
ADDIS ABABA UNIVERSITY 

SCHOOL OF GRADUATE STUDIES 

ENVIRONMENTAL SCIENCE PROGRAM 

 
 
 

  

 

 

 

 

 

 

 

Development and Assessment of the Efficiency of a Duckweed (Spirodela polyrrhiza)   

-Based System for the Treatment of Domestic Wastewater. 

A thesis submitted to the School of Graduate Studies of the Addis 

Ababa University in Partial Fulfillment of the Requirements for 

the Degree of Master of Science in Environmental Science. 

 

By: Mekdes Demeke 

June, 2010 

        Addis Ababa, Ethiopia 



 

 

ADDIS ABABA UNIVERSITY 

SCHOOL OF GRADUATE STUDIES 

ENVIRONMENTAL SCIENCE PROGRAM 

 

Development and Assessment of the Efficiency of a Duckweed (Spirodela polyrrhiza)   

-Based System for the Treatment of Domestic Wastewater. 

 

By Mekdes Demeke 

 

A thesis submitted to the School of Graduate Studies of the Addis Ababa 

University in Partial Fulfillment of the Requirements for the Degree of 

Master of Science in Environmental Science. 

 

Approved by Examining Board:- 

Name and Signature of Members of the Examining Board  

 

  Name        Signature        Date 
 

1. Dr. Seyoum Leta (Advisor)                  

2. Dr. Demeke Kifle (Advisor)                       

3. Dr. Hameed Sulaiman (Examiner)             

4. Dr. Mekibib Dawit (Examiner)                  

5. Dr. Seyoum Leta (Chairman)                     



i 

 

 

Abstract  

Duckweed plants usually are able to grow on water rich in organic nutrients which supply these 

plants with the necessary growth requirements. Their rapid growth in nutrient rich wastewater 

and worldwide distribution makes these plants suitable for wastewater treatment. 

Wastewater effluent collected from Arat Kilo campus of Addis Ababa University was used to 

evaluate duckweed plants’ treatment efficiency. The system was designed using two different 

phases. Phase I was with operating conditions of Hydraulic Residence Time (HRT) of 10 days, 

Flow Rate (Q) of 0.0081m
3
/d and Hydraulic Loading Rate (HLR) of 0.03m/d. Phase II was 

designed with operating conditions  43 Kg/ha/d of OLR, 15 days of HRT, 0.0064m
3
/d of Flow 

Rate and 0.024m/d of HLR. A total of 18 samples for the entire treatment period were collected 

and analyzed for the selected physico-chemical and bacteriological parameters. For algal 

biomass determination samples were collected every five days for each treatment phase and 

analyzed. A total of seven plant biomass samples were evaluated for crude protein content.  

Removal efficiency of the duckweed plant obtained for some of wastewater quality parameters 

were 89% (BOD5), 87% (COD), 87% (TSS), 72.5% (NO3
-
), 44% (NH4

+
), 57.5% (TN), 94.4% 

(PO4
3-

) , 69.8% (TP), 17.1%,(SO4
2-

), 83.6% (S
2-

), 99.9% (TC), 99.7% (FC) for Phase I and 

89.5% (BOD5), 80.6% (COD), 95% (TSS), 85.3% (NO3
-
), 47.4% (NH4

+
), 51.8% (TN), 94.3% 

(PO4
3-

), 71.4% (TP), 27.5% (SO4
2-

), 86.6% (S
2-

), 99.9% (TC), 99.9% (FC) for Phase II. 

ANOVA analysis results have shown that there was statistically significant difference between 

duckweed covered treatment cell and control except for bacterial indicators, Total Phosphorus 

and Sulfate. Paired t-test results have showed statistically significant (p<0.05) difference for 

duckweed plant removal efficiency between the two phases except for Total Phosphorus and 

Sulfate.  

The duckweed plants were able to suppress algal population with 95.45% removal efficiency and  

better removal through prolonged treatment period was also observed. Obtained crude protein 

content of duckweed plants were from 13-14.4% of dry weight. 
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Effluent values from duckweed treatment cell were compared with National Wastewater Limit 

Values for discharge to water. All parameters except for Ammonium, Electrical Conductivity 

(EC) and Coliform bacteria (TC and FC) were with in the standard limit values set by the 

Authority.   

The effort to evaluate the efficiency of wastewater using duckweed plants; and to test the indirect 

benefit of the plants after treatment showed interesting results. Future plans to use these plants as 

a wastewater treatment agent should be encouraged and more projects on how to use these plants 

for wastewater treatment and biomass production in Ethiopia should be given consideration.  

Key word:  Duckweed 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

 

 

 

 

 

ACKNOWLEDGMENT 

I am grateful for all the people who helped me complete this thesis. I can not find words to 

express my gratitude to my advisors Dr. Seyoum Leta and Dr. Demeke Kifle whose support, 

encouragement and guidance made this thesis possible. I am heartily thankful to Paschal 

Chrisogone for his advices and tips during the research period. 

I owe my deepest gratitude to Environmental Research, Limnology, Microbiology and 

Ecophysiology Laboratory assistants who gave me their support whenever I needed it. 

The special thanks goes to my sister Betelehem Demeke who helped me all the way to get 

through the difficult times. 

My final words go to my family and friends, you have made it much easier for me and I thank 

you all very much. 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

 

 

 

Table of Contents 

 Contents                   Page 

Abstract............................................................................................................................i 

Acknowledgement...........................................................................................................iii 

 List of Tables...................................................................................................................vi 

 List of Figures..................................................................................................................vi 

List of Appendices..........................................................................................................vii 

 Acronyms........................................................................................................................viii 

 

CHAPTER 1 

 INTRODUCTION..........................................................................................................1 

    1.1 Background Information.....................................................................................1 

    1.2 Statement of the problem.......................................................................................3 

    1.3 Objectives of the study..........................................................................................4 

          1.3.1 General objective..........................................................................................4 

          1.3.2 Specific objectives........................................................................................4 

 CHAPTER 2 

 LITERATURE REVIEW...............................................................................................5 

2.1 Biology of Duckweed ……………………………………………..…………….5 

2.2 Duckweed-Based Wastewater Treatment ………………………………….…….5         

2.3 The Duckweed Wastewater Treatment Process……………………………….….7 

2.3.1 Pollutant Removal Mechanisms of Duckweed Based  

         Wastewater Treatment Process……………………………………………..8 

2.3.2 Design Considerations for DWWT…………………………………….…..12  

2.4 Potential Use of Harvested Duckweed Biomass…………………………….…..15 

2.5 The Potential and Limitations of Duckweed Based  

      Domestic Wastewater Treatment…………………………………………….…..17 

 



v 

 

 

 

CHAPTER 3 

MATERIALS AND METHODS................................................................................20 

3.1 Experimental Setup…………………………....................................................20 

3.1.1 Sedimentation (Storage) Tank.................................................................20 

3.1.2 Inlet and Outlet of the system…………………….…………….....…...21 

3.2 Experimental Operating Conditions……………………………………..…....22 

3.3 Species Identification and Inoculation……………………………….….…....22 

3.4 System Lighting………………………………………………….………..…..23 

3.5 Sample Collection and Analysis…………………………………….……..….23 

3.5.1 Wastewater Sample Collection and Sampling Schedule ….……….….23 

3.5.2 Analysis………………………………………………….………….….24 

3.6 Statistical Analysis……………………………………………..……………...27 

CHAPTER 4 

RESULTS AND DISCUSSIONS..................................................................................28 

4.1 Influent and Effluent Wastewater Characteristics of the DWWTs ………..28 

4.2 DWWT Process Removal Efficiencies……………….……………………..32 

4.2.1 BOD , COD and TSS removal.……………………………………...33 

4.2.2 Nitrogen Removal …………………………………………………..36 

4.2.3 Phosphorus removal…………………………………………………39 

4.2.4 Algae Removal/Reduction…………………………………………..41 

4.2.5 Sulfate and Sulfide Removal………………………………………..42 

4.2.6 Pathogen Removal…………………………………………………..44 

4.3 Protein Content of Duckweed plants………………………………………46 

CHAPTER 5 

CONCLUSIONS AND RECOMENDATIONS.......................................................49 

5.1 Conclusions.......................................................................................................49 

5.2 Recommendations……………………………………………………….……52 

 References…...............................................................................................................53 

Appendices..................................................................................................................59 

 



vi 

 

 

List of Tables  

Table 3.1  Operating conditions of duckweed wastewater treatment system ……………..….22  

Table 3.2  Acclimatization period and percentage wastewater to tap water dilutions……......23 

Table 4.1  Phase I, Mean Influent and Effluent Concentrations of DWWTs………………...29 

Table 4.2  Phase II, Mean Influent and Effluent Concentrations of DWWTs…………….….31 

Table 4.3  Removal Efficiency of duckweed and control for Phase I and Phase II ………….…32 

Table 4.4  Crude protein percentage of duckweed plant………………………………….…..46 

. 

List of Figures  

Fig.2.1  Schematic diagram of duckweed based domestic wastewater  

              treatment process…………………………………………………………….…..….9 

Fig 2.2  Floating plant (macrophyte)  pond…………………………………………….…....13 

Fig.2.3  Protein Content of Feed Stuff Ingredients in comparison with duckweed…….…..17 

Fig.3.1 Experimental Setup of Duckweed Wastewater Treatment System……………...….21 

Fig.3.2 Sketch for sampling points………………………………………………………......24 

Fig.4.1 BOD5, COD and TSS Removal Efficiencies of Duckweed Treatment Cell…....…...35 

Fig.4.2 NH4
+
-N, NO3

-
-N & TN Removal efficiency of Duckweed Treatment Cell…....…...37 

Fig.4.3 Orthophosphate (PO4
3-

-P) and Total Phosphorus (TP) percentage removal  

efficiency of Duckweed cell. …………………………………………….….…..…40 

Fig.4.4 Chlorophyll a Reduction…………………………………………………………….41 

Fig.4.5 Percentage Sulfate and Sulfide Removal Efficiency of Duckweed.  

             Phase I and Phase II…………………………………………………………….…..43 

Fig.4.6 Percentage TC and FC Removal Efficiency of Duckweed.  

            Phase I and Phase II………………………………………………………….…...…45 

 

 



vii 

 

 

 

List of Appendices  

Appendix I:  The mean influent and effluent wastewater sample concentration  

values and percentage removal efficiency of Duckweed covered  

and control cells for Phase I and Phase II………………………………….…..60 

Appendix II:  Mean,  Minimum and Maximum Influent and Effluent concentration                               

values of Duckweed wastewater treatment system. Phase I and II ……..….......61 

Appendix III:  ANOVA Results of Duckweed and Control cell of Phase I and                       

Phase II for each Parameter. ……….……………………..…..……….…..…....67 

Appendix IV: Paired t-test Results for Removal Efficiency of Duckweed plants ……............71 

Appendix V:  ANOVA Results for Influent to the Treatment cells. ……………..……….......72 

Appendix VI: Pearson’s Correlation Result for TSS with Chlorophyll a………………………73 

Appendix VII: Chlorophyll a Analysis Results of Wastewater samples from Duckweed   

and Control  Treatment Cell ……………..…………….…………….…….…...74 

Appendix VII: Pictures of Total Coliform and Fecal Coliform Bacteria,                          

Treatment Tank, Pumps ….………………..……………………..…………….75 

 



viii 

 

Acronyms  

APHA   American Public Health Association 

BOD5  Five day Biochemical Oxygen Demand 

CFU  Colony Forming Unit 

COD  Chemical Oxygen Demand 

DWWT Duckweed Wastewater Treatment 

DO  Dissolved Oxygen 

EC  Electrical Conductivity 

EEPA   Ethiopian Environmental Protection Authority 

HRT  Hydraulic Retention Time 

Kg/ha/d Kilogram per hectare per day 

FC  Fecal Coliform 

FWS  Free Water Surface 

L  Liter 

m
3
/d  Cubic meter per day 

Mg  Milligram 

OLR  Organic Loading Rate 

HLR  Hydraulic Loading Rate 

PI  Phase One 

PII  Phase Two 

PPR  Poly Propylene Random 

TC  Total Coliform 

TN  Total Nitrogen 

TP  Total Phosphorus 

TSS  Total Suspended Solid 

USEPA  United States  Environmental Protection Agency 

UNEP  United Nations Environment Programme 

WHO  World Health Organization 



. 

 

Page 1 

 

CHAPTER 1 

 INTRODCTION 

1.1 Background Information  

Domestic wastewater is the water used by the community and which contains all the materials 

added to the water during its use. It’s thus composed of human body wastes (feces and urine) 

together with the water used for toilet flushing, washing, and food preparation and cleaning of 

kitchen utensils (Mara, 2003). The main source of water pollution in Ethiopia is sewage of 

domestic and rural wastewater, industrial and agricultural activities (EEPA, 2006).  

 

Inadequately treated wastewater or untreated wastewater released to Environment will have its 

major consequences on public and environmental health. An estimated 90% of wastewater in 

developing countries is discharged directly into rivers and streams without treatment (UNEP, 

2003). The World Health Organization estimates that 5 million people die because of polluted 

drinking water (WHO, 2004).  The major paths for the transmission of human disease from 

wastewater are: direct contact with wastewater, aerosol transport, food chain and improperly 

treated drinking water (USEPA, 1998).  

