significantly different from zero (control). No Significant difference 

was observed between concentrations for biomass (p=0.688). Significant effect o f 

concentration on frond area was observed (p=0.0002) with all concentrations significantly 

different to zero (control).
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5.3.2. Comparison a ffin a l effluent (FE) and septic tank effluent (STE) with

APHA nutrient medium  

Growth o f duckweed was measured in both septic tank effluent and final effluent. These 

were then compared to the nutrient solution recommended by ISO method for determining 

duckweed growth inhibition in water and wastewaters (APHA nutrient medium). A 10% 

dilution was done for each nutrient source and the British Standard ^Duckweed growth 

inhibition ’ test protocol was followed (ISO, 2005). Frond number, biomass and frond area 

were the chosen growth parameters which were compared for municipal final effluent, 

septic tank effluent and APHA growth medium. The following patterns were observed 

after the 7 day test period (Figure 5.3).

It is evident that septic tank effluent has the highest recorded growth for both frond number 

and biomass, likely due do it being more concentrated than the fmal effluent or APHA 

nutrient medium (Figure 5.3). An ANOVA test was carried out which confirmed that the 

difference in growth between nutrient sources was significant for both frond number and 

biomass (p=0.003 and p=0.026 respectively). A two sample t-test was carried out to 

confirm individual differences, with septic tank effluent differing significantly from both 

APHA nutrient medium (p=0.01) and final effluent (p=0.02). No significant difference 

was observed between APHA nutrient medium and final effluent (p=0.66). However, 

there appears to be no significant difference between any nutrient source for frond area 

(ANOVA, p=0.309).
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Figure S3  Comparison o f  the mean duckweed growth afler 7 days o f  using municipal final effluent and septic 

tank effluent against standard APHA nutrient solution (n=6)(±S.E.). (a) mean frond number, (b) mean 

biomass and (c) mean frond area.
107



5.3.3. Lowest ineffective dilution (L ID ) o f AMD

Inhibition o f growth parameters was assessed using the ISO standard method (ISO, 2005). 

The concentrations o f synthetic AM D used were determined by previous experimentation. 

This aim o f this experiment was to find the concentrations o f SAMD at which no growth 

inhibition was recorded. The experiment was repeated using just SAMD and SAMD 

supplemented by modified APHA nutrient medium, final effluent and septic tank effluent. 

Table 5.4 gives a summary o f the LID  values obtained for both experiments. Lowest 

ineffective dilution for frond number in the unsupplemented experiment could not be 

recorded as all concentrations inhibited duckweed growth. The LID  for biomass could also 

not be recorded in the same experiment as in contrast to frond number, it appears that 

biomass was not inhibited at any concentration, however these results were highly variable. 

In the second experiment that was supplemented by modified APHA nutrient medium, 

biomass values were again quite variable, with only one replicate recording inhibition. It is 

evident from the values in Table 5.4 that higher quantities o f SAMD were required to reach 

the lowest ineffective dilution.

Table 5.4 The mean, standard deviation (SD) and coefficient o f  variation (C V) o f  the calculated lowest 

ineffective dilution (L ID ) values for both unsupplemented SAM D and SAM D supplemented by 10% 

Modified APHA nutrient medium.

Min Max Mean SD CV n

Frond Number X

LID
X X X X 4

Biomass X X X X X 4
Frond Area 0.055 0.094 0.079 0.019 0.24 4

Frond Number
LiD +10% APHA nutrient medium  

0.022 0.050 0.033 0.014 0.42 4
Biomass 0.500 0.500 X X X 1
Frond Area 0.130 0.500 0.315 0.262 0.83 4

* values marked ‘x ’ could not be recorded.

No LID  values could be recorded for frond number without nutrient supplement as all 

concentrations were seen to inhibit duckweed growth. Similarly when supplemented by 

septic tank effluent all concentrations were seen to inhibit growth with the exception o f one 

replicate. Biomass could also not be recorded as a low amount o f inhibition was recorded 

at all concentrations.



An LID value could not be recorded for frond number when SAMD was unsupplemented 

by nutrients as even the lowest concentration caused growth inhibition. With the addition 

o f  10% APHA nutrient medium, LID was obtained at between 0.01% and 0.1% SAMD 

approximately (Fig. 5.4b). SAMD without nutrient supplement caused consistently higher 

levels o f  growth inhibition at all concentrations (Fig. 5.4a).
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Figure 5.4 (a). Inhibition o f  frond num ber w ithout nutrient supplem entation  (L ID ) and w ith 10% APHA 

nutrient m edium  supplem ented (I,ID  +10 %  APMA) (+ /- SE; n=4).
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Figure 5 .4  (b). D ose-response curve for inhibition o f  frond num ber w ithout nutrient supplem entation  (LID) 

and with 10% APHA nutrient m edium  supplem ented (LID  +10 %  A PH A ) (+ /- SE; n=4).
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LID w as reached at approx. 0.01 % synthetic A M D  both w ith and w ithout nutrient 

supplem ent for frond area (Fig. 5.5b). This value is com parable to that recorded for frond 

num ber. H ow ever in contrast w ith frond num ber, at higher SA M D  concentrations grow th 

inhibition o f  the nutrient supplem ented duckw eed exceeded that o f  the duckw eed w ithout 

nutrients. A t low er concentrations the results are m ore variable as indicated by error bars.
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F igure 5.5 (a ). Inhibition oFfrond area w ithout nutrient supplem entation (LID) and with 10% A PH A  nutrient 

m edium  supplem ented  (LID  +10 %  A PH A ) (+ /- SE; n=4).
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Figure 5 ^  (b). D ose-response curve for inhibition  o f  frond area w ithout nutrient supplem entation (LID) and 

w ith 10% A PH A  nutrient m edium  supplem ented  (LID  +10 %  A PH A ) (+ /- SE; n=4).
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The results obtained for biom ass are higiily variable and contrast w ith results obtained for 

both other grow th param eters (Figure 5.6). Low est ineffective dilution for duckw eed 

supplem ented by A PH A  nutrient m edium  was approxim ately  0.6%  how ever for 

unsupplem ented duckw eed it appears that grow th was not inhibited at any concentration.
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Figure 5.6 (a). Inhibition ot'biom ass without nutrient supplementation (LID) and with 10% APHA nutrient 

medium supplemented (IJD  +10 % APHA) (+/- SE; n=4).
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Figure 5.6 (b). Dose-response curve for inhibition o f  biomass without nutrient supplementation (LID) and 

with 10% APHA nutrient medium supplemented (LID +10 %  APHA) (+/- SE; n=4).
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The second experiment covers both LID  supplemented and unsupplemented but also 

including wastewater alternatives to modified APHA nutrient medium. Table 5.5 gives the 

LID  values obtained for each treatment type.

Table 5 ^  The mean, standard deviation (SD) and coefficient o f variation (CV) o f the calculated lowest 

ineffective dilution (L ID ) values for unsupplemented SAMD, SAMD supplemented with 10% municipal 

final effiuent (+10% FE) and SAMD supplemented with 10% septic tank effluent (+10% STE).

IVlin IVIax Mean SD CV n

Frond Number

LID (no nutrient supplement) 

0.010 0.050 0.0233 0.023 1.01 3
Biomass 0.050 0.500 0.285 0.248 0.87 3
Frond Area 0.0118 0.062 0.033 0.025 0.76 3

Frond Number
LID +10% Final Effluent (F.E.) 

0.030 0.050 0.045 0.010 0.22 4
Biomass 0.015 0.800 0.278 0.452 1.63 4
Frond Area 0.012 0.037 0.023 0.011 0.48 4

Frond Number
LID + 10% Septic Tank Effluent (S.T.E.) 

0.100 0.100 X X X 1
Biomass 0.018 0.800 0.279 0.451 1.61 3
Frond Area 0.100 0.450 0.270 0.175 0.65 3

* values marked ‘x ’ could not be recorded

The lowest ineffective dilution for frond number was recorded at 0.023 and 0.040 for 

unsupplemented duckweed and duckweed supplemented by final effluent (FE) respectively 

(Fig. 5.7b). Growth inhibition was recorded at all SAMD concentrations when septic tank 

effluent (STE) was supplemented, however as the concentration increases the inhibition 

values are still lower than unsupplemented duckweed (Fig. 5.7a).

At highest concentrations, unsupplemented duckweed consistently recorded the highest 

levels o f growth inhibition but at lowest concentrations a significant difference between 

treatments was not observed most likely down to the high levels o f variation associated 

with the lowest concentrations.
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Figure 5.7 (a). Inhibition o f  frond number without nutrient supplement (L ID ) and w ith 10% nutrient 

supplement in the form o f  septic tank eftluent (L ID  10%STE) and final effluent (L ID  10% FE)(+/- SE; n=4).
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Figure 5.7 (b). Dose-response curve for inhib ition o f  frond number without nutrient supplement (L ID ) and 

w ith 10% nutrient supplement in the form o f  septic tank effluent (L ID  10% STE) and final effluent (L ID  10%

FE)(+/- SE; n=4).

The LID  values recorded for frond area were approximately 0.01%, 0.02% and 0.15% for 

LID, LID 10% STE and LID 10% FE respectively, however supplementation with FE 

caused a biphasic response (Fig. 5.8b). The illustrated results reveal that there are no 

significant differences in LID  across any treatment (p>0.05).
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Figure 5.8 (a). Inhibition o f frond area without nutrient supplement (LID) and with 10% nutrient supplement 

in the form o f septic tank effluent (LID  10 STE) and final effluent (LID  10 FE)(+/- SB; n=4).

LID
90

LID 10 STE 

LID 10 FE

50

co 30

c

SAMD Concentration (%)

Figure 5.8 (b). Dose-response curve for inhibition o f frond area without nutrient supplement (LID ) and with 

10% nutrient supplement in the form o f septic tank effluent (LID  10 STE) and final effluent (LID  10 FE)(+/-

SE; n=4).

Values for biomass were recorded at approximately 0.02% when supplemented with FE, 

0.03% with STE and 0.1% with no nutrient supplement (Fig. 5.9b). There appears to be no 

difference between treatments for biomass.
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Figure 5.9 (a), inhib ition o f  biomass without nutrient supplement (L ID ) and w ith 10% nutrient supplement 

in the form o f  septic tank effluent (L ID  10 STE) and final effluent (L ID  10 I'E )(+ /- SE; n=4).
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Figure 5.9 (b). Dose-response curve for inhib ition o f  biomass w ithout nutrient supplement (L ID ) and w ith 

10%) nutrient supplement in the form o f  septic tank effluent (L ID  10 STE) and final effluent (L ID  10 FE)(+/-

SE; n=4).
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5.4. Discussion

5.4.1. The ejfect o f  nutrient concentration on duckweed growth

supplemented by final effluent (FE) and modified APHA nutrient medium

A sim ilar pattern w as recorded for both m odified APH A  nutrient solution and final 

effluent. In the case o f  frond num ber, a significant increase was observed w ith the addition 

o f  either m odified A PH A  nutrient m edium  or FE. O ver the full range o f  concentrations, all 

exhibited a sim ilar grow th pattern, w hilst the grow th in the control w hich contained tap 

w ater and no additional nutrients rem ained significantly  lower. There w ere no significant 

differences am ong the o ther test concentrations. B iom ass how ever, show ed no significant 

differences w hatsoever betw een the control and full range o f  test concentrations. G row th 

patterns in all cases w ere sim ilar. F inally, frond area follow ed a sim ilar pattern to  frond 

num ber. G row th significantly  increased w ith the addition o f  nutrients, how ever th is then 

levelled o ff  with no significant d ifferences recorded betw een those that received nutrients. 

These results indicate that once duckw eed has sufficient nutrients to m aintain grow th, an 

increase in nutrient concentration does not cause a further increase in grow th. It is possible 

that the m axim um  grow th has been reached at this point and additional nutrients are ju s t in 

excess, thus nutrient deficiency w ill not be a lim iting factor for plant grow th. T herefore 

duckw eed can be supplem ented w ith sm aller quantities o f  nutrients and exhibit the sam e 

grow th patterns. H ow ever it has been show n that excess nutrients can actually  lim it 

grow th in som e cases (Scheirs and De Bruyn, 2004). The results indicate that a larger 

population o f  duckw eed than that used in this research would be supported by full strength 

final effiuent o r APH A  nutrient m edium . H ow ever w hilst the nutrients are essential for 

grow th and reproduction an excess o f  m inerals such as phosphorus can result in the 

excessive production o f  algae and cyanobacteria (Correll, 1998). This can lead to high 

respiration rates w hich in turn can cause anoxia or hypoxia in poorly m ixed w aters. Thus 

excess nutrients should be lim ited w here possible. D uckw eed has been know n to shade out 

algae from  such system s how ever if  there is sufficient surface coverage.

5.4.2. Comparison o f final effluent (FE) and septic tank effluent (STE) with

Modified APHA nutrient medium

In this experim ent duckw eed was grow n in 10% solutions o f  m odified A PH A  nutrient 

m edium , septic tank  effiuent and m unicipal final effluent. Three duckw eed grow th 

param eters w ere recorded for com parison  betw een each source o f  nutrients. O verall,
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septic tank eftluen t exhib ited  the greatest increase in grow th by day 7 o f  the test period. 

This increase was significant for both frond num ber and biom ass; how ever this w as not the 

case for frond area w hich show ed no significant difference betw een the three nutrient 

sources. This increase corresponds w ith values for TN and TP recorded at 43.78 m g/L and 

2.63 m g/L respectively. There were no significant d ifferences betw een m odified APH A  

nutrient solution and m unicipal final effluent (TN 21.11 m g/L, TP 0.26 m g/L), w hich both 

exhibited sim ilar levels o f  grow th. These results indicate that it w ould be viable to  replace 

the use o f  established nutrient m edia such as m odified  A PH A  nutrient m edium , w ith 

m unicipal final effluent.

Figure 5.4 illustrates that all param eters, frond num ber, area and biom ass, appear to  have 

sim ilar growth levels in m odified A PH A  nutrient m edium . In septic tank effluent, biom ass 

has the largest grow th increase, follow ed by frond num ber and then frond area. In the case 

o f  final effluent, frond area displays the largest increase. All three grow th param eters in 

m odified APH A  nutrient m edium , frond num ber and biom ass for final effluent and frond 

area for septic tank effluent appear to have sim ilar grow th patterns.

There are pros and cons for the use o f  each nutrient source how ever. An established 

nutrient m edium  such as m odified APH A  should alw ays yield a sim ilar grow th response as 

the nutrient content will alw ays be constant. There are increased costs and labour 

associated w ith a m edium  such as this, especially  w hen scaled up to  cater for greater 

volum es. M unicipal final effluent is readily available in large quantities and due to strict 

environm ental policies, should also be fairly consistent. A nother point in favour o f  using 

final effluent is that duckw eed is know n to significantly  reduce TP and TKN (M ohedano et 

al., 2012). W hilst the content o f  TP and TK N  in final effluent w ould be low anyw ay due 

to regulations, this w ould further m inim ise their effects on the environm ent. Septic tank 

effluent exhibited the greatest grow th increase for both frond num ber and biom ass, 

how ever it will need to be determ ined if  this increase is significant enough to  overcom e the 

negative aspects o f  using this type o f  w astew ater. Septic tank effluent is highly variable 

and w hilst their use is regulated, they do not provide the consistent standards o f  a 

w astew ater treatm ent facility. The content o f  trace elem ents can significantly  change on a 

daily basis and from tank to tank. This variability  w ould have an im pact on duckw eed 

grow th.
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A relatively high TN content is found in municipal final effluent and septic tank effluent 

and duckweed has a known ability to reduce this content. Total nitrogen concentration in 

municipal wastewater influent and industrial influent has been recorded at 45.8 mg/L and 

36.8 mg/L respectively, reducing to 8.06 mg/L and 7.06 mg/L in the effluent, post 

treatment by duckweed (Ozengin and Elmaci, 2007). The same study showed TP reducing 

from 3.53 mg/L and 1.53 mg/L for municipal and industrial influents to 1.363 m g/L and 

0.289 mgL. These influent loading values are similar to the values obtained for TN and TP 

o f  septic tank effluent in this study. Both nitrogen and phosphorus are essential for plant 

growth in various forms and so their relative abundance in wastewaters has a similar effect 

to the addition o f  growth media. Nitrogen is available to plants in the form o f  nitrate 

(NO 3 ) and ammonium (NH 4 )̂ and forms amino acids when combined with other nutrients, 

thus creating protein for plant growth and development. It also forms part o f  the 

chlorophyll m olecule and so is necessary for photosynthesis. The use o f  aquatic plants to 

remove N in the form o f  ammonia during wastewater treatment can be beneficial as it traps 

the nitrogen into a protein rich biomass which can then be used as a protein-rich animal 

feed rather than releasing the nitrogen to the atmosphere (Oron et al., 1988). Deficiency o f  

nitrogen can result in growth inhibition and various levels o f  chlorosis. Phosphorus is 

available for plants in the form o f  orthophosphate ions (H P04^‘ and H2PO4 ). It plays a 

role in photosynthesis and respiration and forms part o f  the DNA and RNA structures.

5.4.3. Lowest ineffective dilution (U D )  o f  AMD

This experiment was repeated tw ice, firstly just with unsupplemented SAM D and SAM D  

supplemented by modified APHA nutrient medium. The second experiment also included 

supplementation by septic tank effluent and final effluent for comparison. LID without 

nutrients was used as many o f  the key metals in AM D are also key for plant growth in 

small enough quantities.

When working with low concentrations o f  SAM D and duckweed there is a lot o f  natural 

variation, as with most organisms. However the results indicate that the amount o f  SAM D  

required to obtain LID is increased with the addition o f  nutrient supplement.

Results o f  the second experiment were not as conclusive as those from the first. Lowest 

ineffective dilution values recorded for frond number indicated that nutrient 

supplementation with wastewater would be a viable approach, significantly decreasing 

SAM D toxicity and thus increasing the associated LID value. However, increasing



variability  in both o ther param eters m eant that treatm ents did not appear to  be significantly  

different. A cross all experim ents, low concentrations o f  SA M D  are associated  with 

increased variability , m ost notably  for biom ass. D uring this study frond num ber w as the 

m ost consistent param eter y ie ld ing  results w ith less variation. W hilst the LID values are 

very low, they are only an indication o f  the levels at w hich no adverse grow th effects are 

seen. Duckw'eed can to lerate A M D  in m uch higher quantities w ith a sm all am ount o f  

grow th inhibition as seen in previous chapters.

Previous research has indicated the ability o f  screened and settled w astew ater and the 

activated sludge treatm ent system  to decrease the toxicity  o f  A M D  (H ughes and Gray, 

2013). M unicipal w astew ater is net alkaline and contains fine suspended solids, both o f  

w hich increase its ability to neutralise A M D  and rem ove m etals from  solution. The 

authors note that neutralisation o f  A M D  is key prior to entry in to a w astew ater treatm ent 

system  to limit the shock to the biological w astew ater treatm ent process through the 

addition o f  a pollutant o f  such low pH. They determ ined the key processes for metal 

rem oval during the co-treatm ent processes investigated w ere precipitation o f  the m etals, 

likely due to  the increase in pH upon entering a net alkaline environm ent, co-precipitation 

and adsorption. They concluded that m ixing A M D  with screened and settled w astew aters 

rapidly decreased its toxicity  due to  effective rem oval o f  Al, Cu, Fe, M n and Zn. They 

also concluded that activated sludge rapidly rem oved m etals (5 m inute contact tim e) in the 

order o f  A I>C u>M n>Zn>Fe how ever pretreatm ent to m itigate the effect o f  pH on this 

process m ay be necessary. Perhaps the use o f  screened or settled w astew ater w ould result 

in the generation o f  higher LID  values for duckw eed than those obtained in this study due 

to its content prior to treatm ent. This process should be investigated further, how ever there 

are negative effects to  w orking w ith untreated w astew ater w hich are not present when 

using treated final effluent.

119



5.5. Conclusions

•  Hypothesis viii -  It is possible to determine a dilution o f  AMD (lowest ineffective 

dilution), below which, duckweed can grow.

-  I f  A M D  is d ilu ted  b e lo w  a ce rta in  th re sh o ld  it no  longer lim its d u ck w eed  g row th .

A t very  low  levels it can  even  e n c o u rag e  p lan t g ro w th  due to  the  trac e  e lem en ts  

p resen t. Ho can  be re jected .

•  Hypothesis ix - Increasing nutrient concentration corresponds to an increase in 

growth o f  duckweed.

-  In th is  in stan ce , in c reasin g  n u tr ie n t c o n c en tra tio n  fo r bo th  m o d ifie d  A P H A  n u trien t 

m ed ium  and  m u n ic ip a l final e ff lu en t d id  n o t y ie ld  a co rre sp o n d in g  increase  in 

g row th . O n ce  su ffic ien t n u trien ts  fo r g ro w th  w ere  p resen t, d u ck w e ed  g row th  

levelled  ou t. Ho ca n n o t be re jec ted .

•  Hypothesis x  - Both fina l effluent and septic tank effluent can he effectively

substituted fo r  modified APHA plant growth medium.

-  T h is s tudy  has sh o w n  th a t bo th  final e ff lu en t and  sep tic  tan k  e ff lu e n t a re  v iab le

a lte rn a tiv es  to  m od ified  A P H A  n u trien t m ed ium . F inal e ff lu en t m o st c lo se ly  

m im ick ed  the  e ffec ts  o f  m o d ified  A P H A  n u trie n t m ed iu m ; h o w ev e r sep tic  tank  

e fflu en t y ie ld ed  the  h ig h est in c rease  in g ro w th . Ho can  be re jected .

•  Hypothesis xi - Lowest ineffective dilution (LID) o f  AM D can be increased with the 

addition o f  nutrients.

-  M ore in dep th  research  is n ec essa ry  to  fu lly  assess  w h e th e r o r  n o t w astew ate rs  can 

s ig n ifican tly  increase  L ID  va lues. T h is  ap p ears  to  be th e  ca se  fo r frond  num ber; 

h o w ev er bo th  frond  a re a  and  b io m ass  v a lu es  w ere  h ig h ly  v a ria b le  an d  th u s 

inconclu s ive . A s d iscu ssed , rec en t s tu d ies  have sh o w n  th e  ab ility  o f  w as tew a te r  to  

d ec rease  A M D  tox ic ity . Ho c a n n o t be re jec ted .
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6. The use of Lemna minor for the removal of heavy metals from AMD

6.1. Introduction

The final phase o f  this research will provide an answer to the key research question, ‘Can 

the response o f  L. m inor to AM D be utilised to assess and bioremediate AM D  

contamination’. As previously stated, many o f  the current treatment options available for 

AM D are time consum ing and costly. A s the impacts o f  A M D can be seen worldwide, an 

accessible and sustainable method is required if  this problem is to be successfully treated 

on a global scale. The use o f  L. m inor for the removal o f  single metal contaminations is 

not a new concept however there has been comparatively little research o f  its use in 

detoxifying multi-metal pollutants. There are many studies available to indicate its ability 

to accumulate the metals o f  interest in this study (W ang, 1986b, Dirilgen, 2001, Frankart et 

al., 2002, Li and Xiong, 2004, Drost et al., 2007, Hou et al., 2007, Naumann et al., 2007, 

Kanoun-Boule et al., 2009, Radic et al., 2010, Dirilgen, 201 I). These studies support the 

choice o f  L. m inor as a tool for metal removal in a com plex pollutant such as AM D.

For example, lead is known to be toxic to plants which do not require the metal for any 

function (Schiitzendiibel and Polle, 2002, Rascio and Navari-lzzo, 2 0 1 1). However in one 

study that took place over a 21 day test period, up to 90% o f  lead was removed from a 5 

mg/L lead solution using duckweed (Rahmani and Sternberg, 1999). Another study 

investigated the potential o f  Azolla pinnata  (water velvet) and L. m inor for the removal o f  

lead and zinc from solution (Jain et al., 1990). The authors tested four concentrations over 

a range o f  1-8 mg/L and found that duckweed had the highest uptake rate for both zinc and 

lead at the lowest concentration o f  1 mg/L. Over a 14 day test period the metal 

concentrations were renewed every second day, and over time the residual metal content o f  

the water began to increase at this concentration. At the higher concentrations o f  4 and 8 

mg/L the residual concentrations o f  both lead and zinc continuously increased over the test 

period. These results indicate that L. m inor is capable o f  treating these metals at low  

levels. A more recent investigation studied the antioxidant response system s o f  three 

duckweed species, L. gibba, L. m inor and Spirodela polyrrh iza  exposed to Zn (Uru9 Parlak 

and Demirezen Yilm az, 2012). The authors found that the duckweed species had 

increasing accumulation o f  Zn with increasing concentrations o f  Zn in solution. Maximum  

Zn accumulation in plant tissue was 7.23 m g/g dry weight at 0.5 mg/L Zn solution for S. 

polyrrhiza. This increase was almost twice as much for L. gibba  and almost five times as 

much for L. minor. However prolonged exposure resulted in a decrease in Zn
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accumulation for both L. minor and S. polyrrhiza. it was concluded that at high levels, Zn 

results in extreme stress to the duckweed. However, at low levels the plants could be used 

to stabilise low level Zn contaminated wetlands.

Cadmium also has no function within a growing plant however can result in toxic stress 

(Schutzendiibel and Polle, 2002). A recent study o f the ecophysiological tolerance o f the 

duckweed L. gibba to cadmium indicated that the plant can accumulate and tolerate 

moderate levels o f  cadmium, most likely due to its efficient antioxidative system that can 

contend with increased reactive oxygen species (ROS) due to cadmium induced stresses 

(Uru9 Parlak and Demirezen Yilmaz, 2013). It was found that the maximum Cd 

accumulation was observed to be 1.67 mg/kg dry weight at concentrations o f 0.5 mg/L Cd. 

As seen with the response o f  L. minor to Pb and Zn recorded by Jain et al., (1990), the 

accumulation o f Cd decreased over time.

An earlier study investigated the uptake o f AP' ,̂ Cu'^ and Pb“* from solution by duckweed 

(Mo et al., 1988). The authors measured this over a range o f  pH values from 4.0-5.0. it 

was found that Pb"* accumulation was prioritised over Al^^and Cu^ ,̂ and it was also found 

that the uptake o f  copper was suppressed by the presence o f  the other two metals, it was 

reported that metal uptake was dependant on concentration in solution for single metal 

samples and that in multi-metal samples accumulation was decreased with increase o f  

additional metals. Aluminium was noted as being highly toxic to duckweed particularly at 

lower pH values.

The removal o f Fe and Cu from polluted waters using L. minor and Azolla pinnata (water 

velvet) has been investigated (Jain et al., 1989). The study indicated that duckweed can 

effectively remove both metals at low concentrations at up to 8 days o f treatment, after 

which the residual metals in the solution begins to increase. The authors also found that 

the addition o f Fe up to 4ppm was beneficial to plant growth. For Cu, values in excess o f  

I ppm resulted in adverse effects. The authors tested 4 solutions ranging from I -8ppm of  

each metal and concluded that the accumulation was highest for both metals at the lowest 

concentration o f Ippm.

There have also been some studies that have investigated the use o f  L. minor for the uptake 

o f metals from multi-metal samples which is discussed in Chapter I . For example,

Dirilgen (2001) assessed the effects o f  4 metals alone and in binary mixtures. These
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metals were Zn, Co, Cu and Cr and their binary combinations were Zn+Co, Zn+Cu,

Zn+Cr, Cii+Cr, Cii+Co and Cr+Co. In this study, duckweed was shown to have the ability 

to uptake all o f these metals however this was highly dependent on metal interactions in 

the samples. Antagonistic, synergistic and additive effects were observed illustrating the 

com plexity o f bioremediation o f such a complex pollutant.

There has been a recent study which has indicated the potential o f  duckweed for the 

treatm ent o f coal m ining effluent (Bharti and Banerjee, 2012). The authors investigated 

the phytoremediation o f coal mine effluent contaminated by Fe, Mn, Cu, Zn, Ni, Pb, Cr 

and Cd. The concentrations in mg/L o f these metals in the effluent were 22.91 ±0.02,

9.61 ±1.6, 2.04±0.23, 1,03±0.15, 0 .86±0.19, 0.69±0.11, 0.18±0.007 and 

0.06±0.008 respectively. The design involved treating lOL o f this coal mining effluent 

with lOOg fresh weight o f  plant material. The results show that L. minor was capable o f 

removing metals from the coal mining effluent in the following order: Mn (99.5%)>Cu 

(98.8%)>Zn (96.7“/i)>N i (94.5%)>Fe (93.l% )>C d (86.7%)>Pb (84% )>Cr (76%).

The aim o f this research was to determine if the duckweed L. minor would be a viable 

bioremediation option for AMD. The study investigates the ability o f  L. minor to remove 

metals from solution over time and the corresponding physical effects on the duckweed 

itself. The following hypotheses were tested:

6. Duckweed systems can significantly detoxify AMD prior to discharge to 

surface waters.

xii) Lenina minor can remove significant quantities o f metals from SAMD.

-Ho: L. minor cannot remove siginificant quantities o f  metals from  SAMD.

xiii) Lemna minor can significantly decrease the level o f  sulphate in SAMD.

-Ho: L. minor cannot significantly decrease the level o f  sulphate in SAMD.

xiv) Lemna minor can reduce the overall toxicity o f  AMD prior to discharge to surface 

waters.

-Ho: L. minor cannot reduce the overall toxicity o f  AM D prior to discharge.
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6.2. Materials and Methods

This phase o f the research investigated the above hypotheses by assessing how the 

duckweed altered the metal and sulphate concentration over a 21 day test period, also how 

the duckweed was impacted by the SAMD. Three concentrations o f SAMD were tested 

(0.5%. 1 % and 1.5%) along with a control o f 0%. Each concentration was tested in 

triplicate. A second set o f controls was set up to the exact same experimental parameters, 

however no duckweed was used. This allowed the changes caused by duckweed to be 

determined. Municipal final effluent was used as a source o f nutrients for the duckweed 

and this was supplemented at 10% volume on days 1, 7 and 14 o f the experiment (Table 

6.1). This volume was selected due to the standard Duckweed Growth Inhibition test 

calling for 10% nutrient solution per 1 week o f toxicity testing (ISO, 2005).

Table 6.1 Metal content o f  final effluent nutrient source supplemented in weeks 1, 2 and 3 (B D L -  below 

detection lim its). The detection lim its were 0.001 m g/L for both Pb and Cd.

Week

Metals mg/L

Al Fe Mg Zn Mn Cu Pb Cd

1 0.569 0.157 8.089 0.045 0.006 0.014 BDL BDL

2 0.568 0.102 7.914 0.049 0.006 0.017 BDL BDL

3 0.231 0.162 2.075 0.080 0.005 0.025 BDL BDL

Three concentrations o f SAMD (1.5%, 1% and 0.5%) were assessed in triplicate. Black 

containers o f 5.3L capacity (depth 12cm; width 17cm; length 26cm) were filled to 4L with 

test medium and inoculated to approximately 50% coverage o f healthy duckweed fronds 

(221 cm^)(Figure 6.1). Final effluent comprised 10% o f the volume o f the test medium as 

per standard method. This volume o f wastewater was then added weekly along with 

distilled water when necessary, to counter the effect o f evaporation. Two controls were 

also set up, one containing no SAMD (3 replicate buckets as with Fig. 6.1), the other 

containing no duckweed (4 buckets representing 1.5%, 1%, 0.5% and 0% control). The 

control containing no duckweed received the same treatments as the rest o f the experiment, 

including the weekly addition o f final effluent and distilled water.
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F ig u re  6.1 Experimental layout for metal removal trials. SAM D: Synthetic acid mine drainage, FE: Final 

effluent (used as a nutrient source).