 

The increase in awareness of water being polluted from different sources and the fact that 

polluted water damages receiving water bodies and has direct effect on public and environmental 

health draws attention to search for all the feasible and beneficiary wastewater treatment options 

in developing countries like Ethiopia. Therefore to avoid diseases that are related to drinking 

water polluted by wastewater, to help meet the increasingly growing water demand and to 

supplement available water resource of the country we need to use all the available options to 

treat and to reuse wastewater generated. 

 

The basic function of the wastewater treatment is to speed up the natural processes by which 

water purifies itself. In earlier years, the natural treatment process in streams and lakes was 

adequate to perform basic wastewater treatment. As our population and industry grew to their 

present size, increased levels of treatment prior to discharging domestic wastewater became 

necessary (USEPA, 2004).  
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According to Skillicorn et al. (1993), effective treatment of wastewater, at both the village and 

urban level, remains an elusive objective in most developing countries. But the reason why it’s 

not practiced as it’s ought to be is due to the reason that conventional treatment systems which 

mostly depend on heavy aeration are expensive to install and both difficult and costly to operate 

and maintain.  

Aquatic treatment systems that  are more “natural” in the sense that they are influenced more by 

natural environmental conditions of temperature, rainfall, sunlight and wind action are useful 

alternatives to conventional systems, as natural systems use less energy and require less labor for 

operation (USEPA,1998). 

The research conducted here is an attempt to assess the efficiency of an aquatic plant, duckweed 

species, on domestic wastewater effluent. Various studies, demonstrations and full scale projects 

have reported the potential use of duckweed plants to treat various liquid wastes; for the 

treatment of raw and diluted sewage (Abou El-Kheir et al., 2007; Alaerts et al., 1996; Korner et 

al., 2003; Ran et al., 2004), for the treatment of food processing effluents (Debusk et al.,1995), 

for the treatment of animal manure from cattle and pigs (Iqbal, 1999), to treat industrial 

wastewater with a sufficiently high level of nutrients (Iqbal, 1999), for efficient removal of 

nutrients and organic matter (Korner et al., 2003; Obek and Hasar, 2002), for reduction and 

removal of heavy metals (Sternberg and Rahamani, 1999), and to improve water quality effluent 

discharge from Abattoirs (Goopy et al., 2004). 

Duckweed based wastewater treatment systems are efficient, low-cost, easily operated and   

distinguish themselves from other treatment systems in that they provide valuable protein rich by 

product harvested after treatment of wastewater. Duckweed wastewater treatment systems will 

provide authentic solution to attain a healthy freshwater environment resulting in reduction of 

waterborne diseases and improving socio-economic aspects of the society (Skillicorn et al., 

1993).   
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1.2  Statement of the Problem 

Clean, safe and adequate fresh water is vital to the survival of all living organisms and the 

functioning of ecosystems, communities and economies. Water quality is a major issue in 

developing countries like Ethiopia. Everyday, large amount of untreated sewage and industrial 

and agricultural wastes are poured into water bodies. Sewage generated from domestic sources is 

a major source of water pollution. 

Every year more people die from the consequences of unsafe water the greatest impacts being on 

children under the age of five. The economic loss due to the lack of water and sanitation in 

Africa alone is estimated at $US 28.4 billion or about 5% of GDP. Water contamination weakens 

or destroys natural ecosystems that support human health, food production and biodiversity (UN-

Water, 2010).   

Wastewater treatment is an option to curb the problems associated with water pollution. For 

preventing the pollution of rivers and other water bodies, treatment of sewage and its proper 

disposal is essential.  

The study is thus essential to evaluate a simple, low cost and efficient wastewater treatment 

option using duckweed plants. 

1.3 Objectives of the study 

 

1.3.1 General Objective 

 

� To assess the efficiency of duckweed based system for the treatment of domestic 

wastewater. 

 

1.3.2 Specific Objectives 

 

� To assess the efficiency of duckweed based wastewater treatment for pathogen, nutrient 

and organic matter removal. 

� To determine whether or not domestic wastewater treated through a duckweed-based 

system fulfils the National Wastewater Effluent Limit Values for Discharge to Water.   

� To assess the efficiency of duckweed plants in reducing algal population. 

� To evaluate duckweed as a feed source through protein content analysis.   
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Biology of Duckweed 

Duckweed is regarded by botanists and plant physiologists the same way as E.Coli is viewed by 

microbiologists and biochemists, namely a model organism for physiological, biomedical and 

metabolic studies, easy to handle and cultivate under laboratory conditions (Iqbal, 1999).  

Duckweed species are the smallest of all flowering plants. They are monocotyledons belonging 

to the botanical family Lemnaceae and are classified as higher plants or macrophytes, although 

they are often mistaken for algae. The family consists of four genera, Lemna, Spirodela, Wolffia, 

and Wolffiella among which about 40 species have been identified so far (Skillicorn et al., 1993).   
 

Their structural and functional features have been simplified by natural selection to only those 

necessary to survive in an aquatic environment. An individual duckweed has no leaf, stem, or 

specialized structures; the entire plant consists of a flat, ovoid frond (Skillicorn et al., 1993). The 

frond represents a fusion of leaves and stems. It represents the maximum reduction of an entire 

vascular plant (Armstrong et al., 1997). The largest species of Lemnaceae,  Spirodela sp., has 

fronds measuring up to 20 mm in diameter, some species of the genus Wolffia are only 2 mm or 

less in diameter, other species of duckweeds have frond diameters of about 5 to 8mm 

(Landesman, 2000). Many species may have one to several hair-like rootlets which function as 

stability organs (Armstrong, 2000; Skillicorn et al., 1993). Compared with most plants, 

duckweed fronds have little fiber as little as 5 percent in cultured plants because they do not need 

structural tissue to support leaves or stems. As a result, virtually all tissue is metabolically active 

and useful as a feed or food product. This important characteristic contrasts favorably with many 

terrestrial crops such as soybeans, rice or maize, most of whose total biomass is left behind after 

the useful parts have been harvested. On account of its high moisture and nitrogen content, it can 

also be used as organic fertilizer in agriculture by direct land application or via composting 

(Iqbal, 1999; Skillicorn et al., 1993). 
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Because flowering in duckweed plants is rare, reproduction normally occurs by budding from 

mature fronds (Landesman, 2000). Duckweed plants can double their mass in less than two days 

under ideal conditions of nutrient availability, sunlight, and temperature. This is faster than 

almost any other higher plants, and more closely resembles the exponential growth of unicellular 

algae than that of higher plants. It is this ability to propagate rapidly by consuming dissolved 

nutrients from the water that makes duckweed an excellent candidate for wastewater treatment 

(Iqbal, 1999, Skillicorn et al., 1993). Although higher biomass yields have been observed in 

laboratory experiments, biomass yields in full scale ponds will probably be in the range of 15 to 

30 tonnes dry wt/ha/yr (Steen and Gjizen, 2003). 

 

The name Duckweed is only recognized among the academicians and is usually mistaken for 

algae. Duckweed plant is usually found on rivers, lakes, ponds and small ditches. Duckweed 

floats freely on the surface of fresh or brackish water sheltered from wind and wave action by 

surrounding vegetation. The most favorable growth medium is water with decaying organic 

material to provide duckweed with a steady supply of growth nutrients and trace elements 

(Skillicorn et al., 1993). While duckweed is reported to tolerate a wide pH range, different 

optimum pH conditions that range from 4.5 to 8 pH units have been quoted (Caicedo et al. 2000; 

Cross, 2006; Skillicorn et al. 1993). A pH greater than 9.5 will inhibit growth. The optimum 

water temperature range for duckweed growth is between 17 
0
c and 35 

0
c (Iqbal 1999), however, 

the minimum water temperature allowing their use in wastewater treatment was reported to be 

7
0
c (USEPA, 1988). Many species of duckweed cope with low temperatures by forming special 

starchy “survival” frond known as turion. A turion is an asexual reproductive unit, a resting 

frond without roots which sinks to the bottom of the water where it remains dormant under cold 

weather conditions (Sebsebe Demissew et al., 1997). These turions can resurface at the onset of 

favorable conditions of light, moisture and temperature to start new generation of duckweed 

plants (Skillicorn et al., 1993). 

 

Duckweed plants show a worldwide geographic distribution ranging from cold temperature to 

tropical regions with the exception of waterless deserts and permanently frozen polar regions 

(Landolt, 1986). Duckweed is found throughout Ethiopia (Negesse et al., 2009).  
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2.2  Duckweed-Based Wastewater Treatment 

Utilization of duckweed for municipal wastewater treatment through recovery of polluting 

nutrients by duckweed growth is not new. The plants have been used for tertiary treatment of 

wastewater in developing countries for about two decades (Cheng and Stomp, 2009). In the 

USA, use of duckweed covered lagoons for tertiary treatment is classified by the USEPA as 

innovative/alternative technology (Iqbal, 1999). 

Duckweed-based systems distinguish themselves from other efficient wastewater treatment 

mechanisms in that they produce a valuable, protein-rich biomass as a by-product (Skillicorn et 

al, 1993). Provided accumulated toxin and heavy metal levels are not high, the harvested 

duckweed biomass may be used as the sole feed input for fresh-water pisciculture, and as up to 

40% poultry feed. The biomass might also be useful for a variety of other domestic animals 

(Skillicorn et al, 1993).  

Different laboratory tests and pilot scale projects have been reported from different countries in 

Africa but to combine both the treatment of wastewater and feed production using duckweed 

plants have not achieved a major break through yet. System management never appeared 

sophisticated enough to reveal decisive advantages of duckweed plant wastewater treatment and 

feed production over existing technologies (Dalu and Ndamba, 2003; El-Shafai et al., 2007; 

Iqbal, 1999). 

2.3  Duckweed-Based Wastewater Treatment Process 

 

The basic mechanism employed by the duckweed wastewater treatment system is to farm various 

duckweed species on the wastewater requiring treatment. The rapidly growing plants act as a 

nutrient sink, absorbing primarily nitrogen, phosphorus, calcium, sodium, potassium, 

magnesium, carbon and chloride from the wastewater. These ions are then removed permanently 

from the effluent stream as the plants are harvested (Skillicorn et al., 1993; Willett, 2005; Reed 

et al., 2006). 

 

Duckweed plants are remarkably efficient at removing elements which are for them growth 

nutrients. These include some organic compounds, as well as ions of elements such as nitrogen, 
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phosphorus, potassium, magnesium, calcium, sodium, boron and iron among others (Skillicorn et 

al., 1993). 

 

Pollutant Removal Mechanisms of Duckweed-Based Wastewater Treatment Process 
 

 

 

According to Smith and Moelyowati (2001), duckweed mat which covers the entire treatment 

zone results in three zones:- aerobic, anoxic and anaerobic zone. In the aerobic zone, organic 

materials are oxidized by aerobic bacteria using atmospheric oxygen transferred by duckweed 

roots and through surface aeration (Smith and Moelyowati, 2001; Willett, 2005). Nitrification, a 

two step biological process where ammonium nitrogen is oxidized to nitrite then nitrate-nitrogen, 

also takes place in the aerobic zone. Denitrification: biotic conversion of nitrate-nitrogen to 

nitrogen gases occurs in the anoxic zone. An anoxic condition is defined as an environment in 

which oxygen is not present and nitrate-nitrogen is used by microorganisms as electron acceptor. 

Hydrolysis of organic phosphate takes place in the anaerobic and anoxic zones (USEPA, 2000). 

Organic matter in the bottom of the ponds is decomposed by anaerobic bacteria and this 

produces gases such as carbon dioxide (CO2), hydrogen sulphide (H2S) and methane (CH4) 

(Iqbal, 1999; Smith and Moelyowati, 2001). In general, Willett (2005) infers that duckweed 

works to purify wastewater in collaboration with both aerobic and anaerobic bacteria. Therefore, 

the duckweed plants themselves should be considered as only one component of complete 

DWWT system.    

 

The mechanisms of organic matter reduction in duckweed ponds and the relative contribution of 

the plants towards organic matter removal is to facilitate the environment for microbial organic 

matter degradation. According to Iqbal (1999), BOD5 is substantially removed by both aerobic 

and anaerobic microorganisms associated with the plants’ surfaces, suspended in the water 

column and present in the sediment.  

 

Organic matter removal in DWWTs is probably similar to that described for the anaerobic and 

facultative ponds (Iqbal, 1999). Most heterotrophic bacteria have a wide range in environmental 

tolerance and can function effectively in BOD5 removal over a wide range of pH and 

temperature. Anaerobic heterotrophic bacteria that commonly occur in lagoons are involved in 

methane formation. Anaerobic methane formation involves three different groups of anaerobic 

bacteria that function together to convert organic material to methane via three steps (Mara, 

2003). 



. 

 

Page 8 

 

 

 

    

                               Surface aeration 

     O2 CO2     O2 

 

 

 

  Organic – C                                  

  Organic -N + NH4
+
+ CO2   O2 NO2+NO3+N2 

                 NH3 

     Heterotrophic            Nitrosomonase 

        bacteria                     Nitrobacter 

 

Organic-N            NH4             NO3
-
+ N2+H2O 

 

 

 

  Organic wastes         Organic acids       CO2+ NH3+ H2S + CH4 

 
  

 

Fig.2.1 Schematic diagram of duckweed based domestic wastewater treatment process. 