The test medium for each replicate was sampled for metals and sulphate analyses on day 

I and 21 o f the test period, and every third day in between (Day I, 4, 7, 10, 13, 16, 19 and 

2 1). This involved a 20ml sample to be taken from each test vessel and filtered through a 

0 .45 | .u t i  filter. The metal samples were then acidified with nitric acid and ail were stored in 

the dark at 4°C prior to being analysed. The pH o f  each o f the replicates was also recorded 

on these days. Metal analysis was performed using inductively coupled plasma atomic 

emission spectrophotometry (ICP-AES) as previously detailed in Chapter 4, section 4.2.2 

(APHA, 2005). Sulphate analysis was carried out using ion chromatography, also detailed 

in Chapter 4, section 4.2.2. From the data obtained on each o f these 8 sampling days, the 

changes in concentration over time were graphed. Removal rates and retention times for 

treatment need to be determined before a pilot scale treatment plan can be designed.

Chlorophyll content was also assessed at the above time intervals throughout the test 

period as an indicator o f  plant health. Chlorophyll a was extracted from 30 duckweed 

fronds selected from each test concentration (2 replicates from each test vessel), the fresh 

weight o f  which was also recorded. Each collected sample (30 fronds) was placed in a 

centrifuge tube with 5mls o f  methanol, and then placed in the dark at 4°C for 24 hours 

(Standing Committee o f  Analysts, 1983). The caps were then loosened on the centrifuge 

tubes which were then placed in a water bath at 70°C until the methanol boiled for 10

seconds. The tubes were subsequently allowed to cool to room temperature in the dark.
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Once cooled, each tube was centrifuged at 3500rpm for 8 minutes. Fach tube was 

decanted into a 1cm spectrophotometer cell without disturbing the duckweed pellet. The 

samples were measured for chlorophyll using a spectrophotometer adjusted to measure at 

both 665 nm and 750 nm from which the net absorbance could be calculate by subtracting 

the absorbance at 750 nm from the absorbance at 665 nm (Standing Committee of 

Analysts, 1983).

The dry weight o f duckweed biomass including all duckweed harvested during the process 

was recorded. The plant material was placed in pre-weighed foil boats and dried to 

constant mass in a drying oven at 105°C. To estimate the dry weight of the duckweed 

inoculates at the beginning of the experiment, three representative samples were also taken 

on day 1.

Photosynthesis was measured using a Hansatech Oxygen Electrode (Wedge and Burris, 

1982, Walker, 1990). Two samples each comprised of 30 duckweed fronds were analysed 

from each replicate. The electrode was calibrated prior to each use. The duckweed was 

then placed in a chamber within a water bath set to 24°C as per the growth conditions. A 

wire mesh was used to prevent the roots o f the duckweed from tangling around the stirrer.

A specially designed cap was placed over each sample to eliminate air from the chamber. 

Once the light source was turned on, the production of oxygen was recorded for 10 minutes 

and the rate o f production was then recorded from the graph. This was repeated for two 

samples from each replicate test concentration.

6.2.1. Statistical Analysis

Data Desk 6.1.1® was used for all statistical evaluation. Pearson’s product moment 

correlation was used to investigate correlations between all parameters including time, 

concentration, each individual metal, biomass, sulphate and the controls. This type of 

correlation requires data to be normally distributed so several parameters required 

transformation (log transformed). These parameters were Al, Fe, Zn and Mn both with and 

without duckweed. There were 97 samples correlated for each parameter. The degrees of 

freedom was 95 (97 minus 2 for two-tailed test), resulting in a critical value of 0.2604.

Any value greater than this, both negative and positive was considered to be significant

(p>0.01).
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A n A N O V A  w as co n d u c ted  fo r each  p a ra m e te r  (m eta ls  an d  su lp h a te )  to  co m p are  the  

d iffe ren ce s  in ch an g es o f  p a ra m e te r  co n c en tra tio n  b e tw e en  te s t v e sse ls  c o n ta in in g  

d u ck w eed  and  th e  con tro l v esse ls  w ith o u t d u ck w eed .

P aired  t- te s ts  w ere  ca rried  o u t to  d e te rm in e  i f  th e re  w as a  s ig n ific an t ch a n g e  in 

co n c en tra tio n  fo r each  m easu red  p a ra m e te r  from  the  in itia l m easu rem en t on  day  I an d  the 

fm al m e asu rem en t on day 21.

C h lo ro p h y ll a  w as m easu red  u s in g  th e  fo llo w in g  eq u a tio n :

C h l a =  13 .9 * A * v /(d * V )

W here  A =  net ab so rb an ce  (absees -  a b s 75o), v =  v o lu m e o f  m eth an o l in m l, d =  ce ll leng th  

in cm  and  V  =  v o lu m e o f  sam ple .
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6 3 . Results

6.3.1. Metal analysis

Each metal in SAMD was measured intermittently during the test period to investigate 

changes over time. In addition to the concentrations listed in each figure, a separate set o f 

controls was set up in exactly the same way as the test concentrations however no 

duckweed was added to these. This will indicate if the observed changes in metal 

concentration are due to precipitation from solution or uptake by L. minor.

The concentration o f  A1 increased over time (Figure 6.2). There was a relatively high 

concentration o f A1 in the fmal effluent which was supplemented weekly as a nutrient 

source (Table 6.1). Therefore the increase in A1 concentration can be accounted for due to 

the addition o f final effluent. There is some variation in the initial concentration in each 

treatment, however the values are similar and remain relatively low until approximately 

half way through the test period where all values begin to increase. A paired t-test was 

carried out to compare metal values on the first day o f the test period and the last, day 21. 

The change in A1 concentration during this time was significant (p<0.0001). There was a 

significant increase in concentration during the test period. The test was also carried out 

for the control sample without duckweed and the same p-value was recorded.
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Figure 6 2  Concentration o f  aluminium in the water phase recorded at each SAMD dilution plus a control 

with no SAMD, on 8 sampling days during the 21 day test period (± standard error). Red line indicates 

addition o f  wastewater nutrient source.
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pH values increase over tim e witii values on day one ranging from  7.23 for the control with 

0%  SA M D  to 6.26 for the highest concentration  at 1.5% (Table 6.2). Through com parison 

w ith the control experim ent contain ing  no duckw eed, it appears that there was no 

significant uptake o f  A1 during this experim ent (Table 6.3).

Table 6.2 Mean pH values over the experimental period in reactors treating three concentrations o f  synthetic 

acid mine drainage (SAMD) and control with no SAMD added.

Time (days)

Cone. SAMD 1 2 3 4 5 6 7 8
0 7.23 7.61 7.64 7.87 7.94 8.07 8.18 8.20

0.5 6.99 7.30 7.40 7.69 7.87 8.04 8.28 8.15

1 6.65 7.11 7.19 7.64 7.78 8.02 8.54 8.64

1.5 6.26 6.79 6.80 7.51 7.63 7.88 8.30 8.72

Pearson’s product m om ent correlation w as carried out to determ ine if  there w as a 

relationship betw een A1 concentration and any other param eter. S ignificant negative 

correlations w ere noted w ith Zn, chlorophyll (a) and biom ass fresh w eight (30 fronds 

w eighed on each sam pling day)(p < 0 .0 1). N egative correlation  w as also seen betw een A1 

and tw o o f  the control param eters, Fe (control -  no duckw eed) and Zn (no duckw eed)( p < 

0.01). As the concentration o f  Al increased in solution over the test period each o f  those 

param eters decreased, how ever correlation does not im ply causation and so interpretation 

o f  these results m ust be done w ith caution. Significant positive correlations w ere noted 

with pH, Al (no duckw eed), sulphate, sulphate (no duckw eed), M g, M g (no duckw eed), 

and tim e (p < 0.01). In these cases, the param eters also increased as Al concentration 

increased.
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Table 6 3  Aluminium values (mg/1) in the water phase. Minimum, maximum, mean, standard deviation 
(SD), coefficient o f  variation (CV), number o f  replicates (n). control (no duckweed) and difference between 
control and each concentration.

Sampling
Day

Min.
Al

Cone.
Mg/L

Max.
Al

Cone.
Mg/L

Mean
Al

Cone.
Mg/L

SD CV

%
removal

/increase n Control
Difference 
Mean vs. 
Control

SAMD concentration: 1.5%
1 0.058 0.058 0.058 0.000 0 0 3 0.058 0.000
2 0.099 0.229 0.152 0.068 45 +162 3 0.178 +0.026
3 0.083 0.179 0.117 0.054 46 +102 3 0.076 (-0.041)
4 0.120 0.122 0.121 0.001 1 +109 3 0.118 (-0.003)
5 0.173 0.194 0.185 0.011 6 +219 3 0.175 (-0.010)
6 0.345 0.485 0.394 0.079 20 +579 3 0.215 (-0.179)
7 0.937 1.261 1.072 0.169 16 +1748 3 0.407 (-0.665)
8 1.636 1.763 1.710 0.066 4 +2848 3 0.354 (-1.356)

SAMD concentration: 1%
1 0.095 0.095 0.095 0.000 0 0 3 0.095 0.000
2 0.105 0.121 0.113 0.008 7 +19 3 0.232 +0.119
3 0.106 0.142 0.125 0.018 14 +32 3 0.138 +0.013
4 0.146 0.157 0.152 0.006 4 +60 3 0.146 (-0.006)
S 0.232 0.283 0.264 0.028 11 +178 3 0.134 (-0.130)
6 0.519 0.795 0.658 0.138 21 +593 3 0.272 (-0.386)
7 1.010 1.407 1.244 0.208 17 +1209 3 0.445 (-0.799)
8 1.284 1.389 1.352 0.059 4 +1323 3 0.529 (-0.823)

SAMD concentration: 0.5%
1 0.874 0.874 0.874 0.000 0 0 3 0.874 0.000
2 0.110 0.164 0.145 0.030 21 -83 3 0.391 +0.246
3 0.114 0.142 0.128 0.014 11 -85 3 0.365 +0.237
4 0.159 0.183 0.172 0.012 7 -80 3 0.164 (-0.008)
5 0.290 0.378 0.332 0.044 13 -62 3 0.146 (-0.186)
6 0.387 0.458 0.417 0.037 9 -52 3 0.135 (-0.282)
7 0.674 0.777 0.716 0.054 8 -18 3 0.259 (-0.457)
8 0.610 0.824 0.726 0.108 15 -17 3 0.403 (-0.323)

Control - SAMD concentration: 0%
1 0.231 0.231 0.231 0.000 0 0 3 0.231 0.000
2 0.101 0.162 0.134 0.031 23 -42 3 0.115 (-0.019)
3 0.109 0.139 0.121 0.016 13 -48 3 0.145 +0.024
4 0.142 0.150 0.147 0.004 3 -36 3 0.162 +0.015
5 0.146 0.178 0.162 0.016 10 -30 3 0.130 (-0.032)
6 0.170 0.188 0.179 0.009 5 -23 3 0.124 (-0.055)
7 0.177 0.213 0.196 0.018 9 -15 3 0.159 (-0.037)
8 0.180 0.237 0.208 0.029 14 -10 3 0.213 +0.005

The difference between the Al concentration in the test vessels with and without duckweed 

is shown in Table 6.3. The results indicate that there was a higher concentration in the 

vessels containing duckweed than in the vessels with none. A one-way A NO VA was 

conducted to compare the effect o f  duckweed on Al concentration by comparing metal 

content in the test vessels with and without duckweed. The results indicated that there was 

a significant difference between the these two treatments (ANO VA Fio,i8i=3.51, p=0.003). 

Tukey’s Least Significant Difference (LSD) post-hoc test indicated which combinations

130



specifically contributed to the recorded significance. Aluminium (without duckweed) at 

1.5% SAMD differed significantly from A! (with duckweed) at 0.5%, 1% and 1.5% 

concentrations. Aluminium (without duckweed) at 1% SAMD differed significantly from 

Al (with duckweed) at I % and 1.5% SAMD. Aluminium (without duckweed) at 0% 

SAMD differed significantly from Al (with duckweed) 0.5%, 1% and 1.5% SAMD.

Figure 6.3 illustrates the concentration o f  iron in solution over the test period. Overall 

there is no significant difference in Fe concentration between the test concentrations aside 

from day 1. With the exception o f 0.5%, Fe values increase slightly by sampling day 2 

(which corresponds to day 4 o f  the test period) followed by a unifonn decrease in all 

samples. The results o f  a paired t-test showed that Fe concentration was significantly 

decreased from day I to 21 (p<0.0001). The same significant difference was recorded for 

the control sample containing no duckweed. This is likely due to an increase in pH (Table 

6.3).
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Figure 6 3  Concentration o f  iron recorded at each SAMD dilution plus a control with no SAMD, on 8 

sampling days during the 21 day test period (± standard error). Red line indicates addition o f  wastewater 

nutrient source.

Significant negative correlation was seen between Fe concentration and pH, sulphate. Mg, 

sulphate (no duckweed) and Mg (no duckweed)( p < 0.01). As the Fe concentration 

depleted during the test period, these parameters increased. Time was also negatively
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correlated with Fe concentration which is evident in Figure 6.3. Significant positive 

correlations were noted for Zn, Mn, chlorophyll, Fe (no duckweed) and Zn (no duckweed)( 

p < 0.01). An increase was observed in these parameters as Fe concentration decreased.

Table 6.4 Iron values (mg/I) in the water phase. Minimum, maximum, mean, standard deviation (SD). 
coefficient o f variation (CV), number of replicates (n), control (no duckweed) and difference between control 
and each concentration.

Sampling
Day

Min.
Fe

Cone.
Mg/L

Max.
Fe

Cone.
Mg/L

Mean
Fe

Cone.
Mg/L

SD CV

%
removal

/Inerease
n Control

Difference 
M ean vs. 
Control

SAMD concentration: 1.5%
1 0.027 0.027 0.027 0.000 0 0 3 0.027 0.000
2 0.172 0.235 0.203 0.032 16 +652 3 1.366 +1.257
3 0.045 0.050 0.048 0.004 8 +78 3 0.101 +0.053
4 0.008 0.025 0.014 0.010 71 -48 3 0.012 (-0.002)
5 0.004 0.008 0.006 0.002 33 -78 3 0.086 +0.080
6 0.009 0.023 0.015 0.007 47 -44 3 0.010 (-0.005)
7 0.004 0.024 0.016 0.010 63 -41 3 0.006 (-0.010)
8 0.012 0.026 0.020 0.007 35 -26 3 0.008 (-0.012)

SAMD concentration: 1%
1 0.021 0.021 0.021 0.000 0 0 3 0.021 0.000
2 0.078 0.121 0.097 0.022 23 +362 3 1.626 +1.529
3 0.030 0.057 0.043 0.014 33 +105 3 0.068 +0.025
4 0.006 0.016 0.011 0.005 45 -48 3 0.009 (-0.002)
5 0.005 0.010 0.008 0.004 50 -62 3 0.007 (-0.001)
6 0.005 0.093 0.036 0.049 136 +71 3 0.006 (-0.030)
7 0.010 0.013 0.011 0.002 18 -48 3 0.006 (-0.005)
8 0.005 0.013 0.009 0.004 44 -57 3 0.005 (-0.004)

SAMD concentration: 0.5%
1 0.592 0.592 0.592 0.000 0 0 3 0.592 0.000
2 0.016 0.217 0.109 0.101 93 -82 3 0.556 +0.353
3 0.039 0.070 0.052 0.016 31 -91 3 1.825 +1.773
4 0.019 0.151 0.063 0.076 121 -89 3 0.018 (-0.045)
5 0.008 0.022 0.015 0.007 47 -97 3 0.024 +0.009
6 0.013 0.025 0.017 0.007 41 -97 3 0.016 (-0.001)
7 0.014 0.092 0.043 0.043 100 -93 3 0.015 (-0.028)
8 0.009 0.016 0.013 0.004 31 -98 3 0.013 0.000

Control - SAMD concentration: 0%
1 0.090 0.090 0.090 0.000 0 0 3 0.090 0.000
2 0.072 0.129 0.106 0.030 28 +18 3 0.167 +0.061
3 0.029 0.079 0.055 0.025 45 -39 3 0.058 +0.003
4 0.011 0.025 0.016 0.008 50 -82 3 0.027 +0.011
5 0.007 0.009 0.008 0.001 13 -91 3 0.095 +0.087
6 0.008 0.024 0.014 0.009 64 -84 3 0.009 (-0.005)
7 0.004 0.029 0.013 0.014 108 -86 3 0.013 0.000
8 0.005 0.005 0.005 0.000 0 -94 3 0.006 +0.001

Overall the differences between the mean Fe values in the vessels containing duckweed 

compared to the vessels without duckweed are small. The results indicate that Fe is 

possibly precipitating from solution rather than being taken up by L. minor. An ANO VA  
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w as carried out to  com pare the d ifference between the Fe concentrations in test vessels 

w ith and w ithout duckw eed. The results indicated that there w as no significant difference 

betw een the tw o treatm ents at 0.05 confidence level (A N O V A  F i2 ,i79= l .69, p=0.0721). 