          

  Source: El-Shafai et al., (2007) 
 

A study was conducted by Korner et al. (1998), to determine whether there is faster removal of 

organic matter in the presence of duckweed. The result showed that duckweed (L. gibba) was 

found to enhance COD removal by 74-78% compared to uncovered systems. The study 

concluded that provision by duckweed of both additional oxygen supply and additional surface 

for bacterial growth were important to explain the higher removal.   

 

Duckweed plants are well known for their nutrient removal efficiency. Removal of Nitrogen in 

duckweed covered system is mainly attributed to nitrogen uptake by duckweed, nitrogen uptake 

by the attached biofilm on duckweed and walls of the system and coupled nitrification-

A
n
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m

o
x
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denitrification by these biofilms, ammonia volatilization and sedimentation of particulate N and 

P (Hammouda et al., 1995; Iqbal, 1999; Korner et al., 2003; Korner and Vermaat, 1998). 

Particularly in pond with aerobic and anaerobic environments favoring microbial nitrification 

and denitrification, ammonium (NH4
+
) is first oxidized to nitrate (NO3

-
) and subsequently 

reduced to atmospheric Nitrogen (N2) which is released from the system (Iqbal,1999). 

According to Korner et al. (2003), volatilization of NH3 could be significant in systems with 

high pH and high ammonia concentrations, but a closed mat is assumed to prevent this process. 

However, Zimmo et al. (2005), argue that physical barrier provided by the duckweed layer does 

not hinder ammonia volatilization and suggest that other nitrogen removal mechanisms such as 

nitrification-denitrification or sedimentation may be more important in overall nitrogen removal. 

Duckweed growth is considerably dependant on the availability of nutrients in the form of 

ammonium and phosphate (Smith and Moelyowati, 2001; Porath and Pollock, 1982, cited in 

Alearts et al., 1996). However, there will be inhibition of duckweed growth at high 

concentrations due to a combined toxic effect of ionized ammonia that is ammonium ion (NH4
+
)  

and un-ionized ammonia (NH3) whose relative concentrations are pH and temperature dependent 

(Caicedo et al., 2000; Korner et al., 2003). However, toxicity of total ammonia on duckweed 

species is attributed to the effect of un-ionized ammonia alone (NH3) (Korner et al., 2000; 

Korner et al., 2003). 

 

Phosphorus removal in DWWTs ponds is mainly through plant uptake, adsorption by attached 

biofilm, chemical precipitation and sludge removal. The removal of phosphorous by uptake is 

enhanced by frequent harvesting and adequate pretreatment of raw wastewater to release 

organically-bound ortho-PO4 which is the favored form of phosphorous for duckweed growth 

(Iqbal, 1999; Korner and Vermaat, 1998). 

 
 

Maintenance of efficient duckweed growth requires even distribution of a thick layer of plants 

across the entire lagoon surface. This has the additional effect of shading the water below from 

sunlight and preventing growth of algae as algae are the major constituent of TSS in the final 

effluent of most wastewater treatment systems (Iqbal, 1999; Skillicorn et al., 1993). Total 

Suspended Solids (TSS) are particulate matter in wastewater consisting of organic and inorganic 

matter that is suspended in the water column. Typically, municipal wastewaters include the 
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settleable solids and some portion of the colloidal fraction (USEPA, 2000). According to Ran et 

al. (2004), duckweed plants grow only at the ponds’ surface. Therefore, they do not disturb the 

flow regime and allow optimal settling conditions. TSS is removed mainly by sedimentation and 

biodegradation of organic particles in the pretreatment and duckweed pond system. 

Sedimentation of TSS in duckweed systems is attributed to the quiescent conditions prevalent in 

the water column under the duckweed cover (Iqbal, 1999). 

 

Waterborne and water-associated pathogens including heliminthes, protozoans, fungi, bacteria 

and viruses are of great concern in assessing water quality. Since routine examination for 

pathogenic organisms is not recommended because of cost and the low numbers of a specific 

pathogen present at any given time, indicator organisms are used. The most common indicators 

of the level of waterborne pathogen contamination in water are the coliform group: Total 

Coliforms and Fecal Coliforms (USEPA, 2000). Pathogen removal from duckweed covered 

lagoons treating domestic wastewater is important in order to produce an effluent quality that 

allows for further re-use in agriculture and/or aquaculture (Steen and Gijzen, 2003). But an 

important sanitary disadvantage of duckweed pond is their poor performance with respect to 

bacterial pathogen removal due to the reduced light penetration into the water, less oxygen 

concentration, absence of very alkaline conditions which all would have contributed to the 

removal of bacterial pathogens (Iqbal, 1999, El-Gohary et al., 2008). However, longer retention 

time of duckweed ponds will result in higher removal efficiencies of pathogens as removal of 

pathogens appear to be correlated with TSS removal and hydraulic residence time (Smith and 

Moelyowati, 2001; USEPA, 2000). The major removal mechanisms for pathogenic 

microorganisms and eggs in ponds is probably sedimentation. Duckweed might enhance this 

process by improving the conditions for settling (Steen and Gijzen, 2003). 

 

Bad smells are the most frequently cited objections of people living in the vicinity of wastewater 

treatment facilities. If designed and operated correctly, a duckweed system should issue no 

objectionable odors. In fact, a well landscaped duckweed wastewater treatment system makes an 

excellent park. The Mirzapur facility in Bangladesh is favored by local couples as a meeting 

place (Skillicorn et al., 1993). 
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According to Skillicorn et al. (1993), duckweed plants in polishing zones that are incorporated 

with the main duckweed treatment system will absorb high levels of toxins and heavy metals as 

the plants are starved and unable to find sufficient nutrients to maintain rapid growth and 

consequently start consuming every chemical present in the wastewater. Hammouda et al. 

(1995), have also shown that Lemna plants are excellent bioaccumulators of various heavy 

metals. According to Abou El-Kheir et al. (2007), duckweed aquatic treatment system performed 

100% copper and lead removal after 8 days treatment, while it efficiently reduced the content of 

zinc by 93.6%, barium by 93% and cadmium by 66.7%. Lemna treatment reduced other heavy 

metals by small percentages; cobalt by 15.8%, iron by 11.8%, manganese by 10.6%, 

molybdenum by 25% and vanadium by 16.7%. Heavy metals are removed from DWWT ponds 

through plant uptake, sedimentation as sludge and absorption during polishing process (Smith 

and Moelyowati, 2001).  

 

Provision of different pretreatment and post treatment mechanisms have been suggested in many 

literatures to improve the performance of DWWT ponds for example anaerobic treatment prior 

to DWWT because simple organic molecules produced by anaerobic bacteria can be used 

directly in the metabolism of duckweed (Steen et al., 1999; Iqbal, 1999). Post treatment stages 

like maturation ponds are useful for pathogen removal and aeration of anaerobic effluent (Smith 

and Moelyowati, 2001; USEPA, 1998).  

 

2.3.1 Design Considerations for DWWT  

 

There is no single ‘off-the-shelf’ DWWT package that will serve all purposes. Requirements will 

vary depending on: the influent source and volume, the level of pre-treatment, the regulated 

discharge quotas that need to be met, prevailing climate and financial considerations (Willett, 

2005). 

 

Duckweed wastewater treatment systems are at their core lagoon systems (Alearts et al.,1996; 

Skillicorn et al.,1993; USEPA, 1998). They however differ from conventional lagoon systems in 

that they achieve removal of a significantly higher level of nutrients from the wastewater stream, 

achieve removal of oxygen consuming substances and pathogenic organisms (Skillicorn et al., 

1993). According to Reed et al. (2006), the duckweed system can be used in retrofitting an 

existing facultative or aerated lagoon system or can be an original design. Physical design of 
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duckweed treatment system can be operated as batch or plug-flow systems. A narrow pond 

design should allow operation and maintenance work from the pond embankment in order to 

avoid direct contact of workers with wastewater (Iqbal, 1999). Performance of duckweed 

treatment system is greatly influenced by length-to-width ratio. According to Reed et al., (2006), 

high aspect ratios (length-to-width) were necessary to ensure plug-flow conditions and greatly 

affect the performance of the treatment system. Aspect ratios from less than 1:1 up to about 3:1 

or 4:1 are acceptable. 

 

 Fig 2.2 Floating plant (macrophyte)  pond  
 

Different organizations, full-scale and pilot projects carry out duckweed wastewater treatment 

process applying different design procedures. The Lemna Technologies, Inc. offers two basic 

wastewater treatments: the Lemna Duckweed system and LemTec
TM

 Biological Treatment 

process. An original design of lemna duckweed system consists of a regular facultative or 

aerated lagoon followed in series by lemna system components, including a floating barrier grid 

to prevent clustering of the duckweed and baffles to improve the hydraulics of the system. These 

basic components are followed by disinfection, if required, and reaeration of the effluent that is 

anaerobic beneath the duckweed cover (Lemna Technologies, Inc., 2000; Reed et al., 2006). 

 

In addition to the above mentioned physical design parameters standard design criteria’s for  

DWWT efficiency include such crucial design parameters as hydraulic retention time, pond 

depth, organic surface loading rate and sewage temperature (Bal Krishna and Polprasert, 2008; 

Korner et al., 2003; Skillicorn et al.,1993; Smith and Moelyowati, 2001).  

 

Hydraulic retention time influences the performance of treatment, the yield and the protein 

content of duckweed produced. The longer the retention time, the higher the efficiencies of 

treatment in reducing pathogens but this causes more anaerobic conditions and lower protein 
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content of duckweed produced (Smith and Moelyowati, 2001). According to Alearts et al. 

(1996),  analysis of studies on E.coli removal efficiency of  lagoons covered by various species 

of floating macrophytes suggest that water temperature and retention time are factors of over 

riding importance. 

 

Hydraulic characters have major effects on the efficiency of any treatment system. A longer 

hydraulic residence time allows for more of the treatment processes to be completed (Jenkins, 

2003). The hydraulic residence time (HRT) is the average time that water remains in the DWWT 

system. Hydraulic retention time for reducing organic materials depends on the influent BOD but 

10 to 20 days is acceptable to reduce BOD to 30 or 20mg/L (Smith and Moelyowati, 2001). 

Retention time of 10 days is the optimum operating condition for the DWWT system in tropical 

conditions (Bal Krishina and Proplasert, 2008). HRT can be calculated using Darcy’s law 

(USEPA, 2000). 

HRT = LWYn/Q                         

Where, 

L = length of cell (m) 

W = width of cell (m) 

Y = depth of cell (m) 

n= porosity (space) (0.75) available for water to flow through the cell 

 Q = average flow rate (m
3
/d) 

 

According to Iqbal (1999), production of duckweed decreases when the temperature is below 17 

o
C or above 35 

o
C. There are no exact values for water depths that promote high treatment 

performance and effective cultivation of duckweed plants but shallow ponds are preferred than 

deep ponds where land area requirement is not restriction (Skillicorn et al., 1993; Smith and 

Moelyowati, 2001). According to Smith and Moelyowati (2001), water depths between 0.6 and 

1.5 are likely to be most suitable to minimize temperature gradients over depth of the pond. 

Depths between one half and three meters are also acceptable although it is understood through 
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experience that a maximum operational depth of 1.0 meter  provides acceptable temperature 

buffering and detention time without incurring unacceptably high costs (Skillicorn et al.,1993) 

 

Organic loading rate is one of the determining factors for efficiency of duckweed based 

treatment system. According to Bal Krishna and Polprasert (2008), 50 Kg COD/ (ha-d) is the 

optimum operating condition for the DWWT system. Maximum removal efficiencies of COD, 

BOD5, NH3-N, TN and TSS were obtained at 45 Kg COD/ha-d. The DWWT units operating at 

higher OLRs of 66, 88 and 124.5 Kg/ha-d have lower removal efficiencies. This is probably due 

to over loading conditions where the amount of oxygen produced by the duckweed was not 

sufficient for the bacteria responsible for organic matter and nitrogen metabolism. Alearts et al. 

(1996), reported BOD removal efficiencies of 95-99% in a 0.7 ha sewage lagoon which was 

operated with a  S.polyrrhiza cover at a HRT of about 20 days. BOD loading rate in the lagoon 

varied between 48 and 60 Kg BOD/ha-d. Mandi (1994), also proved that DWWT ponds tolerate 

maximum influent COD concentration from 300 to 500 mg/l. 

 

Duckweed plants can also be designed and constructed as FWS constructed wetland systems 

(Ran et al., 2004). The design criteria and recommendations developed for FWS can be 

summarized as: pretreatment to at least primary level, organic loading less than 112 Kg/ha
-1

 d
-1

 , 

retention time of five to ten days, aspect (length to width)  ratio of greater than 10:1, water depth 

between 0.2 and 0.4m and bottom slope of 0.5% (Vymazal et al., 1998).   