This further corroborates the likelihood that Fe is precipitating from  solution, as the 

concentration in solution is decreasing in the sam e m anner for both test vessels containing 

duckw eed and for those w ithout.

Figure 6.4 illustrates the concentration o f  m agnesium  in solution during the test period. 

The increase in concentration during the 21 days how ever is not as dram atic as w ith Al. 

The levels o f  m agnesium  in the final effluent w ere very high w hich account for the 

relatively high concentrations recorded during this experim ent w hich increased over tim e 

(Table 6T ). The concentration o f  M g differed significantly  betw een the first and final day 

o f  the test period and this w as confirm ed using a paired t-test (p=0.0028). The test was 

also carried out on data from  the control sam ples contain ing no duckw eed. Day 1 and 21 

w ere also significantly  d ifferent for the controls indicating som e level o f  precipitation

(p<0.0001).
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Figure 6.4 Concentration o f  magnesium recorded at each SAMD dilution plus a control with no SAMD, on 8 

sampling days during the 21 day test period (± standard error). Red line indicates addition o f  wastewater 

nutrient source.
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Pearson’s product moment correlation indicated that there was a significant negative 

correlation between Mg and Fe, chlorophyll content, photosynthesis, biomass (30 frond 

fresh weight) and Fe (no duckweed)(p < 0.01). Significant positive correlations were 

noted between M g and Al, Mn, sulphate, SA M D  concentration, time, Mn (no duckweed), 

sulphate (no duckweed) and Mg (no duckweed)(p < 0.01).

Table 6.5 Magnesium values (mg/i) in tiie water phase. Minimum, maximum, mean, standard deviation 
(SD), coefllcient o f  variation (CV), number o f  replicates (n), control (no duckweed) and difference between 
control and each concentration.

Sampling
Day

Min.
Mg

Cone.
Mg/L

Max.
Mg

Cone.
Mg/L

Mean
Mg
Cone.

Mg/L

SD CV

%
removal
^increase n Control

Difference 
Mean vs. 
Control

SAMD concentration: 1.5%
1 2.75 2.75 2.75 0.00 0 0 3 2.75 0.00
2 2.76 2.95 2.84 0.10 4 +3 3 2.69 +0.93
3 3.14 3.33 3.24 0.09 3 +18 3 2.90 (-0.34)
4 3.42 3.53 3.47 0.06 2 +26 3 3.11 (-0.36)
5 3.64 3.78 3.70 0.07 2 +35 3 3.53 (-0.17)
6 3.58 3.82 3.73 0.13 4 +36 3 3.49 (-0.24)
7 3.62 3.89 3.77 0.14 4 +37 3 3.63 (-0.14)
8 3.22 3.73 3.51 0.26 7 +28 3 3.89 +0.38

SAMD concentration: 1%
1 2.12 2.12 2.12 0.00 0 0 3 2.12 0.00
2 2.20 2.26 2.23 0.03 1 +5 3 2.10 (-0.13)
3 2.39 2.52 2.45 0.06 3 +16 3 2.07 (-0.38)
4 2.77 2.89 2.83 0.06 2 +33 3 2.66 (-0.17)
5 2.80 3.29 3.02 0.25 8 +42 3 2.93 (-0.09)
6 2.48 3.15 2.90 0.37 13 +37 3 2.96 +0.06
7 2.51 3.28 2.96 0.40 14 +40 3 3.11 +0.15
8 2.48 2.80 2.69 0.18 7 +27 3 3.27 +0.58

SAMD concentration: 0.5%
1 1.60 1.60 1.60 0.00 0 0 3 1.60 0.00
2 1.71 1.84 1.76 0.07 4 +10 3 1.55 (-0.21)
3 1.67 1.76 1.72 0.05 3 +8 3 1.67 (-0.05)
4 2.20 3.13 2.53 0.52 21 +58 3 2.37 (-0.16)
5 2.25 2.44 2.36 0.10 4 +48 3 2.56 +0.20
6 2.50 2.63 2.58 0.07 3 +61 3 2.22 (-0.36)
7 2.69 2.69 2.69 0.00 0 +68 3 2.48 (-0.21)
8 2.65 2.94 2.79 0.14 5 +74 3 2.80 +0.01

Control - SAMD concentration: 0%
1 1.09 1.09 1.09 0.00 0 0 3 1.09 0.00
2 1.04 1.41 1.17 0.20 17 +7 3 1.02 (-0.15)
3 1.08 1.14 1.11 0.03 3 +2 3 1.28 +0.17
4 1.66 1.77 1.72 0.06 4 +58 3 1.97 +0.25
5 1.61 1.82 1.71 0.11 6 +57 3 2.00 +0.29
6 1.85 2.08 1.98 0.13 7 +82 3 2.14 +0.16
7 1.82 2.15 2.02 0.18 9 +85 3 2.30 +0.28
8 1.72 2.19 1.96 0.23 12 +80 3 2.49 +0.53
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It w o u ld  ap p e ar  tha t the  d if fe rence  in M g  co ncen tra t ion  be tw e en  vesse ls  w ith  and  w ith o u t  

d u c k w e e d  is neg l ig ib le  c o m p a re d  to  the  tota l s ta rt ing  concen tra t ion .  H o w e v e r  a t 0 %  

S A M D  w ith  the  excep t ion  o f  the  second  sa m p lin g  day , all v a lu es  in the  vesse ls  co n ta in in g  

d u c k w e e d  w ere  lower. T he  concen tra t ions  on the final day  o f  the  tes t per iod  also  re f lec t  a  

s light dec rease  in M g  concen tra t ion  w hen  d u c k w e e d  is present.  A n  A N O V A  w as  carried  

o u t to  a s sess  the  d if fe rence  be tw een  M g  co n cen tra t ions  in vesse ls  c o n ta in in g  d u ck w e ed  

c o m p a re d  to  those  w ithout.  A sign if ican t  d if fe rence  b e tw e en  the  t rea tm e n ts  w as  obse rved  

( A N O V A  F i2,i79=24.1 1, p< 0 .0001) .  A T u k ey  L S D  p o s t-h o c  te s t  r evea led  w h ich  

c o m p a r iso n s  w ere  significant .  T h ey  inc luded  M g  (no  d u c k w e e d )  at 1.5%  S A M D  w as 

s ign if ican t ly  d iffe ren t from  M g  (w ith  d u ck w e ed )  at 1%, 0 .5 %  and  0 %  S A M D . M a g n es iu m  

(no  d u c k w e e d )  at 1% S A M D  diffe red  s ign ifican t ly  f rom  M g  (w ith  d u c k w e e d )  at 0% , 0 .5%  

and  1 .5%  S A M D . M a g n es iu m  (no  d u ck w e ed )  at 0 .5%  S A M D  d if fe red  s ign if ican t ly  from  

M g  (w i th  d u ck w e ed )  at 0% , 0 .5% , 1% and  1.5% S A M D . F ina lly  M g  (w i thou t  d u c k w e e d )  

d iffe red  s ign if ican t ly  from  M g  (w ith  d u c k w e e d )  at 0% , 0 .5% , 1% and  1.5% S A M D .

F igure  6.5 sh o w s how  the co ncen tra t ion  o f  Z n  in so lu t ion  cha n g ed  o v e r  the  test per iod  for 

each  te s t  concen tra tion .  An overa ll  d ec rease  in concen tra t ion  is o b se rv e d  o v e r  21 days. A 

re la tive ly  sm all quantity  o f  z inc  w as  present in the w as tew a te r  su p p le m e n ted  each  w eek  

(T a b le  6.1). A paired t- test w as  carried  out w h ich  sh o w ed  a s ign if ican t  d if fe rence  be tw een  

the d ay  1 and  day 21 concen tra t ions  o f  Zn in the test vesse ls  (p<0 .0001 ) .  T h e  tes t w as  also 

c o n d u c te d  to  co m pare  the  co n cen tra t ions  at day  1 and  day  21 for  the  con tro l  sam p le  

co n ta in in g  no d u ckw eed ,  the  results  o f  w h ich  w ere  also  s ign if ican t (p<0 .0001) .
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Figure 6 ^  C oncentration o f  zinc recorded at each SA M D  dilution plus a control with no SA M D , on 8 

sam pling days during  the 2 1 day test period (± standard error). Red line indicates addition o f  w astew ater 

nutrient source.

Significant negative correlations were observed using Pearson’s product moment 

correlation between Zn concentration and pH, Al, A! (no duckweed) and time (p < 0.01). 

Significant positive correlation was noted between Zn concentration and Fe, chlorophyll, 

SAMD concentration, Fe (no duckweed), Zn (no duckweed) and Mn (no duckweed)( p < 

0 .0 1 ).

Table 6.6 shows the difference in Zn concentration between test vessels containing 

duckweed and the control vessels without duckweed. With the exception o f the 2"‘*, 7*'’ and 

8* sampling days at 0% SAMD, all concentrations were smaller in vessels containing 

duckweed than those without. An ANOVA was conducted to compare the differences in 

Zn concentration between test vessels with and without duckweed. The results showed 

that there was a significant difference between treatments (ANOVA Fii,i80=7.01, 

p<0.0001). Tukey’s LSD pot-hoc test was completed to assess which combinations were 

significant. These included Zn (without duckweed) at 1.5% SAMD and Zn (with 

duckweed) at 0%, 0.5%, 1% and 1.5% SAMD. Zinc (without duckweed) at 1% SAMD 

differed significantly with Zn (with duckweed) at 0% SAMD. Zinc (without duckweed) at 

0.5% SAMD differed significantly with Zn (with duckweed) at 1.5% SAMD. Finally, Zn 

(without duckweed) at 0% SAMD differed significantly with Zn (with duckweed) at 1% 

and 1.5% SAMD.
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Table 6.6 Zinc values (mg/l) in the water phase. Minimum, maximum, mean, standard deviation (SD), 
coefficient o f  variation (CV), number o f  replicates (n), control (no duckweed) and difference between control 
and each concentration.

Sampling
Day

Min. 
Zn Cone. 

Mg/L

Max. 
Zn Cone. 

Mg/L

Mean 
Zn Cone. 

Mg/L
SD CV

%
removal

/increase
n Control

DIfferenee 
Mean vs. 
Control

SAMD concentration: 1.5%
1 1.47 1.47 1.47 0.00 0 0 3 1.47 0.00
2 1.28 1.44 1.37 0.08 6 -7 3 1.66 +0.29
3 1.31 1.55 1.44 0.12 8 -2 3 1.44 0.00
4 0.50 0.53 0.51 0.01 2 -65 3 0.57 +0.06
5 0.25 0.35 0.29 0.05 17 -80 3 0.58 +0.29
6 0.10 0.13 0.11 0.02 18 -93 3 0.49 +0.38
7 0.05 0.07 0.06 0.01 17 -96 3 0.22 +0.16
8 0.02 0.04 0.03 0.01 33 -98 3 0.12 +0.09

SAMD concentration: 1%
1 0.81 0.81 0.81 0.00 0 0 3 0.81 0.00
2 0.68 0.85 0.77 0.09 12 -5 3 0.98 +0.21
3 0.60 0.70 0.66 0.06 9 -19 3 0.66 0.00
4 0.18 0.21 0.19 0.01 5 -77 3 0.21 +0.02
5 0.11 0.13 0.12 0.01 9 -85 3 0.32 +0.20
6 0.05 0.05 0.05 0.00 0 -94 3 0.30 +0.25
7 0.05 0.05 0.05 0.00 0 -94 3 0.14 +0.09
8 0.02 0.03 0.03 0.01 33 -96 3 0.07 +0.04

SAMD concentration: 0.5%
1 0.48 0.48 0.48 0.00 0 0 3 0.48 0.00
2 0.25 0.97 0.53 0.39 74 +10 3 0.47 +0.08
3 0.20 0.26 0.22 0.03 14 -54 3 0.62 +0.40
4 0.07 0.11 0.09 0.02 22 -81 3 0.09 0.00
5 0.05 0.06 0.06 0.00 0 -88 3 0.28 +0.22
6 0.06 0.09 0.07 0.02 29 -85 3 0.13 +0.06
7 0.05 0.06 0.06 0.00 0 -88 3 0.11 +0.05
8 0.03 0.04 0.04 0.00 0 -92 3 0.05 +0.01

Control - SAMD concentration: 0%
1 0.09 0.09 0.09 0.00 0 0 3 0.09 0.00
2 0.11 0.39 0.20 0.16 80 +122 3 0.14 (-0.06)
3 0.09 0.15 0.12 0.03 25 +33 3 0.18 +0.06
4 0.04 0.07 0.05 0.02 40 -44 3 0.09 +0.04
5 0.05 0.07 0.06 0.01 17 -33 3 0.11 +0.05
6 0.04 0.06 0.05 0.01 20 -44 3 0.08 +0.03
7 0.04 0.09 0.06 0.02 33 -33 3 0.04 (-0.02)
8 0.03 0.05 0.04 0.01 25 -56 3 0.03 (-0.01)
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Figure 6.6 illustrates the concentration o f  m anganese in the test solution over each o f  the 

sam pling days. The concentrations on the first sam pling day are significantly  higher than 

the 7'*’ sam pling day, w ith the exception o f  the 0%  test concentration in w hich the tiny 

quantity  present can be attributed to the addition o f  final effluent as a nutrient source. 

H ow ever there is an increase in concentration on the final day o f  the test period. A paired 

t-test show ed that the concentration o f  M n betw een the first and last days m easurem ents 

differed significantly  (p<O.OOOI). This trend is illustrated in Figure 6.6. The 

concentrations in the control test vessels w ithout duckw eed w ere also significantly  

d ifferent (p<0.0001).
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F ig u re  6.6 C oncentration o f  m anganese recorded at each SA M D dilution plus a control with no SA M D, on 8 

sam pling  days during  the 21 day test period (±  standard error). Red line indicates addition o f  w astew ater 

nutrient source.

Significant negative correlation w as observed betw een Mn concentration in the test vessels 

and both pH and tim e (p < 0.01). This is reflected in Figure 6.6 w hich clearly show s a 

reduction in M n concentration as tim e increases. S ignificant positive correlation was 

observed betw een Mn and Fe, Zn, chlorophyll content. M g, SA M D  concentration, Fe (no 

duckw eed), Zn (no duckw eed) and M n (no duckw eed).
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Table 6.7 Manganese values (mg/I) in the water phase. Minimum, maximum, mean, standard deviation 
(SD), coefficient o f  variation (CV), number o f  replicates (n), control (no duckweed) and difference between 
control and each concentration.

Sampling
Day

Min.
Mn

Cone.
Mg/L

Max.
Mn

Cone.
Mg/L

Mean
Mn

Cone.
Mg/L

SD

%
^  removal 

/inerease
n Control

Difference 
Mean vs. 
Control

SAMD concentration: 1.5%
1 0.087 0.087 0.087 0.000 0 0 3 0.087 0.000
2 0.081 0.091 0.086 0.005 6 -1 3 0.082 (-0.004)
3 0.083 0.095 0.091 0.007 8 +5 3 0.098 +0.007
4 0.042 0.057 0.051 0.008 16 -41 3 0.071 +0.020
5 0.026 0.045 0.036 0.010 28 -59 3 0.071 +0.035
6 0.005 0.010 0.008 0.003 38 -91 3 0.047 +0.039
7 0.003 0.007 0.004 0.002 50 -95 3 0.034 +0.030
8 0.019 0.026 0.022 0.004 18 -75 3 0.003 (-0.019)

SAMD concentration: 1%
1 0.058 0.058 0.058 0.000 0 0 3 0.058 0.000
2 0.021 0.041 0.028 0.011 39 -52 3 0.057 +0.029
3 0.008 0.019 0.012 0.006 50 -79 3 0.053 +0.041
4 0.005 0.015 0.008 0.006 75 -86 3 0.038 +0.030
5 0.003 0.005 0.004 0.001 25 -93 3 0.040 +0.036
6 0.002 0.003 0.003 0.001 33 -95 3 0.028 +0.025
7 0.001 0.002 0.001 0.001 100 -98 3 0.024 +0.023
8 0.015 0.038 0.029 0.012 41 -50 3 0.024 (-0.005)

SAMD concentration: 0.5%
1 0.027 0.027 0.027 0.000 0 0 3 0.027 0.000
2 0.004 0.021 0.013 0.009 69 -52 3 0.031 +0.022
3 0.004 0.008 0.005 0.002 40 -81 3 0.022 +0.017
4 0.002 0,003 0.003 0.001 33 -89 3 0.009 +0.006
5 0.002 0.003 0.002 0.001 50 -93 3 0.002 0.000
6 0.002 0.002 0.002 0.000 0 -93 3 0.002 0.000
7 0.001 0.002 0.002 0.001 50 -93 3 0.001 (-0.001)
8 0.010 0.020 0.016 0.005 31 -41 3 0.004 (-0.012)

Control - SAMD concentration: 0%
1 0.005 0.005 0.005 0.000 0 0 3 0.005 0.000
2 0.002 0.003 0.002 0.001 50 -60 3 0.006 +0.004
3 0.003 0.005 0.004 0.001 25 -20 3 0.004 0.000
4 0.002 0.003 0.002 0.001 50 -60 3 0.003 +0.001
5 0.001 0.003 0.002 0.001 50 -60 3 0.002 0.000
6 0.001 0.002 0.002 0.001 50 -60 3 0.002 0.000
7 0.001 0.002 0.001 0.001 100 -80 3 BDL -

8 0.001 0.001 0.001 0.000 0 -80 3 0.001 0.000

The differences between the mean Mn values for each concentration for vessels containing 

duckweed and the control containing no duckweed are listed in Table 6.7. The differences 

at 0% SAM D are negligible and the differences continue to increase as the SAM D  

concentration increases. This indicates that there is a lower concentration o f  Mn in the 

vessels containing duckweed than those without. An A NO VA was carried out to compare 

the difference in Mn concentration in treatments with and without duckweed. The results 

showed that there was a significant difference between the two treatments (A N O V A
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Fii,180=16.58, p<0.0001). A Tukey’s LSD post-hoc test was conducted to determine the 

significant combinations between treatments. These included Mn (without duckweed) at 

1.5% SAMD which differed significantly with Mn (with duckweed) at 0%, 0.5%, 1% and 

1.5% SAMD. Manganese (without duckweed) at 1% SAMD differed significantly with 

Mn (with duckweed) at 0%, 0.5% and 1% SAMD. Manganese (without duckweed) at 

0.5% differed significantly with Mn (with duckweed) at 1% and 1.5% SAMD. Finally, Mn 

(without duckweed) at 0% SAMD differed significantly with Mn (with duckweed) at 0.5%, 

l% a n d  1.5% SAMD.

■ Al

■ Al (no dw)

■ Fe

■ Fe (no dw)

■ Mg

■ M g(nodw ) 

Mn

Mn (no dw)

■ Zn

■ Zn (no dw)

Figure 6.7 Percentage metal rem oval for each individual m etal tested (Al, Fe, M g, M n and Zn) and for the 

control vessels that did not contain any duckw eed (no dw )(±S.E .).

Figure 6.7 summarises all o f the findings previously discussed, illustrating the clear 

increase in concentrations for aluminium and magnesium. It also shows the decrease in 

iron, manganese and zinc, likely due to precipitation or co-precipitation o f metals from 

solution over time as both the vessels containing duckweed and without duckweed 

recorded a similar decrease in concentration.

A repeated measures ANOVA was carried out (DataDesk 6.1.1 ©) for each o f  the five 

metals that could be measured. This was carried out for each treatment type (0, 0.5, 1 and 

1.5% AMD). The difference in aluminium concentration between the vessels containing 

duckweed and those without was not significant (1.5%, p=0.18; 1%, p=0.07 and 0.5%,
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p=0.45). T his is corroborated by figure 6.7 w hich show s a large am ount o f  error associated 

w ith A1 treatm ents. N o significant d ifferences w ere observed w ithin treatm ents for iron 

w hich is also evident in figure 6.7. M agnesium  w as consistently  significantly  different 

from the control w ith no duckw eed w ithin all treatm ents (1.5% , p=0.002; 1%, p=0.007 and 

0.5% , p=0.0001). This show s that the test vessels contain ing  duckw eed w ere rem oving 

m ore m agnesium  than the control buckets w ith no duckw eed. M anganese levels w ere 

significantly  different from  the control w ith no duckw eed at 1.5% and 0.5%  (1.5% , 

p=0.004; 1%, p=0.07 and 0.5% , p=0.04). Finally zinc was significantly  low er in the 

vessels contain ing duckw eed than those w ithout (1.5% , p<0.0001; 1%, p=<0.0001 and 

0.5% , p=0.009). These results indicate that duckw eed has the ability  to  uptake certain 

m etals from a m ulti-m etal m ixture but not all.
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Three o f  the 8 m etals present in SA M D  could not be graphed. These m etals are copper, 

lead and cadm ium  (Tables 6.8, 6.9 and 6 .10). These elem ents w ere present in such small 

quantities that a graph w ould be unable to illustrate their change over the test period. In 

the case o f  all three m etals m ost values w ere below  the detection limits o f  the instrum ent 

used. In addition, Cu w as recorded in very low  concentrations in the final effluent 

supplem ent w ith both lead and cadm ium  below  detection lim its (Table 6.1). Due to  so 

m any o f  the values being below  detection lim its for these three m etals, they  could not be 

correlated w ith o ther m etals and param eters that provided m ore com plete results tables.

T able 6.8 Copper values (mg/l) in the water phase for each test concentration on each sampling day (BDL -  
 below detection limit). Detection limit = 0.014mg/i._____

Day(Cu) Replicate 0% 0.5% 1% 1.5%
1 A 0.050 0.032 BDL 0.022
2 A 0.037 0.037 0.028 0.084
3 A BDL 0.018 0.026 0.018
4 A BDL BDL BDL BDL
5 A BDL BDL BDL 0.024
6 A BDL BDL BDL BDL
7 A 0.014 0.015 BDL BDL
8 A BDL BDL BDL BDL

1 B 0.050 0.032 BDL 0.022
2 B 0.018 0.016 0.022 0.019
3 B BDL BDL 0.015 0.034
4 B BDL BDL BDL BDL
5 B 0.025 BDL BDL BDL
6 B BDL BDL BDL BDL
7 B BDL BDL BDL BDL
8 B BDL BDL BDL 0.024

1 C 0.050 0.032 BDL 0.022
2 C 0.014 BDL 0.016 BDL
3 C 0.020 BDL BDL 0.043
4 C BDL BDL BDL BDL
5 C 0.021 BDL BDL BDL
6 C BDL BDL BDL BDL
7 C 0.014 0.024 0.019 BDL
8 C BDL BDL BDL BDL

Table 6.8 contains all replicate values for Cu concentration during the test period. Due to 

the detection lim its o f  the instrum ent it is not possible to fully assess the change over tim e. 

H ow ever, it appears that m ost values that w ere above the detection lim its w ere recorded in 

the first 7 days o f  the experim ent (sam pling day 3), w ith som e values obtained 

interm ittently thereafter. This m ay indicate a reduction in Cu during the test period.
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As seen with Cii (Table 6.8), the values for lead were below  the detection  lim its o f  the 

instrum ent in m ost cases. M ost values above the detection lim its w ere recorded during the 

first week, how ever the final day o f  sam pling on day 21 o f  the experim ent yielded m ost o f  

the rem aining values. W ith the exception o f  the final day values it w ould appear that the 

concentration  o f  lead had been decreasing (Table 6.9).

Table 6.9 I.ead values (mg/l) in the water phase for each test concentration on each sampling day (BDL -  
 below detection limit). Detection limit = 0.001 mp/l._____

Day (Pb) Replicate 0% 0.5% 1% 1.5%
1 A 0 . 0 0 2 BDL BDL BDL

2 A 0 . 0 1 6 0 . 0 1 1 0 . 0 1 0 0 . 0 3 2

3 A BDL BDL 0 . 0 0 7 BDL

4 A BDL BDL BDL BDL

5 A BDL BDL BDL BDL

6 A BDL BDL BDL BDL
n A BDL BDL BDL BDL

s A 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1 0 . 0 0 1

1 B 0 . 0 0 2 BDL BDL BDL

2 B 0 . 0 1 1 BDL 0 . 0 1 2 0 . 0 0 8

3 B 0 . 0 0 6 BDL 0 . 0 0 6 BDL
4 B BDL BDL BDL BDL
5 B BDL BDL BDL BDL

6 B BDL BDL BDL BDL
7 B BDL 0 . 0 0 2 BDL BDL

8 B 0 . 0 0 2 0 . 0 0 2 0 . 0 0 1 0 . 0 0 1

1 C 0 . 0 0 2 BDL BDL BDL

2 C 0 . 0 1 1 0 . 0 0 1 BDL 0 . 0 1 0

3 C 0 . 0 0 6 0 . 0 0 6 BDL 0 . 0 1 0

4 C BDL BDL BDL BDL

5 C BDL BDL BDL BDL

6 C BDL BDL BDL BDL

7 C BDL BDL BDL BDL

8 C 0 . 0 0 2 0 . 0 0 1 0 . 0 0 2 BDL
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The concentration o f cadmium was also below detection limits in the majority o f cases 

(Table 6.10). O f the values recorded, most were in the highest concentration o f SAMD 

(1.5%) and within the first week o f the test period. This may indicate a decrease in Cd 

concentration over time.

Table 6.10 Cadmium values (mg/1) in the water phase for each test concentration on each sampling day 
(B D L -  below detection lim it). Detection lim it =  0.001 mg/1.
Day (Cd) Replicate 0% 0.5% 1% 1.5%

1 A BDL 0.001 0.002 0.003
2 A 0.168 0.009 0.013 0.015
3 A 0.002 BDL 0.027 0.009
4 A BDL BDL 0.001 0.002
5 A BDL BDL BDL 0.001
6 A BDL BDL BDL 0.001
7 A 0.001 BDL BDL BDL
8 A BDL BDL BDL BDL

1 B BDL 0.001 0.002 0.003
2 B 0.011 BDL 0.011 0.003
3 B 0.008 0.011 0.016 0.008
4 B BDL BDL 0.001 0.002
5 B BDL BDL BDL 0.001
6 B BDL BDL BDL BDL
7 B BDL BDL BDL BDL
8 B BDL BDL BDL BDL

1 C BDL 0.001 0.002 0.003
2 C 0.012 0.001 0.002 0.012
3 C 0.018 0.021 0.004 0.008
4 C BDL BDL BDL 0.002
5 C BDL BDL 0.001 BDL
6 C BDL BDL BDL BDL
7 C BDL BDL BDL BDL
8 C BDL BDL BDL BDL
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6.3.2. Sulphate analysis

Sulphate increased consisten tly  across all concentrations during  the test period (Figure 

6.8). There was a very  sm all am ount o f  deviation betw een sam ples. The results o f  a 

paired t-test betw een the concentrations on day 1 and day 21 show  this increase to be 

significant (p < 0 .0 0 0 1). The sam e level o f  significance is seen for the control sam ples 

containing no duckw eed.
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Figure 6.8 Concentration o f  sulphate in the water phase recorded at each SAMD dilution plus a control with 

no SAMD, on 8 sampling days during the 21 day test period (± standard error).

Pearson’s product m om ent correlations show ed significant negative correlation betw een 

sulphate and Fe, chlorophyll, photosynthesis, biom ass, and Fe (no duckw eed) (p < 0.01). 

Significant positive correlations w ere observed betw een sulphate and pH, A l, biom ass. Mg, 

SA M D  concentration, tim e, sulphate (no duckw eed) and M g (no duckw eed) (p < 0.01).
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Table 6,11 Sulphate values (mg/l) in the water phase. Minimum, maximum, mean, standard deviation (SD), 
coefficient o f variation (CV), number o f replicates (n), control (no duckweed) and difference between control 
and each concentration.

Sampling
Day

Min. 
SO4 Cone. 

Mg/L

Max. 
SO4 Cone. 

Mg/L

M ean 
SO4 Cone. 

Mg/L
SD CV n Control

Differenee 
M ean vs. 
Control

SAMD concentration: 1.5%
1 10.65 10.65 10.65 0.00 0 3 10.65 0.00
2 11.56 11.77 11.65 0.11 1 3 10.90 (-0.75)
3 13.10 13.79 13.35 0.39 3 3 11.65 (-1.70)
4 14.19 15.02 14.50 0.45 3 3 14.25 (-0.25)
5 15.72 16.59 16.11 0.45 3 3 15.45 (-0.65)
6 15.90 17.28 16.74 0.74 4 3 14.13 (-2.61)
7 17.05 18.60 17.99 0.82 5 3 15.18 (-2.81)
8 19.71 21.95 20.73 1.13 5 3 18.13 (-2.60)

SAMD concentration: 1%
1 7.89 7.89 7.89 0.00 0 3 7.89 0.00
2 8.98 9.25 9.09 0.14 2 3 7.94 (-1.15)
3 9.93 10.35 10.10 0.22 2 3 7.95 (-2.15)
4 11.44 11.88 11.71 0.24 2 3 10.88 (-0.83)
5 12.89 14.36 13.38 0.85 6 3 11.66 (-1.73)
6 10.81 14.82 13.18 2.10 16 3 11.72 (-1.46)
7 11.50 16.87 14.49 2.74 19 3 12.50 (-1.99)
8 12.90 18.92 16.55 3.21 19 3 14.31 (-2.24)

SAMD concentration: 0.5%
1 5.56 5.56 5.56 0.00 0 3 5.56 0.00
2 5.58 6.36 6.02 0.40 7 3 5.55 (-0.47)
3 6.14 6.84 6.54 0.36 6 3 5.70 (-0.85)
4 7.71 9.47 8.59 0.88 10 3 8.34 (-0.25)
5 9.39 10.22 9.72 0.44 5 3 9.02 (-0.70)
6 10.47 11.53 11.02 0.53 5 3 8.51 (-2.51)
7 11.67 12.80 12.15 0.59 5 3 9.35 (-2.80)
8 13.27 15.62 14.17 1.27 9 3 10.97 (-3.20)

Control - SAMD concentration: 0%
1 0.00 0.00 0.00 0.00 0 3 0.00 0.00
2 3.12 3.66 3.40 0.27 8 3 3.19 (-0.21)
3 3.44 4.04 3.66 0.33 9 3 3.54 (-0.12)
4 5.78 6.24 5.94 0.26 4 3 6.26 +0.32
5 6.29 6.98 6.52 0.39 6 3 6.51 (-0.01)
6 8.27 8.88 8.55 0.31 4 3 7.63 (-0.92)
7 8.67 9.70 9.07 0.56 6 3 8.24 (-0.82)
8 9.50 10.92 9.99 0.80 8 3 9.35 (-0.64)

Table 6.11 indicates that the sulphate concentration in the control vessels with no 

duckweed was lower than in the vessels containing duckweed. An A N O V A  was carried 

out to investigate the difference in sulphate concentration between the test vessels 

containing duckweed and those without. A significant difference was observed between  

the two treatments (A N O V A  Fiijgo=29.47, p<0.0001). To assess which differences were 

significant a Tukey’s LSD post-hoc test was done. Sulphate (no duckweed) at 1.5% 

SAM D differed significantly from sulphate (with duckweed) at 0%, 0.5% and 1% SAM D.
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Sulphate (no duckweed) at 1% SA M D  differed significantly from sulphate (with 

duckweed) at 0%, 0.5%, 1% and 1.5%. Sulphate (no duckweed) at 0.5% S A M D  differed 

significantly from sulphate (with duckweed) at 0%, 1% and 1.5% SAM D. Finally, 

sulphate (no duckweed) at 0% SA M D  differed significantly from sulphate (with 

duckweed) at 0%, 0.5%, 1% and 1.5% SAMD.