 

2.4 Potential Use of Harvested Duckweed Biomass 

The impeccable feature of duckweed-based domestic wastewater treatment is the valuable 

biomass harvested after purification of the wastewater. There have been many researches and 

pilot projects to assess the efficiency of duckweed plants for wastewater treatment and 

implications of potential use of duckweed as a feed source or as organic fertilizer (Azim and 

Wahab, 2003; Cross, 2006; Moss, 1999; Nhapi, 2003; Skillicorn et al., 1993). 

Fresh duckweed fronds contain 92 to 94 percent water. Fiber and ash content is higher and 

protein content lower in duckweed colonies with slow growth but a duckweed plant grown under 

ideal conditions of growth and harvested regularly will have a fiber content of 5 to 15 percent 

and a protein content of 35 to 45 percent, depending on the species involved (Skillicorn et al., 
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1993). Duckweed protein has higher concentrations of the essential amino acids, lysine and 

methionine than most plant proteins and more closely resembles animal protein in this respect. 

Cultured duckweed has high concentrations of trace minerals and pigments, particularly beta 

carotene and xanthophylls that make duckweed meal an especially valuable supplement for 

poultry and other animal feeds. Based on Food and Agriculture Organization Standards, Lemna 

plants are the only nonmeat item included in the same groups with meat, fish, eggs and dairy 

products (Hammouda et al., 1995). 

The raw material in wastewater provides an excellent medium for duckweed growth. Average 

duckweed productivity in tropical and subtropical regions is estimated at 10 to 30 t (dry wt)/ha 

with an annual per hectare protein production of about ten times that of soybean. (Skillicorn et 

al., 1993, Moss, 1999). Duckweed proved to be a valuable fresh and dried feed supplement for 

raising fish and poultry. Use of duckweed as fish feed is by far the most widespread application. 

Duckweed can be fed fresh as the only feed or in combination with other feeds like 

supplementary carbohydrate rich feed because duckweeds as sole feed for fish are too low in fats 

and carbohydrates (Iqbal, 1999). A Study was carried out by Moss (1999), to determine the 

growth performance and nutrient digestibility of pigs fed diets containing duckweed as crude 

protein supplement. The treatments replaced soybean meal at increments of 20%, 40% and 60% 

of the protein source. Nursery pigs on the duckweed treatments had the highest average daily 

gains, feed intakes and final weight gains. Feed efficiency was the highest for the 60% duckweed 

treatment. 

Though wastewater treatment can be integrated with duckweed biomass production as it was 

shown in different studies, the possibility of transmission of pathogens from duckweed 

supplemented feed to livestock and fish consequently to human consumer would be raised as an 

issue of health risk. However, an assessment done by Moyo et al. (2003), to determine whether 

there is transmission of pathogens from duckweed supplemented feed to chickens have 

concluded that under the processing conditions of their study use of duckweed supplemented 

feed to chickens was microbiologically safe as long as due caution is exercised during the 

processing of duckweed and handling of chickens. A study carried out by Islam et al. (2000), to 

examine whether there is fecal contamination of fish culture farm where hospital effluent grown 

duckweeds are used as fish feed in Bangladesh, the results have clearly demonstrated that 
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duckweeds can be grown in wastewater lagoons and can safely be used as fish feed without 

having any potential risk for transmission of diarrheal diseases from fish. The workers who 

handled both the contaminated duckweed grown in wastewater and the fish fed by wastewater 

grown duckweed were also free from diarrheal pathogens. 

In developing countries, such as Ethiopia, grain which forms the bulk of concentrate feeds for 

livestock is both in short supply and expensive due to direct competition with human food uses. 

In Ethiopia, livestock have low productivity because they are fed almost entirely on natural 

pasture and crop residues. Natural pasture that is estimated to contribute to 80-90% of livestock 

feeds and whose quality is seasonally variable is the main source of feed in arid and semi-arid 

pastoral areas, while crop residues contribute up to 50% of the feed supply in mixed –farming 

system. Grazing lands are steadily shrinking by the conversion to arable lands and natural 

pastures are also restricted to areas that are marginal and have little farming potential 

(Alemayehu Mengistu, 2004; Negesse et al., 2009). Therefore, its another good alternative to try 

feed supplements like duckweed plants to curb the problems the country is facing.  

Duckweed can also be used as organic fertilizer in agriculture by direct application or via 

composting. Lemna plants applied on soil have been reported to contribute to a superior soil 

texture, improved water and cation exchange resulting in good crop harvest. Experiences on use 

of duckweed as organic fertilizer are from China, Angola and Mexico (Iqbal, 1999). 

    

Fig.2.3 Protein Content of Feed Stuff Ingredients in comparison with duckweed 

Source: Skillicorn et al., (1993) 
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2.5 The Potential and Limitations of Duckweed Based Domestic Wastewater Treatment 

Macrophyte-based wastewater treatment systems are appropriate because they offer several 

advantages over mechanized treatment systems: 1) they have low operating costs; 2) they operate 

with low energy requirements; 3) they can often be established at the site of wastewater 

production; and, 4) they are more flexible and more tolerant of shock loading (Brix and 

Schierup, 1989). 

In Bangladesh duckweed technology development and integration of wastewater treatment and 

fish aquaculture was first introduced by the NGO PRISM. Since 1989 PRISM has been 

continuously involved in duckweed based wastewater treatment, both in centralized systems as 

well as in small scale village settings. In 1993 a full-scale systems for wastewater treatment and 

duckweed-based fish culture was installed at the Kumudini Hospital complex in Mirzapur. The 

main objectives are to generate: 1) Low cost wastewater treatment 2) Resource recovery via 

aquaculture 3) Economic Viability 4) Improvement of rural employment and nutritional status. 

The duckweed harvested regularly and used as fish feed in an adjacent farm. Revenues generated 

by fish farm are used to cover the costs of wastewater treatment and fish revenues even exceed 

treatment costs (Alearts et al. 1996; Iqbal, 1999). 

The rapidly growing and small floating aquatic duckweed plants are capable of accumulating 

nutrients and minerals from wastewater. Duckweed holds the potential to create a financial 

incentive for controlled feces and wastewater collection in both rural and urban areas. It, 

therefore improves sanitary conditions. When duckweed biomass is used for animal production, 

the generation of income and nutritional improvement appear as possible side-benefits from the 

wastewater treatment process. The full potential of duckweed wastewater treatment process lies 

in its combined use in the fields of sanitation, food production and income generation (Iqbal, 

1999; Skillicorn et al., 1993).  

Waste stabilization ponds (lagoons) are generally the method of domestic wastewater treatment 

of first choice in developing countries (Mara, 1976). Duckweeds are generally grown in a 

wastewater lagoon. In economically less developed countries, duckweed systems aim at 

combined secondary and tertiary wastewater treatment with valorization of the biomass. Full-

scale applications are, for example, known from Taiwan, Bangladesh and India, where duckweed 
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grown on urban and rural wastewater is used as a feed supplement for raising fish, chickens and 

ducks (Iqbal, 1999; Islam et al., 2000; Skillicorn et al., 1993). 

According to Bonomo et al. (1997), in spite of the very high nutritional value of duckweeds, 

their actual use as animal feed does not seem a reasonable proposal, because of several 

constraints including markets and environmental regulations and suggest that harvested 

duckweed has to be disposed of as sewage sludge (compost or biogas production). However, 

many other researches encourage the use of duckweed for wastewater treatment and valuable 

biomass production. A study carried out in Zimbabwe by Moyo et al. (2003), to determine the 

microbiological safety of duckweed-fed chickens where the duckweed plants were grown on a 

wastewater. The study birds were examined for indicator organisms, Escherichia coli and 

Salmonella spp. The study reported that there were no discernible load pattern of both the 

duckweed fed chickens and control birds with age although the control birds sampled clearly had 

a lower microbial load than the experimental flock. The overall results indicate that there is no 

systemic infection in the birds that may be attributed to the use of duckweed in feed. There was 

clearly transmission of microbes from the weed to birds which necessitates a thorough drying of 

the weed before incorporated into feed. The study concluded that the use of duckweed is 

microbiologically safe as long as due caution is exercised during the processing of the duckweed 

and handling of the birds. 

A research was carried out by Seidle et al., (2004), in Niger to test duckweed plants treatment 

efficiency and to evaluate the direct reuse of the obtained biomass in fish farming. The results 

obtained showed very significant removal of N and P by duckweed plants and less removal 

efficiencies for BOD and COD. Pathogen (Streptococci) removal was very significant meeting 

the WHO standards; 1000 CFU/100ml. The study also reported that fish production obtained 

(5.6X10
3
 Kg/ha/yr) from the population fed with duckweed harvested from the treatment plant 

was higher than that of the non-fed population (4.3X10
3 

Kg/ha/yr). The research concluded that 

establishment of an aquaculture along with duckweed based wastewater treatment system should 

be mentioned as potential for a duckweed treatment system being practiced in different countries  

Large scale applications of duckweed wastewater treatment are being practiced in Bangladesh,  

Taiwan and India. A company, Lemna Technologies Inc. in USA also uses duckweed plants to 

treat wastewater (Iqbal, 1999). 
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In Ethiopia, development of a wastewater treatment plant using duckweed and other aquatic 

plants should be evaluated as integrated part of sustainable waste management (Markus Bieri, 

2002). In Ethiopia, animal feed manufacturing industries are limited in number. Using non-

conventional feeds creates an opportunity for new feed industries and markets, and could reduce 

costs of livestock products (Negesse et al., 2009). 

 

To cultivate duckweed, a farmer needs to organize and maintain conditions that mimic the 

natural environmental niche of duckweed: a sheltered, pond-like culture plot and a constant 

supply of water and nutrients from organic or mineral fertilizers. Wastewater effluent rich in 

organic material is a particularly valuable asset for cultivating duckweed because it provides a 

steady supply of essential nutrients and water (skillicorn et al., 1993). 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Experimental Setup 

The experimental research was carried out in the premises of college of Natural Sciences of 

Addis Ababa University (AAU) in a simple reactor system. The system was set in a laboratory 

and took place during the months of August, 2009 to January, 2010.  

The treatment system encompasses two cells; the duckweed (Spirodela polyrrhiza) inoculated 

treatment cell and the control. Each tank had dimensions of 0.9 m length, 0.3 m width and 0.4 m 

depth with a surface area of 0.27 m
2
 and with a holding capacity of 0.108 m

3
.
 
  

The treatment tanks were made out of 6 mm thick glass. After precise measurements of 

dimensions were done, the glass was cut and glued with silicone glue to avoid leakage. All 

exterior walls of both the treatment tank and the control were covered with aluminum foil. The 

aluminum foil prevented entrance of light to the tanks from the sides and was necessary so as to 

determine the duckweed plant’s ability to shut out light that comes from the top. Each treatment 

tank was divided into three compartments using baffles made out of glass. Each baffle was 0.85 

m long and 0.1m wide between the installed parallel baffles. The purpose of these baffles for this 

specific study was to allow longer time of contact between the plant and the wastewater 

preventing short circuiting.  

3.1.1 Sedimentation (Storage) Tank 

The wastewater used for this study was collected from a wastewater pipe found near the exit 

through which septic tank treated effluents leave the compound. This primarily treated 

wastewater was then fed to circular storage tank with holding capacity of 0.2060154 m
3 

(diameter 

0.54 m and length 0.9 m). There, the suspended solid particles were partially separated from the 

liquid through gravity before being distributed to the treatment cell.  
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3.1.2 Inlet and Outlet of the system 

Placement of inlet and outlet play a major role in wastewater treatment effectiveness. 

Wastewater from the sedimentation tank was brought through a hose that was designed to fit the 

pumps and was placed at the centre of the first compartment ensuring uniform distribution of 

inflow across the entire width. Outlet pipe where the treated wastewater leaves the system was ½ 

inch diameter Poly Propylene Random (PPR) pipe. It was placed 5 cm above the floor of the tank 

and extended up to 45 cm of the tank. The effluent collected from the treatment tanks was taken 

to the laboratory for analysis and what was left was appropriately disposed to the campus 

wastewater drainage system. 

 

 

                                                    

 

             

  

 

 

 

 

 

 

 

 

 

Fig.3.1  Experimental Setup of Duckweed Wastewater Treatment System 
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3.2 Experimental Operating Conditions 

Influent to the treatment tanks was adjusted using Peristaltic Heidolph pumps which ensured 

continuous flow to the tanks. Flow rates (Q) to the treatment tanks were 0.0081 m
3
/d and 0.0064 

m
3
/d for Phase I and Phase II respectively. The product of the influent hydraulic discharge (Q) 

and BOD5 concentration obtained in the influent divided by the total area of the treatment cell 

gives the Organic (BOD) loading rate (Healy and Cawley, 2001). HRT of Phase I and II were 10 

and 15 days, respectively. Hydraulic loading rate (HLR) were 0.03 m/d and 0.24 m/d for Phase I 

and II respectively. HLR is the volumetric flow rate divided by treatment cell surface area 

(HLR=Q/A). Operating conditions for each phase are summarized in Table 3.1. 