147



6.3.3. Photosynthesis and ch lo rophy ll (a) analyses

Chlorophyll measurements indicate the declining health o f the duckweed over the test 

period (Figure 6.9). For all concentrations, including 0% SAMD which only contained 

10% final effluent, a decrease in chlorophyll content was observed. There is no significant 

difference between concentrations. A paired t-test showed significant difference between 

chlorophyll content on day 1 o f the test period and day 21 (p<0.0001).
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Figure 6.9 Concentration o f chlorophyll recorded at each SAMD dilution plus a control with no SAMD, on 8 

sampling days during the 21 day test period (± standard error).

Significant negative correlation was recorded between chlorophyll concentration and pH, 

Al, sulphate. Mg, time, sulphate (no duckweed) and Mg (no duckweed) (p < 0.01). 

Chlorophyll content was seen to decrease as each o f these parameters increased.

Significant positive correlations were recorded with Fe, Zn, Mn, Fe (no duckweed), Zn (no 

duckweed) and Mn (no duckweed) (p < 0.01).
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Table 6.12 Minimum, maximum, mean, standard deviation (SD), coefficient o f  variation (CV) and number
o f  replicates (n) for chlorophyll (a) measurements.

Sampling
Day

Min. Max. M ean 
Chi a Cone. Chi a Cone. Chi a Cone.

SD CV n

SAMD concentration: 1.5%
1 407.8 446.0 427.9 19.2 4 3
2 283.2 408.4 346.4 45.8 13 6
3 249.1 295.0 272.5 17.5 6 6
4 243.3 351.4 273.8 45.1 16 6
5 258.1 291.2 274.1 16.6 6 6
6 200.9 374.2 253.0 63.9 25 6
7 181.6 288.8 242.5 38.9 16 6
8 143.3 211.8 192.5 25.8s 13 6

SAMD concentration: 1%
1 388.2 453.4 410.1 37.6 9 3
2 279.5 430.8 365.2 51.4 14 6
3 290.2 332.1 304.3 27.6 9 6
4 231.7 341.3 288.9 43.8 15 6
S 250.4 306.8 275.3 28.8 10 6
6 205.2 258.5 235.7 20.3 9 6
7 146.5 267.8 208.5 40.6 19 6
8 116.6 234.0 190.8 45.6 24 6

SAMD concentration: 0.5%
1 380.8 464.7 411.9 45.9 11 3
2 282.2 471.1 360.3 73.1 20 6
3 280.3 382.3 329.7 35.0 11 6
4 279.4 351.7 309.2 25.8 8 6
5 264.3 356.4 301.2 48.7 16 6
6 233.7 306.2 276.2 27.0 10 6
7 214.1 330.3 250.9 43.6 17 6
8 161.6 364.5 261.7 80.1 31 6

Control - SAMD concentration: 0%
1 317.1 364.8 338.9 24.1 7 3
2 355.5 469.9 399.1 42.0 11 6
3 278.7 327.6 299.3 19.1 6 6
4 244.8 449.0 333.7 71.6 21 6
5 169.7 292.1 243.1 64.7 27 6
6 144.2 390.9 238.5 98.3 41 6
7 127.3 238.1 187.7 47.9 26 6
8 147.6 314.3 214.6 75.6 35 6
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Figure 6.10 illustrates the rate o f photosynthesis during the test period. A sharp decrease 

occurs between the first sampling day and the second sampling day. Some slight recovery 

is seen by the third sampling day which is generally maintained until the end o f the test 

period; however the initial rate o f photosynthesis is not recovered. A paired t-test was 

conducted which showed that the rate o f photosynthesis differed significantly over the test 

period between the first and final day (p<0.0001).
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Figure 6.10 Photosynthesis recorded at each SAM D dilution plus a control w ith no SAM D, on 8 sampling 

days during the 21 day test period (± standard error).

Significant negative correlation was noted between the rate o f photosynthesis and SAMD 

concentration, Mg, sulphate, Mg (no duckweed), Mn (no duckweed) and sulphate (no 

duckweed) (p < 0.01).
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6.3.4. Biomass analysis

Figure 6.11 illustrates the results for dry biomass on the final day o f  the test period. The 

mean o f three samples is shown with standard error bars. The results clearly show that the 

biomass differed depending on the concentration o f  SAMD. The line on the graph 

indicates the mean value o f three representative samples that were taken on day 1 for 

assessment o f  dry biomass. All test concentrations showed an increase in growth when 

compared to the mean value taken at the beginning o f the test period.
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Figure 6.11 Mean final biomass o f  each test concentration after the 2 1 day test period (± standard error). 

Dashed line represents the mean value o f  3 representative biomass samples taken on day 1 (156.2 mg).

A decrease in biomass production is evident between 0% SAMD and 1.5% SAMD. 

However there is no significant difference between 0% and 0.5% or between 1% and 1.5%.
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Figure 6.12 illustrates the change in fresh weight o f  each 30 frond sample taken on each 

sampling day. The samples with 0% SAMD continued with a slight increase in growth 

during the test period, 0.5% remained much the same and a decrease in the fresh weight o f 

the samples was seen for both 1 % and 1.5%. A paired t-test was carried out to compare the 

values on day 1 with the final recorded values on day 21. The test showed a significant 

difference between day 1 and day 21 (p<0.0001).
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Figure 6.12 Fresh weight o f  30 frond sample recorded at each SAMD dilution plus a control with no SAMD, 

on 8 sampling days during the 21 day test period (± standard error).

Significant negative correlation was recorded between the fresh weight o f  each 30 frond 

biomass sample taken during the test period and pH, time, SAMD concentration, Al, Mg, 

sulphate. Mg (no duckweed) and sulphate (no duckweed) (p < 0.01). A significant positive 

correlation was noted with photosynthesis (p < 0.01).
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6.4. Discussion

6.4.]. Metals analysis

The results clearly show that during the 21 day test period, duckweed was unable to 

remove Al from solution and precipitation from solution had little or no effect at the 

concentration o f Al increased throughout the experiment due to the addition o f  final 

effluent once per week (Table 6.1).

The pH o f the test solutions steadily increased across the test period which would have 

determined which species was present. It is understood that A! hydrolyses in solution with 

AP* as the dominant species below pH5, AI(OH)^^ and Al(OH)2 ' form as pH increases, 

A1(0H)3 forms at neutral pH and finally alkaline conditions are dominated by AI(OH)4" 

(Delhaize and Ryan, 1995). In this study, the pH was always above 5 therefore we can 

assume that a range o f these species with the exception o f  Al^^ were present at various 

times, all o f which are considered to be toxic. Aluminium is also known to be highly 

phytotoxic especially at low pH and can be a major factor limiting plant growth (Delhaize 

and Ryan, 1995). It is a non-essential element for plant functioning however it does 

interfere with the uptake and transport o f essential nutrients and impacts enzyme activity 

and metabolic pathways designed as repair mechanisms (Rout et al., 2001). The results for 

Al also indicated that there was a significant difference between its concentration in test 

vessels containing duckweed and those without. However on further examination o f  those 

results, the most relevant differences are those between Al (no duckweed) and Al (with 

duckweed) at the same levels o f  SAMD. In the case o f Al this accounts for ju st 2 levels o f 

SAMD, 1% and 1.5%. For 0% SAMD significant differences were observed for 0.5%, 1% 

and 1.5% which is to be expected. For 0.5% SAMD, no significant differences were noted. 

Figure 6.2 and Table 6.3 show that in the vessels without duckweed the Al content was 

significantly lower than in those with duckweed. It is clear that in moderate concentrations 

o f Al, uptake by L. minor does not occur. This results conflicts with a recent study that 

assessed the ecotoxicological effect o f  Al and Zn on growth and antioxidants in L. minor 

(Radic et al., 2010). The authors concluded that it was a suitable organism for remediation 

o f low levels o f contamination o f both metals due to its potential for accumulation o f  the 

metals and its increased antioxidative capacity. However the study measured these 

responses in single metal solutions at low levels o f 0.15 and 0.3 mM concentrations. The 

authors noted inhibition o f growth parameters at higher levels o f  Al. Another recent study 

investigated the use o f screened municipal wastewater and the activated sludge process in
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the removal o f acidity and metals from AMD (Hughes and Gray, 2013). The authors used 

a high strength SAMD (pH 2.8, Al 120-200 mg/L, Cu 18-30 mg/L, Fe 324-540 mg/L, Mn 

18-30 mg/L, and Zn 36-60 mg/L) and the results indicated that screened and settled 

municipal wastewater had the highest metal removal efficiency. The removal rates were 

90-100 % for Al, Cu, and Fe, 65-100 % for Zn, and 60-75 % for Mn, likely due to co

precipitation and adsorption. The high removal rates recorded by Hughes and Gray (2013) 

differ from the results o f  this study due to their use o f screened, settled municipal 

wastewater whereas the current study used a more pure final effluent.

As previously discussed (Ch. 1, section 1.1.1), iron is highly pH dependent and thus its 

precipitation from solution was expected due to the recorded pH values (Table 6.2). This 

is the likely reason that there was no significant difference between the samples containing 

duckweed and those without. It is an essential micronutrient used in the formation o f 

chlorophyll amongst other processes (Becana et al., 1998). It plays a vital role in the 

electron-transport chains o f photosynthesis and respiration (Connolly and Guerinot, 2002). 

However when in excess, Fe can become toxic and act as a catalyst to generate hydroxyl 

radicals and other toxic oxygen species which are damaging to the plant (Becana et al., 

1998). Therefore both deficiency and excess can lead to stress responses. It has been 

indicated that aerobic wetlands may play a key role in achieving low Fe concentrations 

(<0.5 mg/L) in the treatment o f AMD (Batty and Younger, 2002). The authors noted high 

rates o f uptake o f iron by Pliragrnites australis when the metal was present in relatively 

low concentrations. They grew P. australis over a range o f  Fe concentrations and found 

that at 1 mg/L they achieved the highest uptake o f  almost 100%. However, above Img/L 

the authors noted significant growth inhibition thus the authors recommend its application 

as a polishing step to remove the final 1-2 mg o f Fe from solution. The concentrations o f 

Fe present in the current study are significantly lower than 1 mg/L with evidence o f 

precipitation also recorded; therefore it is likely that singularly, Fe did not generate a 

significant toxic stress in the duckweed however as with all metals in this study its 

interaction with other metals cannot be ruled out.

Magnesium concentration was higher than expected during the experiment to the high 

levels in the final effluent which was supplemented as a nutrient source for the duckweed 

(Table 6.1). The results indicate that there is a significant difference between 

concentrations in vessels treated with duckweed than those without duckweed. However 

on closer examination o f these results, as previously seen with Al, the most relevant
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differences are those that are sign ificant at the sam e level o f  S A M D . In this case that is at 

0% and 0.5%  S A M D . The results indicate that at low  levels o f  M g duckw eed can decrease  

its concentration in solution. M agnesium  is an important m acronutrient for the production  

o f  ch lorophyll and is essential for photosynthesis. O ne study assessed  the tox ic ity  o f  

M gS 0 4  u sing five freshw ater sp ec ies including a green alga, cladoceran, cnidarian, snail 

and fish  (Cam illeri et al., 200 2 ). The authors recorded N o  O bserved E ffect C oncentrations  

(N O E C ) and found that they varied from 11 m g/L  for cnidarian, green hydra, to 1086 m g/L  

for the green alga, C h lo re lla  sp. T hese va lu es are far in ex cess  o f  the concentrations in this  

study; how ever m ulti-m etal interaction m ust be taken into account in addition to the use o f  

a floating m acrophyte w hich  w as not represented in the 5 sp ec ies tested.

Zinc is an important m etal for plant growth and developm en t and is necessary for m any o f  

the physio log ica l functions w ithin a plant as a m icronutrient (H afeez et al., 201 3 ). The 

results sh ow  that there is a sign ificant d ifference in concentration betw een the v esse ls  w ith  

duckw eed and those w ithout, h ow ever w hen the results are further developed  w e can see  

that w hilst several o f  the d ifferences are sign ifican t betw een treatm ents at d ifferent levels  

o f  S A M D , it was only at 1.5% S A M D  that Zn concentration w as sign ifican tly  higher in the 

control. The results in Table 6 sh ow  that in m ost cases the concentration o f  Zn is higher in 

the controls w ith no duckw eed h ow ever it is p ossib le that the lack o f  sign ifican ce at these  

levels is due to the low  initial concentrations thus the d ifferences are not very big. A  

recent study investigated the effect o f  a variety o f  zinc concentrations to three plants 

Lem iia g ih h a, Lenina m in or  and S p irodela  p o ly rrh iza  L (Uru9 Parlak and D em irezen  

Y ilm az, 201 2 ). The concentrations that w ere tested ranged from 0 . 0 1 - 1 . 5  m g/L  w hich  

are sim ilar to the concentrations in this research and the test period w as 4 days. I ’he 

results sh ow ed  that as the Zn concentration in the water increased, so  did the Zn 

concentration in the plant tissue. These findings corroborate the find ings o f  this research  

w hich concluded that at 1.5% S A M D  (w hich  contained an initial Zn concentration o f  1.47  

m g/L) the test v esse ls  contain ing duckw eed had a sign ificantly  low er final concentration  

than those w ithout duckw eed. The authors m easured the antioxidative response o f  the 

plants and determ ined that antioxidant production increased linearly w ith increasing Zn 

levels. R adic et al., (2 0 1 0 ) found that w hen testing the p hytotoxicity  o f  A l and Zn, Zn 

recorded a higher uptake rate than A l w hich resulted in a higher level o f  tox ic ity  than Al 

due to the increased production o f  ROS indicating high levels  o f  ox id ative stress.
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The results here show that there is a significant difference between Mn concentration with 

and without duckweed. The results indicate that at higher concentrations, duckweed 

reduces the Mn concentration in SAMD (Figure 6.6; Table 6.7). Due to the extremely low 

levels recorded at 0% and 0.5% SAMD, no difference is observed however the difference 

between the test vessels with duckweed and those without is significant at both 1% and 

1.5% SAMD. Manganese is an essential micronutrient for several processes within plants 

primarily within photosynthesis (M illaleo et al., 2010). in excess it can become toxic with 

results such as oxidative stress, decreased photosynthesis and decreased biomass (Millaleo 

et al., 2010). One study investigated the wastewater treatability potential o f  several aquatic 

macrophytes in the removal o f heavy metals from solution (Rai et al., 1995). The authors 

used free-floating, submerged and emergent plant species for testing which included 

Hydrodictyon reticiilatuin, Spriodela polyrrhiza, Chara corallina, Ceratophylliim  

demersiim, Vallisneria spiralis, Bacopa monnieri, Alternanthera sessilis and Hygrorrhiza 

aristata. The following metals were assessed: Cu, Cr, Fe, Mn, Cd, and Pb. Whilst the 

plants differed in their removal capacities, it was generally observed that the higher the 

metal concentration in solution, the higher the metal accumulation o f  the plant. The 

authors found that the preferential sequence o f  metal accumulation was 

Fe>Pb>Mn>Cr>Cu>Cd. Plants o f  C. demersiini accumulated high amounts o f Mn 

(11.81 |imol/g dry weight) with an initial Mn concentration in solution o f  6.63|iM.

The results for copper, lead and cadmium indicate that there is a reduction during the test 

period but due to the extremely low levels tested and the detection limits o f  the instrument 

used, a conclusive result cannot be drawn. However in the case o f  all three metals, there 

are more values above detection limits within the first half o f  the experiment than the 

second which indicates that they are being reduced or removed either by the duckweed or 

through precipitation. Lenina minor has been previously shown to have the ability to 

remove lead from contaminated lakes which is an extremely toxic metal to humans, plants 

and animals (Rahmani and Sternberg, 1999). The authors tested lead at significantly 

higher levels (5 mg/L) than those found in this study; however they tested in a single metal 

solution. The test period was 21 days and the authors used three types o f L. minor, a 

‘virgin’ plant, a plant that had been previously exposed to lead and a non-viable plant.

They found that viable duckweed biomass could remove up to 90% o f  the lead, whereas 

duckweed biomass previously exposed to lead could only remove up to 80%.

Interestingly, the non-viable plant material removed up to 75% o f the lead from solution. 

These results indicate that the duckweed is only taking up a small percentage o f  the metal
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and there must also be a combination o f  precipitation or adhesion to the plant biomass 

facilitating removal in conjunction with uptake. Another recent study assessing the 

toxicity o f  lead determined the EC50 values o f  the metal to be 6.8±0.2 mg/L and 

5.5±0.1 mg/L for 4 and 7 day test periods respectively. These values are also significantly 

higher than the quantities o f lead present in this study (Dirilgen, 2011), therefore it can be 

assumed that L. minor is not severely impacted by the quantities in the SAMD used in this 

research. Another study found that L. minor had the ability to remove metals from a m ulti

metal wastewater in the order o f  Cr>Zn>Pb>Cu>Cd (Sekomo et al., 2012). The authors 

reported that using a L. minor system for this purpose compared favourably with other 

natural systems. They conclude that it is suitable for treatment o f low concentrations o f 

metals and suggest a pre-treatment step for higher concentrations. Copper, lead and 

cadmium had similar removal efficiencies o f 27, 33% and 36% respectively. The initial 

influent concentrations o f  these metals were 0.05 mg/L (Cd), 0.1 mg/L (Cu) and 0.25 mg/L 

(Pb).

There is a wide variation in the results obtained in many multi-metal studies with many 

offering conflicting results. This is often due to the ‘cocktail' o f  metals that are present 

with various combinations and concentrations assessed, it is difficult to fully understand 

the extent o f metal interactions in such pollutants with some metal relationships being 

described as synergistic, additive or antagonistic whilst factors such as co-precipitation 

also need to be considered at varying pH levels and metal concentrations. For example, 

Bharti and Banerjee (2012) report the positive use o f L. minor in remediation o f  AMD.

The authors also investigated the use o f  L. minor for the treatment if  m ining effluent 

comprised o f 8 metals Fe, Mn, Cu, Ni, Zn, Pb, Cr and Cd. However the composition is not 

the same as the current study in which Al and Mg are present and both Ni and Cr are not. 

As previously mentioned in the introduction to this study, section 6.1, the authors reported 

the following removal rates: Mn (99.5%)>Cu (98.8%)>Zn (96.7%)>Ni (94.5%)>Fe 

(93.1%)>Cd (86.7%)>Pb (84% )>Cr (76%). These results indicate that L. minor 

successfully treated the coalmine effluent, which is in contrast to the results obtained 

during this study. Firstly, Al is highly phytotoxic as previously discussed and is one o f  the 

dominant metals in the SAMD used during this research. The absence o f  Al would likely 

alter the results. Chromium is listed as an additional element in the conflicting study; 

however it is known that in the presence o f sulphate, Cr toxicity is lessened and therefore 

may not have had a significant toxic effect on L. minor (Appenroth et al., 2008). Chapter 1 

o f this thesis, section 1.4.2 discusses the L. minor and multi-metal samples. The research
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investigated in this section highlights the complexity o f determining the exact source o f  

toxicity in multi-metal samples as removing one metal can cause the toxicity o f  another to 

increase, or the addition o f a metal may reduce the overall toxicity as it may limit the 

uptake o f the other metals present.

6.4.2. Sulphate analysis

The results obtained in this experiment indicate that there is a difference in sulphate 

concentration between vessels with duckweed and those without. However when these are 

examined we see that the relevant concentrations here are at 0% SAMD and 1% SAMD.

In both cases there is a decrease in sulphate in the absence o f duckweed. Sorption 

processes do not impact sulphate concentration and it is also not affected by natural 

neutralisation processes that occur in bodies o f  water (Gray, 1996b). This makes it a 

reliable indicator o f  AMD. A study on the modification o f chromate toxicity by sulphate 

in duckweeds found that when measuring the toxicity o f chromate using S. polyrrhiza and 

L. minor, increased sulphate concentrations caused a reduction in chromate toxicity 

(Appenroth et al., 2008). The authors investigated chromate toxicity at 3 different levels o f  

sulphate, l3|xM (low), 4IO|iM (normal) and l0,000(iM (high). Another study on the 

toxicity o f  increased sulphate concentrations to the aquatic moss Fontinalis antipyretica 

indicated that over a 21 day exposure period at 1500 mg/L sulphate, significant reduction 

in growth was seen in soft waters (19 mg/L CaC03 ) which reduced with increasing 

hardness (105 mg/L CaC03 )(Davies, 2007). The authors concluded that water hardness 

played a role in the expression o f sulphate toxicity in plants. The sulphate concentration is 

much lower in the current study due to dilution o f  SAMD prior to use. The null hypothesis 

(hypothesis viii) cannot be rejected in this case.

6.4.3. Photosynthesis and chlorophyll a analyses

Chlorophyll a measurements showed the reduction in chlorophyll production in all test 

vessels including at 0% SAMD. This is possibly due to the chemical breakdown o f  the 

final effluent. A gradual decline in chlorophyll content is seen over the test period, 

however there is no significant difference between treatments from 0% - 1.5% SAMD.

The decline o f  this pigment is indicative o f stress within the plant. For example, 

photosynthetic pigments and soluble proteins have been seen to decrease in the presence o f  

cadmium (5 mg/L for decrease in pigments, 10 mg/L for decrease in soluble proteins)(Uru9
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Parlak and Demirezen Yilmaz, 2013). Whilst the levels o f  cadmium are significantly 

lower in the current study, the total metal concentration is considerably higher.

The results o f  the photosynthesis analysis illustrate an immediate decline in the rate o f 

production o f  oxygen which then levels out. The production o f  oxygen at 0% and 0.5% 

SAMD are similar with 1% and 1.5% also showing similarities. There appears to be a 

significant difference between the former two concentrations and the latter, with the latter 

showing greater inhibition o f  the production o f  oxygen which is to be expected due to the 

higher concentrations o f  metals and sulphate. There is a lot o f  variation associated with 

these results and ‘shading out’ o f fronds could be considered to be an issue during this 

procedure. To obtain sufficient oxygen production, 30 fronds were placed in the chamber 

for each replicate. The chamber had a mere 2ml capacity thus resulted in overlap o f fronds 

which may have contributed to these results. A recent study on the response o f L. minor to 

copper showed that whilst Cu inhibited growth at concentrations greater than 0.3 mg/L, at 

0.2 mg/L net photosynthesis increases times three compared to the control (Khellaf and 

Zerdaoui, 2010b). The authors concluded that copper was responsible for a 130-290% 

increase in photosynthesis and advocate the use o f  L. minor as a biomonitor for the 

evaluation o f  copper pollution. This result does not reflect the results obtained in the 

current study however there are many factors contributing to that. Firstly, the authors used 

only single metal solutions so comparison is not possible and secondly, their method o f 

measuring photosynthesis involved the use o f  an infrared gas analyser (IRGA) in a closed 

system which may not have the same limitations o f  use as the use o f  an oxygen electrode 

system.

6.4.4. Biomass analysis

The results obtained show growth at all levels o f  SAMD o f almost double the starting dry 

weight at a minimum at higher levels (1% and 1.5%). Growth was much higher at 0.5% 

and 0% SAMD (Figure 6.10). There is no significant difference in growth between 0% 

and 0.5%, also no difference between 1 % and 1.5%. However the reduction in dry 

biomass with just a 0.5% increase in SAMD from 0 .5% -l%  is quite large with the final day 

recording for 0.5% almost double that o f  1%. These results show that whilst growth is 

inhibited at low levels o f  SAMD, L. minor still manages to maintain some growth. When 

compared to ideal conditions which have recorded a doubling time o f 2-3 days in some 

cases, the highest levels o f  SAMD showed the same amount o f  growth in 21 days, albeit in
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a stressful environment. In the vessels with no SAMD, biomass quadrupled during the 

same time period, however this is still much lower than the growth rate in ideal conditions.

One o f the main limitations o f this study was the trace metal content o f  the municipal final 

effluent used. Whilst there are many reasons to use this effluent as a nutrient supplement, 

it can often contain trace metals. As seen for certain metals in this study, such as 

aluminium, this results in an increase in metal content, rather than a decrease. This is not 

consistent across all metals tested however, as the trace metal content o f  the effluent can 

vary and is dependent upon the type o f influent that was treated. For this reason, trace 

metal content o f  municipal final eflluent can fluctuate. Overall whilst the results o f  this 

study show that duckweed can remove small quantities o f  some metals from SAMD, it 

would appear that it is not a suitable organism for the treatment o f SAMD, in particular 

SAMD with a high Al content such as the one used for this study. As previously 

discussed, other studies have reported conflicting results. Biomass, chlorophyll and 

photosynthesis are all significantly inhibited by the very low levels o f  SAMD used in this 

experiment. Perhaps a longer retention period is necessary, and the generation o f mass 

balance results including measuring the metals in the duckweed biomass would be 

beneficial to the further study o f this treatment type. From the literature however, it would 

seem that treatment o f  single metal solutions or perhaps binary mixtures may be a more 

suitable approach for L. minor. It is likely that this organism would benefit from co

treatment with another macrophyte and may produce better results. However the overall 

removal percentages for each metal is quite high indicating the combination o f 

precipitation and uptake by duckweed may be successful for certain metals.
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6.5. Conclusions

• Hypothesis xii -  Lemna minor can remove significant quantities o f  metals 

from  SAMD.

- Aluminium concentration in SAMD is not reduced by L. minor due to its 

phytotoxicity. An overall increase was observed in Al concentration.

- Iron concentration decreased due to precipitation with increasing pH.

- Lenma minor can significantly decrease the concentration o f magnesium 

at lower concentrations o f  SAMD (0.5% and 0%).

- Zinc concentration in SAMD is reduced by L. minor.

- At higher concentrations o f  SAMD (1.5% and 1%) L. minor can decrease 

manganese concentration.

- Results are inconclusive for copper, lead and cadmium due to the low 

levels encountered in the study.

• Hypothesis xiii — Lemna minor can significantly decrease the levels o f  

sulphate in AMD.

'  Lemna minor does not decrease the level o f  sulphate in SAMD. Ho 

cannot be rejected.

- Sulphate concentrations decreased at 0% and 1 % SAMD in the absence o f 

duckweed.

• Hypothesis xiv -  Lemna minor can reduce the overall toxicity o f  AM D prior  

to discharge to surface waters.

- Lenma minor is not a suitable candidate for remediation o f aluminium 

dominated AMD. Ho cannot be rejected.

- Lenina minor can decrease the concentration o f some metals but not all 

metals present in SAMD. Ho cannot be rejected.

- Biomass decreases with increasing concentrations o f  SAMD.

- Chlorophyll a and photosynthesis both decrease in the presence o f  low 

levels o f  SAMD.
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7. Discussion

7.1. Background

Mining is an ancient practice but prior to tiie 20"' century however, it was very poorly 

regulated. This has resulted in countless abandoned mining sites around the world that 

mining companies are not legally responsible for. It is the poor regulation o f  these sites 

that has resulted in them becoming a source o f AMD pollution, which has devastating 

impacts on the surrounding ecosystems. As the maintenance o f  these sites falls to 

government bodies, it has become very important to create simple methods for impact 

assessment and treatment o f the problem without generating huge expense, it is now 

required that all countries within the European Union create an inventory o f  abandoned 

mining sites (Directive 2004/35/EC), the risks associated with the sites and the 

environmental impacts, therefore the next step is to actually treat the problem. The 

purpose o f  this research was to generate a simple method o f  assessing the extent o f the 

problem at each site, with a view to treating the problem in a sustainable manner.

7.2. Summary

7.2.1 Phase I -  Toxicity testing o f  AMD using Lemna minor 

This research was sub-divided into several strands. The initial phase involved toxicity 

testing o f synthetic AMD using Lemna minor. During this phase SAMD was tested as a 

whole, comprising Al, Fe, Mg, Zn, Mn, Cu, Pb and Cd along with a high level o f sulphate 

and low pH. The British Standard ^Duckweed growth inhibition test' was used throughout 

the toxicity testing. The results indicate that L. minor responds to the pollutant in a 

predictable manner. The original ECso values obtained for whole SAMD were then used 

as baseline values for comparison when Cu and Zn were removed and also for the effect o f 

pH adjustment to pH 6. Copper was chosen as one o f the metals for exclusion as it is 

highly toxic when in excess. A study on the growth response o f the duckweed L. gibba to 

both Cu and Ni toxicity showed that the duckweed was able to tolerate Cu at 

concentrations o f <0.3 mg/L however once the concentration reached 0.45 mg/L 50% 

growth inhibition was observed (K hellaf and Zerdaoui, 201 Oa). The authors noted that the 

lowest concentration causing complete inhibition for Cu was 0.5 mg/L. Removal o f Cu 

from SAMD during toxicity testing did not generate a decrease in toxicity as expected.

This can be attributed to the multi-metal interactions in SAMD. The total Cu 

concentration in the SAMD used was 4.8 mg/L however this was diluted during the
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toxicity experiment with a maximum o f  10% SAMD (which has a copper content o f  0.48 

mg/L) and a minimum o f 0.001% SAMD (which has a Cu content o f  4.8 x 10"  ̂ rng/L). 

Khellaf and Zerdaoui (2010) recorded an ECso value o f 0.45 mg/L for Cu so at 10%

SAMD the concentration o f Cu should be enough to inhibit duckweed growth by almost 

50% if it was the only metal in solution. The EC50 values recorded for SAMD in this study 

were 2.8%, 0.7% and 6.1% for frond number, biomass and frond area respectively. An 

earlier study on the effect and tolerance o f  heavy metals to the duckweed L. minor exposed 

the plant to varying concentrations o f Cu, Ni, Cd and Zn (Khellaf and Zerdaoui, 2009).