Table 3.1 Operating conditions of duckweed wastewater treatment system    

 Parameters of Operating Conditions Phase I Phase II 

OLR (Kg BOD5/ha/d) 47 43 

HRT (days) 10 15 

Q (m
3
/d) 0.0081 0.0064 

Water depth (m) 0.4m 0.4m 

Temp.(
0
C) 19 19.5 

 

3.3 Species Identification and Inoculation 

Duckweed plants used for this study were collected from the premises of Arat Kilo campus of 

AAU. Species identification of duckweed plants was done at the National Herbarium of Ethiopia 

at the AAU. Duckweed plants were first disinfected for a month in a clean water to avoid or 

reduce algae and other impurities that enters the treatment cell and then inoculated manually into 

the treatment cell. Before starting treatment, the plants were acclimatized with a wastewater 

diluted using tap water at 1:3 ratios.  
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Table 3.2 Acclimatization period and percentage of wastewater and tap water used for 

dilutions          

Days Wastewater Tap Water 

August 15-30 25% 75% 

September 01-15 50% 50% 

September 15-30 75% 25% 

Since October 100% - 

 

3.4 System Lighting 

Sunlight from indirect source (from window or skylight) is acceptable light source but growth 

may be slow if days are short and there is much cloud cover (Cross, 2006). Therefore plants were 

exposed with light intensity of 11.46 W/m
2 

from 36W fluorescent tubes.  

3.5 Sample Collection and Analysis 

3.5.1 Wastewater Sample Collection and Sampling Schedule 

Samples for laboratory analysis were collected from three different points. Influent grab samples 

were taken at S1 (at the inlet) as it is showed on figure 3.2. Effluent samples from the duckweed- 

covered tank and control were taken at S2 and S3 respectively (Figure 3.2).  

Samples were collected from October up to January from the inlet and outlet sampling points 

every 10 days for Phase I and every 15 days for Phase II. Samples were collected for three 

rounds for each phase. Therefore, nine samples for each phase and a total of 18 samples for the 

entire treatment period were collected and analyzed.  

For Algal biomass determination, representative wastewater sample was collected under the 

duckweed mat and from control cell every five days for each phase. A total of 9 samples were 

taken for laboratory analysis from November up to January. 
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Duckweed plants for protein analysis were harvested with five days interval for both Phases. 

Collected plants were dried at 105 
0
C for 24 hrs (Cross, 2006); samples were then ground using 

pestle and mortar. A 0.3g of plant sample was analyzed for Organic Nitrogen concentration. 

All samples for physicochemical and bacteriological analysis were collected fresh using a 

sterilized 1L sampling plastic bottle. Filtering Apparatus and all laboratory equipments for 

bacteriological analysis were first autoclaved at 120 
0
C for 15 minutes. 

    

 

 

 

 

 

Fig. 3.2 Sketch for sampling points 

3.5.2 Analysis 

Samples collected for the determination of physico-chemical parameters of the influent and 

effluent were analyzed in the Environmental Science Research Laboratory, algal biomass 

estimation was carried out in the Limnology laboratory at Addis Ababa University using 

standard methods. According to USEPA (2000), physico-chemical parameters measured for 

wastewater quality analysis are Chemical Oxygen Demand (COD), Biological Oxygen Demand 

(BOD5), Total Suspended Solid (TSS), Nitrate-Nitrogen (NO3-N), Ammonium-Nitrogen (NH4
+
-

N), Total-Nitrogen (TN), Ortho-Phosphate (PO4
3-

), Sulfate(SO4
2-

), Sulfide(S
2-

), Total Coliform 

(TC), Fecal Coliform (FC), Dissolved Oxygen (DO), Electrical Conductivity (EC), pH and 

Temperature.   

Wastewater quality parameters COD, TSS, NO3
- 
N, TN, NH4

+ 
N, TP, PO4

3-
, SO4

2-
 , S2

-
 , were 

measured calorimetrically using spectrophotometer (DR/2400, USA) according to HACH 

instructions. BOD5 and DO were measured using Azide Modification (5210 B- 5- Day BOD) and 
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(4500-O-C) method respectively, according to standard methods (APHA, 1998). Temperature, 

pH and EC were evaluated using a portable thermometer, pH meter and EC meter. 

Bacteriological quality indicators, Fecal Coliform and Total Coliform were evaluated using 

Membrane Filtration (MF) (APHA, 1998).Samples were first diluted (10
1
 to 10 

7
) using distilled 

water and then filtered using filtering apparatus and a sterile membrane. The membrane was then 

placed on top of Membrane Lauryl Sulfate Broth saturated pad. After four hours of resuscitation 

period, samples were incubated at 44 
0
C and 37 

0
C for 14 hours for Fecal Coliform and Total 

Coliform analysis, respectively. Fecal Coliform and Total Coliform colonies after incubation 

were counted using hand lens. 

The main objective of duckweed plant’s protein content analysis was to show the additional 

benefit of wastewater treatment using duckweed plants as a potential source of protein rich 

animal feed. Organic Nitrogen content of collected duckweed plants was analyzed using 

Kjeldhal Method of nitrogen analysis according to standard methods (APHA, 1998). Crude 

protein was calculated from the obtained percentage nitrogen as follows:  

CP=%N x 6.25 (Casal et al., 2000) 

Chlorophyll a was measured to estimate the biomass of phytoplankton in wastewater because of 

its universal occurrence in phytoplankton and the manageability of its method of analysis.  It was 

measured by filtering 100ml volume of wastewater through a glass fiber filter (47mm). The filter 

was ground up in acetone solution and the absorbance of the extract was measured at 665 and 

750 nm.The concentration of chlorophyll “a” was calculated according to the following equation 

of Talling and Driver, (1963). 
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After analysis of wastewater for the concentration of measured parameters in the influent and 

effluent; the removal efficiency of treatment cells was calculated according to the following 

formula. 

 

 

 

 

 

 

 

3.6 Statistical Analysis 

Appropriate statistical analysis including Mean, Standard Error, Pearson Correlation and 

Analysis of Variance (ANOVA) were made using SPSS 15 to examine the relationship among 

measured parameters. 

Chl a (mg/L)   =   13.9 [(E665 – E750 ] xVe 

         Vsf x PL 

Where, 

E665 - absorbance at 665 nm 

E750 - absorbance at 750 nm 

Ve - Volume of extract (ml) 

Vsf -Volume of sample filtered (L) 

PL - Path length of the cuvette- spectrophotometric cell-(cm) 

Efficiency (%) = [Ci – Ce]*100 

                                  Ci  

Where,  

Ci = the concentration of wastewater in the influent 

Ce =the concentration of wastewater in the effluent 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Influent and Effluent Wastewater Characteristics of the DWWTs 

Table 4.1 and 4.2 summarize the mean values of the different wastewater quality parameters 

analyzed in Phase I and Phase II respectively. Throughout the thesis, the term “Duckweed 

effluent” will be used to refer to the effluent that originates from the part of the wastewater 

treatment system in which duckweed was growing and “Control effluent” will be used to 

describe effluent that originates from the treatment cell that was being used as a control. 

Average concentrations of parameters measured in the influent for Phase I were: BOD5 

(154.3+6.64), COD (269.67+43.6), TSS (136.7+6.1) mg/L with corresponding loading rates of 

47 Kg/ha/d for BOD5, 81 Kg/ha/d for COD and 41 Kg/ha/d for TSS.  

Influent concentrations of NO3
- 
-N, NH4

+
 -N and TN-N were 9.2+1.42, 126.6+2.05 and 113+6.6 

mg/L with corresponding loading rates of 2.76 Kg/ha/d, 38.01 Kg/ha/d and 34 Kg/ha/d, 

respectively. Average influent PO4
3-

, TP, SO4
2- 

and S
2-

 concentrations to the duckweed and 

control cell were 0.54+0.19, 0.083+0.01, 19.7+5.0 and 0.379+0.1 mg/L with respective loading 

rates of 0.162 Kg/ha/d , 0.025 Kg/ha/d, 6Kg/ha/d and 0.114 Kg/ha/d.  

As shown in Table 4.1 Phase I Total Coliform influent and duckweed effluent were (8.7X10
7
) 

and (5.1X10
4
) CFU/100ml respectively. Whereas Total Coliform effluent from control for this 

same influent concentration was 6.7X10
4 

CFU/100ml. Fecal Coliform influent and effluent 

concentrations of duckweed cell were 3.3X10
6
 and 7X10

4
 respectively. Control effluent Fecal 

Coliform counts were 8.6X10
3
 CFU/100ml. 

Mean Dissolved Oxygen effluent values obtained for duckweed were 4.6mg/L and 4.3mg/L for 

Phase I and II respectively. Effluents from control were 2.4 mg/L and 2.7 mg/L for Phase I and 

II, respectively. Effluents from duckweed covered cell, when compared with Ethiopian Standard 

Limit values for discharge to water bodies for DO fulfill the minimum requirement which is 4 

mg/L.  
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Table 4.1 Phase I, Mean values of measured parameters in the Influent and Effluent of 

DWWTs 

 

 

Parameters  

Mean values of measured parameters in the Influent and Effluent  

 

Influent 

Effluent 

Duckweed Control 

BOD5 (mg/L) 154.3+6.64 17+1.63
a
 29.67+1.67 

COD (mg/L) 269.67+43.6  34+2.1
a
 59+2.4 

TSS (mg/L) 136.7+6.1 17+3
a
 31+3.6 

NO3
-
 -N (mg/L 9.2+1.42 2.5+0.7

a
 5.1+0.8 

NH4
+
-N (mg/L) 126.6+2.05 71+1.5

a
 80+3.2 

TN-N (mg/L) 113+6.6 48+3.2
a
 75.3+5.7 

PO4
3-

 (mg/L) 0.54+0.19 0.03+0.01
a
 0.08+0.01 

TP (mg/L) 0.083+0.01 0.025+0.01 0.06+0.03 

SO4
2-

 (mg/L) 19.7+5.0 16.3+1.5 17.3+1.5 

S
2-

 (mg/L) 0.379+0.1 0.062+0.0
a
 0.123+0.01 

DO (mg/L) 1.23+0.21 4.6+1.5 2.4+0.28 

EC (µS/cm) 1497.67+26.57 1198.33+7.9
a
 1261.0+7.9 

pH (pH units) 7.2+0.011 7.31+0.27 7.6+0.07 

T (
0
C) 21.4+0.52 20+2.6 19.67+2.08 

FC (CFU/100mL 3.3X10
6
 7X10

3
 8.6X10

3
 

TC (CFU/100mL) 8.7X10
7
 5.1X10

4
 6.7X10

4
 

 “a”shows difference in removal is statistically significant. 
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Average influent concentrations for Phase II were: BOD5 (181.3+15.1), COD (344+8), TSS 

(136.7+6.1) with corresponding loading rates of BOD5 (43 Kg/ha/d), COD (81.6 Kg/ha/d) and 

TSS (40 Kg/ha/d). 

Phase II influent concentrations of NO3
- 
-N, NH4

+
 -N and TN-N were 29.3+2.5, 123.67+3.05 and 

127+9.1 with corresponding loading rates of 7 Kg/ha/d, 29.3 Kg/ha/d and 30.1 Kg/ha/d 

respectively. Average influent PO4
3-

, TP, SO4
2- 

and S
2-

 concentrations to the duckweed and 

control cell were 0.52+0.18, 0.14+0.04, 32.7+1.8 and 0.594 with respective loading rates of 

0.125 Kg/ha/d, 0.033 Kg/ha/d, 7.75Kg/ha/d and 0.142 Kg/ha/d.  

The mean pH and Temperature values of the Influent wastewater were 7.27+0.01 pH units and 

21.4+ 0.43 
0
C for Phase I and 7.15+0.04 pH units and 21.1+ 0.08 

0
C for Phase II respectively. 

Both pH and Temperature were suitable for duckweed plant growth. Effluent temperature from 

duckweed treatment cell was 20+2.6 and 20.2+0.264 for phase I and II respectively. Effluent pH 

value of duckweed treatment cell was 7.316+0.28 and 7.52+0.107 for phase I and II respectively. 

Effluent pH values from control were 7.68+0.12 and 7.64+0.08 for Phase I and Phase II, 

respectively. In the duckweed treatment cell effluent pH values were found to increase than the 

influent, caused by photosynthetic activity of the duckweed which utilized CO2 and produced O2. 

The consumption of CO2 by duckweed reduced the amount of carbonic acid in the wastewater 

which helped to increase the pH in the treatment cell (Bal Krishna and Polprasert, 2008). When 

compared with Ethiopian effluent standard limits to receiving water bodies, Temperature and pH 

of duckweed effluents of both phases were within the limit which is 40 
0
C for temperature and 6-

9 pH units (EEPA, 2003). 
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Table 4.2 Phase II, Mean values of measured parameters in the Influent and Effluent of 

DWWTs.  

  

 

Parameters  

Mean values measured parameters of Influent and Effluent 

 

Influent 

Effluent 

Duckweed Control 

BOD5 (mg/L) 181.3+15.1 19+3
a
 34.4+1.6 

COD (mg/L) 344+8 65.7+2.1
a
 92+5.1 

TSS (mg/L) 168.7+4.5 8.3+2
a
 25.7+1.5 

NO3
-
 -N (mg/L 29.3+2.5 4.1+0.8

a
 15.3+3.2 

NH4
+
-N (mg/L) 123.67+3.05 65+1.6

a
 108.3+2.08 

TN-N (mg/L) 127+9.1 61.2+1.3
a
 88.2+6 

PO4
3-

 (mg/L) 0.52+0.18 0.03+0.01
a
 0.087+0.01 

TP (mg/L) 0.14+0.04 0.04+0.02 0.08+0.02 

SO4
2-

 (mg/L) 32.7+2.08 23.67+1.15 26.67+6 

S
2-

 (mg/L) 0.594+0.0 0.079+0.0
a
 0.094+0.0 

DO (mg/L) 1.2+0.1 4.3+0.26
a
 2.7+0.3 

EC (µS/cm) 1211+18.5 1152+8
a
 1181.3+7.02 

pH (pH units) 7.15+0.04 7.52+0.107 7.64+0.08 

T (
0
C) 21+0.1 20.2+0.26 20.4+0.52 

FC (CFU/100mL) 9X10
6
 7.3X10

3
 8.6X10

3
 

TC (CFU/100mL) 8.3X10
7
 5.7X10

4
 1.1X10

5
 

“a” shows statistically significant difference 
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Electrical conductivity provides an indication of the mineral ion content of water. The parameter 

does not however give an indication as to which ion might be present (Dalu and Ndamba, 2003). 

The influent wastewater for both phases had high mineral ion content as EC values were 

1497.67+26.57 and 1211.0+18.5 µS/cm for Phase I and II respectively. EC effluent values for 

Phase I and II from the duckweed and control was 1198.3+7.93 µS/cm and 1261+7.9 µS/cm and 

Phase II (1152+8 µS/cm and 1181+7 µS/cm) respectively. ANOVA analysis results have showed 

that there is statistically significant difference (p<0.05) between duckweed and control effluent.     

4.2 DWWT System Removal Efficiencies  

Removal efficiency of duckweed and control for the two treatment phases is summarized in 

Table 4.3. Duckweed plants showed better removal efficiencies than the control.  

Duckweed plants have shown interesting organic matter removal efficiency for both phases. 

Observed total suspended solid removal efficiency greatly increased during Phase II. Longer 

retention time must have enhanced good settling. 

Generally, duckweed plants showed hopeful nutrient removal efficiency in both treatment 

phases. Nitrate-nitrogen and Total Phosphorus removal efficiency of duckweed plants showed 

better removal in phase II although removal efficiency of Total Phosphorus during Phase II 

showed no significant difference. Obtained ortho-phosphate removal efficiency was very 

appealing for both phases. Pathogen removal efficiency of both duckweed and control were very 

high in both phases achieving greater than 99.9% removal efficiency. 
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Table 4.3 Removal Efficiencies of duckweed and control for Phase I and Phase II  

 

Parameters 

Percentage Removal 

Phase I Phase II 

Duckweed Control Duckweed Control 

BOD5 89% 80.7% 89.5% 81% 

COD 87.3% 78.1% 80.6% 73% 

TSS 87.5% 77.3% 95% 84.7% 

NH4-N 44% 36.8% 47.4% 12.4% 

NO3-N 72.5% 44% 85.3% 47.3% 

TN 57.5% 33% 51.8% 30.5% 

TP 69.8% 27.7% 83.5% 42.4% 

PO4 94.4% 85.1% 94.3% 71.4% 

SO4
2-

 17.1% 12% 27.5% 18.3% 

S
2-

 83.6% 68.4% 86.6% 83.31% 

TC 99.9% 99.9% 99.9% 99.6% 

FC  99.7% 99.7% 99.9% 99.9% 

 

4.2.1 BOD, COD and TSS removal 

Results for removal efficiencies of BOD5, COD and TSS of duckweed treatment cell were 89%, 

87.3% and 87.5% for Phase I and 89.5%, 80.9% and 95% for Phase II, respectively. Efficiency 

obtained for the same parameter by the control were 80.7%, 78.1% and 77.3% for Phase I and 

81%, 73% and 84.7% for Phase II, respectively. Figure 4.1 shows the removal efficiencies of 

these pollutants for the duckweed inoculated cell and the control.    

ANOVA results showed that there was a significant difference (P<0.05) between the control and 

duckweed treatment cell for BOD5 and COD removal for both phases. This shows that duckweed 

plants enhance organic matter removal in a remarkable way. The paired t-test for removal 

efficiencies of duckweed in 10 and 15 days of retention time shows significant difference 
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(p<0.05) for BOD5 and COD removal. Bal Krishina and Polprasert (2008), reported that removal 

efficiencies of units operating for 10 and 15 days were not significantly different. However, it is 

probable that COD, BOD and TSS removal in duckweed pond is mainly HRT dependent and 

longer retention time results better removal efficiency (El-Shafai et al., 2007). 

 

 

   Experimental Phases 

Figure 4.1 BOD5, COD and TSS Removal Efficiencies of Duckweed and Control Treatment 

Cells 

The removal efficiencies observed in this study corroborate the findings of Abou El-Kheir et al. 

(2007), in Egypt, who reported that there was 90.6% and 89% removal efficiency of BOD and 

COD respectively. The observed removal efficiencies are similar to those reported by Ran et al. 

(2004), for BOD (70.6+9.5%) and COD (67+8.2%) in their primary effluent treatment using 

pilot scale constructed wetland of duckweed (Lemna gibba L.) in Israel. In a study carried out by 

Mandi (1994), BOD5 removal efficiencies of 60-70% in pilot scale DWWT unit covered with 

duckweed (Lemna gibba) and operated at a 7 days of retention time were reported.  

 

The removal efficiencies obtained strengthen the fact stated by Alearts et al. (1995), that  

duckweed systems have interesting performance with regard to BOD5 and COD removal. 

According to Hammouda et al. (1995), lemna contributes to the removal of organic matter 
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because of their ability to use simple organic compounds directly. Korner et al. (2003), however 

argue that bacteria present in the duckweed system must play a role because significant 

differences between duckweed-covered systems and controls disappeared after killing (at least 

part of) the bacteria with antibiotics (ampicillin) or sterilization. Steen and Gijzen (2003), add 

that nor the direct uptake of small organic compounds nor the biofilm attached to the small 

duckweed roots contribute significantly rather sedimentation and heterotrophic activity in the 

water column is the main mechanism. 

 

According to Brix and Schierup (1989), a dense cover of duckweed on the water surface inhibits 

both oxygen entering the water by diffusion from the air and photosynthetic production of 

oxygen by phytoplankton because of the poor light penetration but Alearts et al. (1996), have 

proved that water column in duckweed covered sewage lagoon system with low BOD load 

remained aerobic. Korner et al. (1998), also agree when they state that shallow duckweed-

covered batch systems containing 100% wastewater contained significantly more oxygen than 

uncovered controls. Therefore enough supply of oxygen through duckweed plants must have 

facilitated high removal of BOD5 and COD through aerobic bacterial degradation. 

A Study Carried out by Awuha et al. (2004), reported high organic removal in the macrophyte-

based (duckweed and pistia) ponds when compared with algal ponds due to heterotrophic 

bacteria degradation without further addition of organic matter from algal biosynthesis. Algal 

ponds produced new algal cells through photosynthesis that remained in suspension and 

increased the organic load. 

 

Duckweed pond effluent concentrations were compared with the Provisional Discharge Limit 

values set by the Ethiopian Environmental Protection Authority for the National Environmental 

Quality Standard. Duckweed pond effluent values for BOD5 (17+1.63 for Phase I and 19+2.44 

for Phase II) and COD (34+2.1 for Phase I and 65+1.69 for Phase II) are lower than the 

discharge limits to receiving water bodies which is 80 mg/l for BOD5 and 250mg/l for COD 

(EEPA, 2003). To achieve better removal efficiency of organic matter and therefore better 

effluent concentrations; lower organic loading rates (45 Kg/ha-d) were suggested by Bal 

Krishina and Polprasert (2008). 
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Total Suspended Solids in duckweed ponds is mainly reduced by sedimentation, biodegradation 

of organic matter, adsorption of minor fraction by duckweed roots and inhibition of algal growth 

(El-Gohary et al., 2008). Better removal of TSS in duckweed-based wastewater treatment units 

could be attributed to the duckweed cover, which prevented algal growth as well as providing 

quiescent condition in the unit for proper sedimentation of TSS. Furthermore, the duckweed 

roots act as a filter to which TSS would attach and remove some part of TSS (Bal Krishina and 

Polprasert, 2008). 

 

ANOVA analysis results show that there was statistically significant difference (p<0.05) between 

the duckweed treatment cell and control for both phases. Removal efficiencies were also 

significantly different (p<0.05) between the two phases. Longer retention time of the second 

phase must have enhanced better removal efficiency and better effluent concentration. 

Obtained TSS removal efficiencies of duckweed covered treatment cell (95%) were similar to 

that reported by Abou-El Kheir et al. (2007), (96.3%) with a hydraulic retention time of eight 

days. Bal Krishina and Polprasert (2008), also reported 90% TSS removal efficiency with 16 

days of retention time.     

TSS effluent concentrations (17+2.4mg/L and 8.3+7mg/L for Phase I and II respectively) from 

the duckweed cell were compared with discharge limits set by the Ethiopian Environmental 

Protection Authority for the National Environmental Quality Standard. The obtained values were 

much lower than the limit which is 50mg/L. Duckweed plants were found to be very encouraging 

for TSS removals.    

4.2.2 Nitrogen Removal  

Phase I removal efficiencies of NO3
-
-N, NH4

+
 -N and TN-N were 72.5%, 44% and 57.5% for 

duckweed covered cell and 44%, 36.8% and 33% for control respectively. Removal efficiencies 

obtained during phase II for NO3
-
-N, NH4

+
 -N and TN-N were 85.3%, 47.4% and 51.8% for 

duckweed covered cell and 47.3%, 12.4% and 30.5% for control respectively. 

The Ammonium removal efficiencies found in this study showed similarity with that of Gurtekin 

and Sekerdag (2008). They treated secondary effluent domestic wastewater with a hydraulic 

retention time of 7 days with influent ammonium concentration of 11.5+0.7 and obtained 
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ammonium concentration of 7.5+0.4 in the effluent with removal efficiency of 35%. Ndamba 

and Dalu (2003), reported 70% removal of Nitrate using duckweed stabilization ponds in 

Zimbabwe which resembles the results found in this study. The observed Total Nitrogen removal 

efficiency is similar to removal efficiency obtained (55%) by Bal Krishina and Polprasert (2008),  

removal efficiency at a hydraulic retention time of 10 days. 

There was no significant difference (p>0.05) in the influent NH4
+
-N and TN concentration values 

between Phase I and Phase II. But influent NO3
_
N concentration values showed a significant 

(P<0.05) increase during Phase II. The paired t-test result shows that there was significant 

difference (p<0.05) in the removal efficiencies of NO3
_
N, NH4

+
-N and TN in duckweed covered 

treatment cell during Phase II.  

 

 

 

     Experimental Phases 

Figure 4.2 NH4
+
, NO3

-
 & TN Removal efficiency of Duckweed and Control Treatment Cell 

Removal of Nitrogen in duckweed-covered system is mainly attributed to nitrogen uptake by 

duckweed, nitrogen uptake by the attached biofilm on duckweed and coupled nitrification-

denitrification by these biofilms, ammonia volatilization and sedimentation of particulate N  

(Hammouda et al., 1995; Iqbal, 1999; Korner and Vermaat, 1998; Korner et al., 2003). Relative 

importance and kinetics of these different removal processes of nutrients have been reported in 
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different literatures. According to Alearts et al. (1996), 42-47% influent N load was removed by 

Lemnaceae. Besides plant uptake, denitrification and volatilization of ammonia are quantitatively 

relevant processes for nitrogen removal in the system (Iqbal, 1999). In a study carried out by El-

Shafai et al. (2007), duckweed plants captured 80% of the removed nitrogen, 5% accumulated in 

sediments and 15% was denitrified. However, the contribution of ammonia volatilization for 

overall nitrogen removal was insignificant. Ammonia volatilization was highly correlated with 

NH3 concentration in pond water, which in turn was governed by the combined effect of pH and 

temperature. Lower pH in duckweed ponds resulted in lower ammonia concentrations and hence 

lower ammonia volatilization (Zimmo et al., 2003).  

Nitrate Nitrogen removal efficiency was higher in both Phases of duckweed covered cells than 

the control cell. Nitrate in duckweed ponds is removed through denitrification where in the 

presence of organic matter microbes associated with attached biofilms or suspended in the water 

column convert nitrate to nitrogen gas and through duckweed plant uptake (Bitcover and Sieling 

,1950) and some nitrate will also diffuse into the sediments. As a result, higher removal 

efficiencies might be due to anoxic/anaerobic conditions and organic matter available under the 

duckweed mat enhancing denitrification (USEPA, 2000). Greater Removal of nitrate with 

increase in retention time was also observed in other studies (Abou el-Kheir et al., 2007; 

Hammouda et al., 1995). Organic and Nitrogen removal efficiencies were found to increase with 

increasing HRT because microorganisms had more time to degrade organic materials (Bal 

Krishina and Polprasert, 2008). 