The authors found that at concentrations o f  0.2 mg/L Cu promoted duckweed growth, 

whilst an EC50 value o f  0.47 mg/L was obtained which correlates with their 2010 study 

previously mentioned. However Cd and Zn had EC50 values o f  0.64 mg/L and 5.64 mg/L 

respectively. At 100% concentration, the SAMD used in this research contained 88.2 

mg/L and 0.2mg/L respectively for Zn and Cd. This corresponds to a range o f  8.82 -  

0.82x10'^ mg/L for Zn and 0.02 -  0.02x1 O '* mg/L for Cd once diluted to the concentrations 

used in the toxicity study. The EC50 value recorded by Khellaf and Zerdaoui (2009) for Zn 

falls within this range; however the value for Pb is much lower, therefore it is assumed that 

Pb is contributing a negligible amount to the overall toxicity. A possible explanation for 

the increase in toxicity when Zn was removed from SAMD may lie within its effect on Cu 

toxicity. It has been recorded that Zn can cause a decline in the uptake o f  Cu in a m ulti

metal sample (Upadhyay and Panda, 2010). The authors measured the oxidative stress 

caused by Cu through measurement o f  lipid peroxidation, total peroxide, super-oxide anion 

and lipoxygenase activity. Zn was seen to reduce the oxidative damage that was induced 

by Cu. The authors also showed an increase in the production o f  antioxidative enzymes 

when Cu and Zn were present together when compared to each metal individually, 

illustrating how Zn can control Cu toxicity to Spirodela polyrrliiza. Wang (1986) ranked 

the toxicity o f  metals to duckweed based on their EC50 values. The metals were ranked in 

the following order Cd>Ni> Cu>Se>Fe>Pb>Zn> Ba>Mn>Cr (EC50 values o f  0.2, 0.45,

1.1, 2.4, 3.7, 8, 10 ,26,31 and 35 mg/L respectively). The values for Cd and Cu are 

significantly lower than those obtained by Khellaf and Zerdaoui whilst the value for Zn is 

almost doubled. There is much variation within the literature for EC50 values o f heavy 

metals. Overall it appears that further study on the metal interactions within a multi-metal 

pollutant such as AMD is required to fully understand how some metals can mitigate the 

effect o f another or in some cases even increase observed toxicity. With eight metals to be 

taken into account it may be difficult to show the exact metal interactions affecting the 

toxicity. For this reason L. m inor is an excellent organism for toxicity testing and impact
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assessment o f  AMD as it can incorporate each element into a total biological response 

which is indicative o f the effect to various biota within a water body.

7.2.2 Phase 2 -  Lemna minor as a tool fo r  impact assessment o f  AMD  

The results o f  the first phase o f the research indicated the potential o f  duckweed to act as a 

bioindicator o f  AMD. There are many methods used currently to assess the impact o f 

AM D on surface waters ranging from Microtox bioassay, BOD inhibition test, activated 

sludge respiration inhibition test, diatom analysis, the use o f D. magna, macroinvertabrate 

analysis and chemical analyses (Zalack et al., 2010, Schowe et al., 2013, Gray, 1996b,

Gray and Delaney, 2008, Gray and Delaney, 2010, Gray and O'Neill, 1997, Soucek et al., 

2000, Gerhardt et al., 2004, Gerhardt et al., 2005, Pagnanelli et al., 2008, Van Damme et 

al., 2008, De Jonge et al., 2008, Clarke et al., 2002, Sola et al., 2004). The duckweed 

impact assessment method compared favourably with these methods. As a primary 

producer, duckweed can incorporate all aspects o f  the toxicant and provide an indication o f 

the biological status o f the water body. There have been arguments over the sensitivity o f 

duckweed compared to other organisms; however this issue has been addressed, as 

discussed in Chapter 1. It would seem that duckweed can become tolerant o f  pollutants in 

its natural environment and therefore can be considered to be robust, however if a 

duckweed stock is cultured under ideal conditions it is sensitive to any change that may 

occur in its environment. In the second phase o f this research, samples o f water were taken 

from the Avoca River in Co. Wicklow. The samples were taken downstream o f  several 

AMD inputs, the Deep adit, Ballymurtagh adit and also some bank infiltration near the two 

adits. The results showed that the duckweed impact assessment method was able to 

discriminate well between sites, illustrating a gradient o f  pollution downstream. The 

results also correlated with the key components o f  AMD (metals, sulphate, low pH) and 

complemented an already established chemical assessment method, the AMDl (Gray, 

1996b). The benefits o f this method are that it is a very simple test and the costs associated 

are very low, therefore it could be used as a regular monitoring system for surface and 

groundwaters. If  used at regular intervals, this method could also be used to detect 

changes in the water quality and act as an early warning ‘alarm system ’.

The second phase o f the research also highlighted the effect o f  buffering capacity on the 

toxicity o f AMD. It is known that the size and buffering capacity o f  a receiving body o f 

water plays a vital role in controlling AMD damage (Peretyazhko et al., 2009). Increased 

buffering capacity was found to have a mitigating effect on toxicity o f the pollutant. In
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assessing the toxicity o f  a substance to a body o f  water, there has been increasing focus on 

the use o f  water from the source as diluent in order to determine a more site specific 

toxicity evaluation (Wang, 1986a). A study was carried out using a comparison between 

river water and distilled water in the dilution o f  heavy metals to compare the phytotoxic 

response o f L. minor (W ang, 1986a). The metals tested were Ba, Cd and Cr. Barium was 

found to have moderate toxicity in deionised water with an EC 50 value of26 mg/L. When 

river water was substituted for deionised water, the toxicity o f Ba decreased dramatically 

showing almost no effect at 50 mg/L. In contrast when deionised water was used at 50 

mg/L Ba, 80% growth inhibition was observed. This effect was seen to a lesser extent with 

Cd with a 0.25 mg/L concentration resulting in 60% and 27% inhibition for deionised and 

river waters respectively. Chromium toxicity was not reduced by the river water. These 

results support the findings o f  the current study.

7 .23  Phase 3 — Growth o f  L tm na mmov on AMD  

The results o f  the second phase o f this research highlighted L. m inor's sensitivity to AMD. 

The next phase was to determine first o f  all, if duckweed growth could be encouraged 

through the addition o f  municipal final effluent or septic tank effluent as a nutrient source 

instead o f  as standard nutrient solution such as modified APHA nutrient medium which 

would become costly if used on a large scale. There are many studies which illustrate the 

ability o f  L. minor to act as a secondary treatment system for wastewaters or to ‘polish’ the 

effluent prior to discharge. These studies indicate its ability to grow on wastewater and 

reduce the levels o f  TN and TP prior to discharge into surface waters (M etcalf and Eddy,

1991, Bonomo et al., 1997, Oron et al., 1986, Oron et al., 1988, Cheng et al., 2002b, 

Mohedano et al., 2012). The literature available on the use o f L. minor in the treatment o f 

various wastewaters lead to the choice o f wastewater as a nutrient supplement for the 

experiment with a view to keeping operational costs as low as possible. It was then 

necessary to determine if AMD could itself provide some o f the vital elements for plant 

growth if diluted enough. Several o f  the metal components o f the AMD are elements 

required for flinctions within plants such as growth and reproduction however they are 

found above their toxicity threshold within the pollutant. The lowest ineffective dilution o f 

AMD was measured to see at what point the duckweed growth was no longer inhibited by 

it. As previous studies had shown the ability o f  both screened and settled wastewaters to 

decrease the toxicity o f  AMD, nutrient supplementation by wastewater seemed an obvious 

next step in determining whether or not this would increase the LID (Hughes and Gray, 

2013). As municipal wastewater tends to be alkaline, this also affects the toxicity o f AMD
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through precipitation o f metals from solution which would reduce toxicity prior to 

treatment by L. minor.

7.2.4 Phase 4 -  Treatment o f  AMD by Lemna minor 

Finally a batch metal removal experiment was set up to investigate metal removal during a 

21 day test period for SAMD supplemented by a wastewater nutrient source. Previous 

studies have proved that duckweed is capable o f  treating SAMD; however the composition 

o f this mine effluent differed from the composition o f the SAMD used in this research and 

the results showed that L. m inor cannot significantly detoxify SAMD that is high in Al.

The results obtained in this study are in contrast to a recent study which successfully used 

L. minor to treat AMD (Bharti and Banerjee, 2012). The primary difference between the 

two studies is the composition o f  the AMD investigated. Whilst Al was noted as one o f the 

more toxic components o f the current study with no removal from solution noted, it was 

not a component o f the AMD tested by Bharti and Banerjee (2012). A recent study on the 

effect o f  pH and metal concentration on phytoaccumulation o f zinc by three species o f 

duckweed was investigated (Jafari and Akhavan, 2011). The duckweeds used were L. 

minuta, L. minor and L. irisitlca. The duckweed was treated with zinc concentrations o f 15 

mg/L with accumulation in the order o f L. trisiilca (97%)> L. minuta (89%)> L. minor 

(83%). The authors concluded that duckweed was a suitable organism for the removal o f  

zinc from contaminated waters. This was also seen in the results o f  the current study with 

a significant difference in Zn concentration remaining in the water phase between the 

vessels containing duckweed and those without. Another study also showed that at a range 

o f test concentrations the duckweed L. gibba was capable o f  high Cu accumulation (60- 

80%, 1.5 mg/g dry biom ass)(Khellaf and Zerdaoui, 201 Oa). There are many other studies 

indicating the ability o f duckweed to remove metals from single metal solutions however 

comparing the results o f these studies to those that use multi-metal pollutants can be 

unrealistic in some cases. Certain metals can be seen to either promote or reduce the 

uptake o f other metals from solution as discussed in Chapter 1. Dirilgen (2001) 

investigated the uptake o f Cr, Zn, Cu and Co using L. minor both singularly and in binary 

combinations to see how the metals affected each other. For example, Cr was found to 

inhibit the uptake o f Zn, Cu and Co when compared to their uptake singularly, whilst those 

three metals were also seen to increase the uptake o f Cr. Copper was shown to reduce the 

uptake o f both Zn and Co, whilst Zn reduced the uptake o f  Co and Co reduced the uptake 

o f Cu. However these results would likely change if more metals were added to the 

mixture, further illustrating the complexity o f working with samples containing many
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different metals. Lead is also known to have an antagonistic effect on the uptake and 

transport o f  Ca, Fe, Mg, Mn, P and Zn which in trace amounts are essential nutrients for 

plant growth (Patra et al., 2004). A recent study investigated uranium concentrations in 

water and aquatic plants in Beiras, Central Portugal (Favas et al., 2014). The authors 

tested the accumulation o f uranium in 28 species made up o f submerged macrophytes, 

free-floating and rooted emergent. They concluded that the plants tested had the ability to 

retain levels or uranium much higher than those found in ambient water and ranked their 

abilities in order o f submerged macrophytes, rooted emergent macrophytes and finally 

free-floating. However the authors noted that L. minor had the greatest capacity for 

uranium accumulation than the other free-floating macrophytes, recording 42.5 mg/kg 

plant biomass. Another study in Kirka, Turkey, investigated the ability o f Lemna gibba as 

an ecological indicator o f boron contaminated mine water. The authors concluded that it 

was capable o f acting as both an indicator o f  the pollutant and also a tool for 

phytoremediation due to its propensity to accumulate boron from the effluent (Bociik et al., 

2013). With the results o f  this study in combination with the varying metal removal 

results in the available literature, it would appear that duckweed has potential for metal 

removal in certain circumstances depending on the concentration and combinations o f 

heavy metals.
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1 3 . Implications of this research

The overall imphcation o f this research is the generation o f an efficient, cheap and simple 

method o f  assessing the impact o f  AMD in surface waters that would be widely accessible. 

Chemical assessment o f  AMD impacted waters can be cost prohibitive and the duckweed 

impact assessment method is a viable alternative. A viable low-cost alternative could lead 

to the beginning o f tackling this problem globally is a positive step forward.

Metal removal through uptake by duckweed and precipitation o f metals, likely due to the 

regular addition o f municipal fmal effluent, still resulted in a decrease in metal content and 

an increase in pH thus may provide a method o f reducing the toxicity o f  AMD even if not 

remediating it completely. Where remediation is prohibited by cost, then this method 

could be employed as an interim measure. Many o f  the metals present were significantly 

decreased through a combination o f precipitation, co-precipitation and uptake by 

duckweed, therefore the method definitely lessened the toxicity o f AMD. Further research 

into combining duckweed with another macrophyte or passive treatment system may be 

beneficial. A recent study investigated the phytoremediation o f boron mining effluent 

from the w orld’s largest borax mine in Kirka, Turkey (Tiirker et al., 2013). The authors 

used a polyculture o f common reed {Phragmites australis) and cattails (Typlia latifolia) 

which significantly reduced the concentration o f boron. They concluded that in 

combination, the macrophytes could successfully treat the effluent.

This research has contributed a viable biological alternative to assessing the impact o f 

AMD in surface waters. It has also shown that the response o f the plant can be altered by 

the buffering capacity o f the water body or whether the contamination is in a hard or soft 

water catchment. The duckweed impact assessment method is capable o f distinguishing 

between polluted sites in all cases.
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7.4. Main Conclusions

• Lemna minor responds in a predictable manner to AMD mailing it a reliable 

indicator for AMD toxicity assessment and impact analysis.

• Baseline SAMD has an EC50 o f  2.8%, 0.7% and 6 .1 % o f its original strength using 

frond number, biomass and frond area respectively whist the lowest recorded 

values were for SAMD adjusted to pH6 in conjunction with the removal o f  copper. 

This resulted in EC50 values o f  7.3%, 13.8% and 32.3% for frond number, biomass 

and frond area respectively.

• Duckweed can be used as a measure o f  AMD impact in surface waters and is as 

sensitive to the pollution as other bioindicators.

•  The duckweed impact assessment method correlates with key physico-chemical 

parameters in AMD and complements an already established chemical based 

method o f AMD assessment.

•  The buffering capacity o f a water body significantly changes the level o f  toxicity o f 

AMD to duckweed, with harder waters mitigating the toxicity o f the pollutant.

•  The lowest ineffective dilution o f AMD was increased for the frond number growth 

parameter; however the results for biomass and frond area were too variable to be 

conclusive.

•  Both municipal final effluent and septic tank effluent contain sufficient nutrients to 

support duckweed growth as a replacement for modified APHA nutrient medium.

•  Lemna minor is not a suitable candidate for remediation o f  aluminium dominated 

AMD.

•  Lemna minor can decrease the concentration o f some metals but not all metals 

present in SAMD.

•  Lemna minor did not decrease the level o f  sulphate in SAMD.
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•  B iom ass decreases w ith increasing concentrations o f  SAM D.

•  Chlorophyll a and photosynthesis both decrease in the presence o f  low levels o f  

SAM D.

7.5. Recommendations

D uckw eed has show n good potential for both toxicity  testing  and im pact assessm ent o f  

A M D . Lenina m inor should be used as a b io indicator o f  A M D  in surface and ground 

w aters and could also be used to  provide a low cost, sim ple early w arning detection  system  

for heavy m etal contam ination if  know n areas o f  high risk w ere sam pled at regular 

intervals.

Further study is recom m ended for the effect o f  w astew aters on the LID  o f  single or m ulti

m etal pollutants to L. minor, as both m unicipal final effluent and septic tank effluent were 

capable o f  m aintaining duckw eed grow th equally  as w ell as m odified A PH A  nutrient 

m edium .

R esults o f  this research indicated that L. m inor w as not suitable for the detoxification  o f  Al 

dom inated A M D , how ever further research should be conducted w ith o ther m ulti-m etal 

com binations to determ ine its suitability  for biorem ediation as the plant has show n 

potential in both single m etal sam ples and binary metal sam ples in the past. This study 

also show ed that w hilst duckw eed w asn ’t capable o f  treating the A M D  w ithin the 21 day 

test period, it was in fact capable o f  significantly  reducing the levels o f  M g, Mn and Zn.

There has been som e evidence that duckw eed grow th under certain conditions including 

stressful conditions can generate a high starch biom ass w hich in turn  can be used to  m ake 

bioethanol (Xu et al., 2 0 1 1, Ge et al., 2012). This is an interesting and topical area o f  

research as the dem ands o f  the current crop system s for generating  bioethanol are high and 

can have detrim ental consequent effects for the environm ent, thus grow ing  duckw eed for 

use as a polishing step in the treatm ents o f  various pollutants and w astew aters may provide 

a viable alternative. D uckw eed ponds can be created on land that w ould  be unsuitable for 

crop grow th and therefore w ould  not affect food production.
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