According to Caiceido et al. (2000), duckweed had a preferential uptake of NH4
+
 over other 

nitrogen sources therefore removal of ammonium in duckweed treatment cells is mainly due to 

plant assimilation. However, the relatively low removal of NH4
+
 in the duckweed covered cells  

might be due to relatively higher influent ammonia, the fact that Spirodella polyrrhiza  prefers 

NO3-N to ammonium (Sieling and Bitcover, 1950). 

Nitrogen exists in the form of ammonia, organic nitrogen, nitrite and nitrate in duckweed 

treatment ponds. Several removal mechanisms exist in duckweed treatment systems that remove 

or convert one form of nitrogen to another. Good removal efficiency of Total Nitrogen for the 

duckweed treatment cell can be explained by the fact that longer retention time of wastewater 
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spent in the storage tank must have created suitability for hydrolysis of organic nitrogen 

compounds before entering the treatment cells and within the ponds (Alearts et al., 1996). 

Results of duckweed pond effluent were compared with National Environmental Quality 

Standard for wastewater effluent discharge to water bodies (EEPA, 2003). Duckweed pond 

effluent concentration values of Nitrate-Nitrogen (2.5+0.71 and 4.3+0.67 mg/L for Phase I and 

Phase II, respectively) and Total Nitrogen (48+3.2 and 61.3+1.17 mg/L for Phase I and Phase II 

respectively) are with in the limit values of the standard which are 200mg/l for Nitrate Nitrogen 

and 60 mg/L for Total Nitrogen. Ammonium effluent concentrations (71+1.5 and 65+1.3 mg/L 

for phase I and II, respectively) do not fulfill the required effluent standard limits (5mg/L). 

Removal efficiency of duckweed ponds will be enhanced if influent with low concentration of 

nitrogen sources is provided as ammonium is the preferred source of nitrogen in very low 

concentration (Bitcover and Sieling, 1950). Provision of anaerobic treatment prior to duckweed 

wastewater treatment ponds so that simple organic molecules produced by anaerobic bacteria can 

be used directly in the metabolism of duckweed (Steen et al., 1999). Aeration of the system 

where cost is not a limiting factor will also increase nitrification that is the aerobic oxidation of 

ammonium to nitrite by ammonium oxidizing bacteria and subsequent oxidation of nitrite to 

nitrate by nitrite oxidizing bacteria thereby leading to high removal of ammonium (Bonomo et 

al., 1997). 

4.2.3 Phosphorus removal 

Duckweed PO4
3
- and TP removal efficiency for Phase I was 94.4% and 69.8% while Phase II 

removal efficiency for these same parameters was 94.3 % and 83.5 % respectively. The control 

achieved removal efficiency of 85.1 % and 27.7 % for PO4
3
- and TP for Phase I and 71.4% and 

42.8% for Phase II respectively.  

The performance of duckweed obtained for the removal of PO4
3
- and TP is similar to the 

findings of Alearts et al. (1996), 95 % removal efficiency for PO4
3-

 and 75% removal efficiency 

for TP. The results achieved for the removal of Ortho-phosphate and Total Phosphorus showed 

better removal efficiency than the results obtained by Abou-El Kheir et al. (2007), Total 

Phosphorus and Ortho-Phosphate removal efficiencies of 48% and 64.4%, respectively, where 

Lemna gibba was used for the treatment of wastewater with a retention time of 8 days. Total 



. 

 

Page 39 

 

Phosphorus removal efficiency of duckweed cell obtained in this study for both Phases falls in 

the range obtained (60-92.2 %) by Hammouda et al. (1995). 

ANOVA analysis result comparing effluent concentrations of duckweed and control cell showed 

that duckweed plants were effective in removing phosphates from wastewater (p<0.05). The 

paired t-test results showed there was significant difference (p<0.05) in removal efficiencies of 

duckweed during phase II. This is similar to the findings of Hammouda et al. (1995), where a 

continuous gradual removal of Phosphorus was observed while there was an increased treatment 

period. ANOVA analysis result shows that there was no significant difference (p>0.05) between 

influent concentrations of TP and PO4
3-

 for Phase I and Phase II. 

 

 

Experimental Phases 

Figure 4.3 Orthophosphate (PO4
3-

-P) and Total Phosphorus (TP) percentage removal 

efficiency of Duckweed and Control cell.  

According to Hammouda et al. (1995), continuous uptake of phosphorus by fast-growing Lemna 

plants results in permanent removal of renewable phosphorus and also these plants in wastewater 

treatment supplement the bacterial reduction of phosphorus. According to Korner et al. (2003), 

Phosphorus losses can be attributed to uptake by duckweed, its attached biofilm (algae and 

bacteria), the biofilm attached to the walls of the system and sedimentation of particulate 
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phosphorus. The plant’s uptake capacity depends largely on the growth rate, harvesting 

frequency and available ortho-phosphate, the favored form of phosphorus for duckweed growth. 

In general, plant uptake and sedimentation are quantitatively relevant for phosphorus removal in 

duckweed systems (Iqbal, 1999).  

Effluent concentrations of Ortho-Phosphate (0.03mg/L) and Total Phosphorus (0.04mg/L) in 

duckweed treated wastewater were compared with Provisional discharge limits of EEPA. Both 

concentration values fulfill the limits set by the authority which is 5 mg/L for Ortho-phosphate 

and 10mg/L for Total-phosphorus. 

The discharge of nitrogen and phosphates into rivers and lakes results in eutrophication and 

causes massive and undesired growth of algae. This situation disturbs the natural balance in 

water body. Thus, this problem has to be solved by reducing its concentration before discharge to 

environments such as inland, rivers, lakes and dams (Obek and Hasar, 2002). 

4.2.4 Algae Removal/Reduction 

The chlorophyll a concentration results obtained for algal biomass estimation of duckweed- 

covered cell and control are shown in Fig.4.4. The maximum (0.03058 mg/L) and minimum 

(0.00139 mg/L) chlorophyll a concentration for duckweed covered cell were observed on Nov.5 

and Dec. 30, respectively. The maximum (0.0112 mg/L) and minimum (0.00139 mg/L) 

chlorophyll a concentration of the control were observed on Nov. 1 and Jan.4. 

 

Figure 4.4 Chlorophyll a Reduction in mg/L  
Time (Days) 
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The decrease in chlorophyll a concentration indicated that there was a suppression of algal 

population through prolonged treatment period. The decrease in chlorophyll a concentration 

through time confirms what was reported by Abou-El Kheir et al., (2007). For this study, 

calculated percentage algal reduction of duckweed covered and control cell were 95.45% and 

87.5%, respectively. According to Hammouda et al. (1995), Lemna gibba have achieved higher 

quantitative and qualitative algal removal in mixtures of Nile and wastewater systems. The 

percentage algal reduction ranged between 85.9 and 90.3%. They have also reported that Lemna 

treatment of wastewater induced a reduction in the total species number of phytoplankton 

populations to only five species of diatoms.  

The major mechanism of duckweed plants in reduction of algal population is shutting out light 

that enters in to the wastewater treatment system, thereby reducing photosynthesis by algae .In 

addition duckweed plants fiercely compete for available nutrient and eliminate various algae 

rapidly (Skillicorn et al., 1993). An experiment carried out by Ozbay (2001), to examine the 

effect of Lemna minor and water depth on algal growth have reported that algal growth was 

reduced by the presence of Lemna minor and with increase in depth from 5cm to 20 cm algal 

growth was also significantly reduced. Therefore, algal growth reduction in duckweed covered 

cell was also due to attributes of appropriate depth.    

As it can be seen from Fig.4.4, maximum chlorophyll a concentration of wastewater in the 

duckweed pond was higher than the maximum chlorophyll a concentration in the control. 

Duckweed plants used in this experiment were collected from a natural environment and 

although disinfected with clean water for a month it was never an assurance that the plants were 

free from any algal units. Therefore, the obtained increment in chlorophyll a concentration might 

be due to the algae brought along with the duckweed plants (Cross, 2006). 

 

4.2.5 Sulfate and Sulfide Removal 

Phase I sulfate removal efficiency were 27.5% and 18.3% for duckweed covered and control 

cell, respectively. Sulfide removal efficiencies obtained during Phase I were 86.6% and 83.3% 

for duckweed and control cell respectively. Duckweed and control cell have achieved 27.5% and 

18.3% sulfate removal during Phase II and 86.6% and 83.3% percentage removal of Sulfide for 

the same treatment phase. ANOVA analysis results show that there was no significant difference  
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(p>0.05) for sulfate removal between duckweed and control cell for both Phases. Paired t-test 

results for removal efficiencies of the two phases showed that there was significant difference 

(p<0.05) in sulfate removal. 

 

There was significant (p<0.05) difference for sulfide removal between duckweed and control 

cells for both phases. Paired t-test results also showed that there was significant difference 

removal efficiency between the two Phases. 

 

 

 

 

   Experimental Phases 

Figure 4.5 Percentage Sulfate and Sulfide Removal Efficiency of Duckweed and Control. 

Phase I and Phase II 

 

Sulfur compounds (Sulfur containing proteins) in the wastewater are converted to sulfate in the 

aerobic environment instead of odor causing sulfides that occur in the anaerobic environment 

(Zang, 1999). 

 

Sulfates in wastewater are removed by obligate anaerobic sulfate reducing bacteria such as 

Desulfovibrio spp. anaerobically reducing sulfates to sulfides to which offensive odor production  
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is attributed (Mara, 2003). The very low Sulfate removal efficiency of the treatment system was 

mainly due to the unfavorable environment and presence of the dissolved oxygen for the obligate 

anaerobic sulfate reducing bacteria. 

 

According to Mara (2003), a small amount of Sulfide is beneficial as it reacts with heavy metals 

to form insoluble metal sulfides which precipitate out. Additionally, Sulfide can also react with 

hydrogen, forming hydrogen sulfide which is evolved to the atmosphere as a gas (Morse et al., 

1987). Odor problems associated with the presence of hydrogen sulfide are usually mentioned 

along with wastewater treatment systems. But presence of duckweed plants at the surface 

reduces odor problem (Hammouda et al., 1995). It is assumed that the aerobic duckweed mat 

acts as chemical and physical barrier against odors. Hydrogen Sulfide (H2S) oxidizes for 

example to H2SO4 in the aerobic plant mat (Iqbal, 1999). According to Kerstens et al. (2009), 

duckweed cover reduced H2S via two mechanisms, by forming a physical barrier and by 

providing attachment area for sulfide oxidizing bacteria. There were no odor problems during 

treatment periods of this study, suggesting that the duckweed mat performed well in removing 

H2S and high removal efficiency of sulfide must have been due to other sulfide removal 

mechanisms mentioned earlier. 

 

Mean influent Sulfide concentrations (0.379+0.1 for Phase I and 0.594 for Phase II) although 

already lower than provisional discharge limit set by EEPA of Ethiopia which is 1mg/L; removal 

efficiencies obtained through duckweed plant treatment were very encouraging with a much 

lower effluent. Sulfate effluent concentrations of both phases meet the effluent discharge limits 

set by the National Authority (1000 mg/L).   

 

4.2.6 Pathogen Removal 

Indicator organisms Total Coliform and Fecal Coliform were used in this study to evaluate 

pathogen removal of duckweed plants. Phase I influent and effluent concentration of duckweed 

treatment cell were (8.7X10
7
) and (5.1X10

4
) CFU/100ml with removal efficiency of 99.9%. 

Fecal Coliform influent and effluent concentrations of duckweed cell were 3.3X10
6
 and 7X10

3
 

respectively with corresponding removal efficiency of 99.7%. Phase II influent Fecal Coliform 

concentration was 9X10
6
 CFU/100ml while duckweed and control effluent concentrations were 

7.3X10
3
 and 8.7X10

3
 with corresponding removal efficiency of 99% for both cells. 
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ANOVA analysis result showed that there was no significant difference (P>0.05) between the 

duckweed covered cell and control for both Fecal Coliform removal in both phases. Fecal 

Coliform reductions showed similarity to what was obtained by Awuah et al. (2004), in which 

there were 3 log reductions of fecal coliform. El-Shafai et al. (2006), obtained very similar 

percentage removal efficiency (99.9%) of fecal coliform indicator bacteria with a hydraulic 

retention time of 15 days. They concluded from their studies that duckweed controls the count of 

fecal coliforms in pond through two main processes. Firstly, the recovery of nutrients from the 

pond may have caused deficiency in these nutrients. Secondly, the adsorption of fecal coliforms 

to the duckweed followed by harvesting might have played a role in fecal coliform removal.  

 

 

 

   Experimental Phases 

Figure 4.6 Percentage TC and FC Removal Efficiency of Duckweed and Control for Phase 

I and Phase II 

 

Although there were 3 log reductions of pathogens after treatment, effluent concentrations do not 

fulfill Effluent Emission Standard Limit values set by the Environmental Protection Authority of 

Ethiopia which is 400cfu/100mL. This might be due to lower temperature of the treatment cell 

due to restricted sunlight penetration (Alearts et al., 1996). Temperature effects on duckweed’s 

pathogen removal efficiency were obvious as they were part of UV disinfections (El-Shafai, et 

al., 2007). 
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Sedimentation played a major role in pathogenic microbes and egg removal in duckweed ponds.  

Factors like pond depth and shape that affect sedimentation must be studied in detail to enhance 

sedimentation (Awuah et al., 2004). Low pathogen removal can simply be solved by combining 

duckweed pond with stabilization pond to benefit from their respective advantages. Stabilization 

ponds with intensive algae growth partly elucidate the mechanisms by which light in 

combination with high pH values and high oxygen concentration accelerates the decay of 

bacterial pathogen (El-Gohary et al., 2008). 

 

Generally, although promising removal efficiencies were observed it requires the use of pre 

treatment and/or post treatment options to meet the effluent discharge limits set by the national 

authority. 

 

4.3 Protein Content of Duckweed plants 

 

Duckweed plants have been suggested by many authors as supplement for animal feed because 

the plants contain the essential amino acids and have protein content comparable with animal 

protein (Skillicorn et al., 1993, Hammouda et al., 1995,). When grown in nutrient rich waters, 

duckweed can contain crude protein as high as 40% (Moss, 1999; Skillicorn et al.,1993). 

Table 4.4 presents the crude protein percentage contents of duckweed during the two   treatment 

Phases. The obtained results were 13% of crude protein content before duckweed plants were 

inoculated into the treatment cell and which reached its maximum (14.4%) on November 7 and 

20 of Phase I and December 20 of Phase II. The protein analysis result showed a slight decrease 

(13.25) again during the end of the treatment period.   

Table 4.4 Crude protein percentage of duckweed plant 

Sampling 

period 

(Days) 

October 

1, 2009 

November 

2, 2009 

November 

7, 2009 

November 

20, 2009 

December 

20, 2009 

December 

30, 2009 

January 

5, 2010 

% Crude 

protein 

13% 13% 14.4% 14.4% 14.4% 13% 13.25% 
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The crude protein content estimates obtained in this study (13-14.4%) are lower than that 

reported by Hammouda et al. (1995), which was 44.7% protein per dry weight. They also 

reported that protein percentage increased upon enrichment with wastewater i.e maximum 

protein level was detected in water system mixture of Nile and Wastewater ratio of 1:3, with a 

total increase of 13.2% for Nile water grown lemna tissue. Crude protein results of Spirodela 

polyrrhiza obtained in this study are lower than protein content of the same species reported by 

Caicedo et al.(2000), which were 35.1% and 36.6% with and without anaerobic pretreatment of 

influent wastewater respectively. However, the result obtained here was in agreement with the 

findings of Ran et al. (2004), in which average crude protein concentrations were 26.9+2.6% and 

26.8+3.7% in two parallel duckweed ponds used to treat domestic primary effluent. The 

observed increase in percentage protein concentration from 13% to 14.4% with an increase in 

treatment time corroborates the findings of Abou-El et al. (2007), where duckweed (Lemna 

gibba) protein content increased from after eight days of retention time. Casal et al. (2000), 

reported 21% protein in Lemna gibba under optimal laboratory conditions which was similar to 

findings of this study. 

Obtained protein concentrations are low when compared with those of other recommended and 

used animal feed stuffs like soybean with a crude protein of 42% .This might be due to, as 

explained by Iqbal (1999), duckweed productivity, nutritional value and nutrient removal 

efficiency decline gradually with increase in retention time. According to Moss (1999), retention 

time plays a major role in the plant’s nutritive values. Longer retention time can yield longer root 

growth and a pale green color resulting from shortage of nutrients. Another experiment by Oron 

et al. (1985), reported an increased retention time was associated with lower crude protein; 

however, an increased level of ammonium concentration was found in the effluent.  

Among the factors that determine the protein content of duckweed other than retention time is 

harvesting technique. Operations that aim at maximizing nutrient removal might have a longer 

harvest interval, while an operation that produces duckweed biomass as a protein source might 

need to harvest at an earlier time to prevent root growth (Moss, 1999). The lesser harvesting 

periods of this study that was only done during the times of protein analysis might be another 

explanation for low protein content of duckweed plants used to treat the wastewater. According 
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 to Iqbal (1999), duckweed can be used for combined wastewater treatment and production of 

high protein biomass up to the point where nutrient limitation diverges the two so far parallel 

running processes. 

In a study carried out by Negesse et al. (2009), on the  nutritive value of some non-conventional 

feed sources of Ethiopia, it was reported that duckweed (Lemna minor) has high crude protein 

content (258 g/kg dry mass) which makes its use for supplementing low quality forages an 

obvious consideration and its potential for use as a dietary component for ruminants which could 

be of interest in Ethiopia where one of the most important factors limiting productivity and 

farmers’ involvement in modern animal production being inadequate feed supply. However, high 

ash, lignin and phytate contents must be considered as they limit the intake and digestibility of 

nutrients. According to Moss (1999), duckweed treatments of nursery pigs resulted in adequate  

growth performance although digestibility of nutrients was not efficient. 

According to Negesse et al. (2009), duckweed (Lemna minor), as non-conventional feed could 

partly fill the gap in the feed supply, decrease competition for food between humans and 

animals, reduce feed cost and contribute to self-sufficiency in nutrients from locally available 

feed sources. In general, the plants have shown good results in treating domestic wastewater, 

algal growth reduction and crude protein content value.  
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CHAPTER 5 

CONCLUSIONS AND RECCOMENDATIONS 

5.1 Conclusions 

 Wastewater treatment is an essential part of human and environmental health. Duckweed based 

wastewater treatment systems, that mimic natural cleansing mechanisms, which are easily 

operable, low cost, efficient and accompanied by valuable by-product with far reaching 

economic benefits for the society should be given consideration in wastewater management of 

Ethiopia. Duckweed plant species are widely distributed in the world so as in Ethiopia.  The 

environmental conditions of Ethiopia are often favorable beneficial for duckweed growth which 

make duckweed-based treatment of wastewater effective. 

Removal efficiencies obtained using duckweed plants for treating domestic wastewater were  

BOD5 (89%-89.5%), COD (80.3%-87.3%), TSS (87.5%- 95%), NH4
+
 (44%-47.4%), NO3

-
-N 

(72.5%-85.3%), TN (57%-63.3%), PO4
3
-P (94.4%-94.3%), TP (69.8%-83.5%), SO4

2- 
(17.1%-

27.5%), S
2-

(83.6%-86.6%), EC(5%-20%). Obtained removal efficiencies showed significant 

differences except for pathogen removal efficiency where both control and duckweed plants 

achieved 99.9% removal efficiency for Total Coliform and Fecal Coliform concentrations. 

Observed values of effluent wastewater quality parameters; except for ammonium effluent 

concentration, were below the standard limit set by the Ethiopian Environmental Protection 

Authority in the National Environmental Quality Standard for effluent discharge to water bodies 

(EEPA, 2003). 

From statistical analysis done to compare removal efficiency of duckweed plants of phase I and 

Phase II it can generally be concluded that there were better removal efficiency observed during 

Phase II of treatment. Longer retention time and less hydraulic loading rate of Phase II have 

improved the removal efficiency of treatment.  

Duckweed plants covering the system were very efficient in algal biomass reduction.95% 

removal efficiency of algal population resulted in less turbid wastewater effluent. Protein content 

values were interesting to do further analysis. Duckweed plants growing on wastewater rich in 
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nutrients resulted in very promising protein content. Obtained protein content values ranged from 

13 - 14.4%. Spirodella polyrrhiza can be a good candidate to supplement feed stuffs for domestic 

animals with indirect economic and social advantage. 

This study based on the smallest free floating aquatic duckweed plants was done under 

laboratory conditions and it has proved that the plants are capable of treating domestic effluents. 

In developing countries like Ethiopia where wastewater is simply discharged to receiving water 

bodies; what is needed is a treatment system that does not involve too much cost at the same time 

being easily operable and yielding attractive by-product. 

Further studies under optimal environmental conditions need to be performed to strengthen what 

was found out by this study. 

 

5.2 Recommendations 

 

• As duckweed plants are efficient in treatment of domestic wastewater effluents. Efficient 

treatment system can be created with longer retention time and appropriate organic 

loading rate. 

• Environmental conditions like temperature; that will enhance growth of duckweed plants 

resulting in increased treatment efficiency should be taken in to consideration while using 

duckweed plants for wastewater treatment. 

• Duckweed plants are usually recommended for treatment of wastewater rich in nutrients 

as they have high growth rate and can achieve significant reduction of nutrients. Lower 

ammonium removals observed as in this study could be avoided by reducing influent 

ammonium concentration through pretreatment. Under experimental conditions with 

lower influent ammonium concentration duckweed plants are known to readily absorb 

ammonium as ammonium is their favorable form. 

• The observed values of protein content of duckweed plants are encouraging and should 

be given consideration for use as animal feeds .But, further studies are required to 

determine whether the harvested plants are safe and do not pose associated health risks 

both for animals and handlers. Although increase in protein content after treatment was 
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not significant protein content of duckweed plants per se is very promising for different 

uses.  

• This study was carried out under laboratory conditions .Therefore, it is recommended that  

further investigations using different species of duckweed plants should be made on real 

environmental conditions. 

• Duckweed plants can play essential role in wastewater treatment in Ethiopia as they are 

not sophisticated systems and can efficiently grow under the country’s environmental 

conditions, option for incorporating along with other treatment systems to enhance 

treatment efficiencies should be considered.  
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Appendix I: The mean influent and Effluent concentration values (mg/L) and percentage removal efficiency of Duckweed 

covered and control cells for phase I and phase II 

  

Wastewater 

Quality 

Parameters 

Phase I Phase II 

Duckweed Control Duckweed Control 

Influent Effluent % removal Influent Effluent % removal Influent Effluent % removal Influent Effluent % removal 

BOD5  (mg/L) 154.33 17 89% 154.33 29.7 80.7% 181.3 19 89.5% 181.3 34.4 81% 

COD (mg/L) 269.67 34 87.3% 269.67 59 78.1% 344.43 65.7 80.6% 344.43 92 73% 

TSS (mg/L) 136.67 17 87.5% 136.67 31 77.3% 168.67 8.3 95% 168.67 25.7 84.7% 

NO3
—

N (mg/L) 9.23 2.5 72.5% 9.23 5.17 44% 29.3 4.3 85.3% 29.3 15.4 47.3% 

NH4
+
-N(mg/L) 126.67 71 44% 126.67 80 36.8% 123.67 65 47.4% 123.67 108 12.4% 

TN(mg/L) 113 48 57.5% 113 75.3 33% 127 61.2 51.8% 127 88.2 30.5% 

PO4
3-

-P(mg/L) 0.54 0.03 94.4% 0.54 0.08 85.1% 0.527 0.03 94.3% 0.527 0.087 71.4% 

TP(mg/L) 0.083 0.025 69.8% 0.083 0.06 27.7% 0.14 0.04 83.5% 0.14 0.08 42.8% 

SO4
2-

(mg/L)
 

19.67 16.3 17.1% 19.67 17.3 12% 32.67 23.67 27.5% 32.67 26 18.3% 

S
2-

(mg/L) 0.379 0.062 83.6% 0.379 0.123 68.4% 0.594 0.08 86.6% 0.594 0.094 83.31 

EC (µs/cm) 

 

1497.67 1198.3 20% 1497.67 1261 15% 1211 1152 5% 1211 1181.3 2% 

TC 

CFU/100ml 

8.7x10
7
 5.1x10

4
 99.9% 8.7x10

7
 6.8x10

4
 99.9% 8.3x10

7
 5.7X10

4
 99.9% 8.3x10

7
 1.1X10

5
 99.6% 

FC 

CFU/100ml 

3.3x10
6
 7x10

3 
99.7% 3.3x10

6
 8.6x10

3
 99.7% 9x10

6
 7.3X10

3
 99.9% 9x10

6
 8.6X10

3
 99.9% 
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Appendix II: Mean, Minimum and Maximum Influent and Effluent concentration values of Duckweed wastewater treatment 

system. Phase I and II 

Table 1: Mean, Minimum, Maximum and Std. Deviation of Influent and Effluent BOD5, COD,   TSS, PO4
3-

-P and TP. Phase I  

 Treatment cell Biochemical 

Oxygen Demand 

BOD5 (mg/L) 

Chemical  Oxygen 

Demand  

COD (mg/L) 

Total  Suspended 

Solid  

TSS (mg/L)  

Orthophosphate 

PO4
3-

-P (mg/L) 

 

Total Phosphorus  

TP (mg/L) 

Influent Mean 154.3333 269.6667 136.6667 .5400 .0833 

 Minimum 145.00 208.00 129.00 .36 .06 

 Maximum  160.00 301.00 144.00 .81 .10 

 Std. Deviation 4.70225 30.83468 4.33333 .13748 .02082 

Duckweed  Mean 17.0000 34.0000 17.0000 .0300 .0250 

Effluent Minimum 15.00 32.00 14.00 .02 .02 

 Maximum  19.00 37.00 20.00 .04 .04 

 Std. Deviation 1.15470 1.52753 1.73205 .00577 .01323 

Control  Mean 29.6667 59.0000 31.0000 .0800 .0533 

Effluent Minimum 28.00 56.00 27.00 .06 .02 

 Maximum  32.00 62.00 34.00 .10 .10 

 Std. Deviation 1.20185 1.52753 2.08167 .01155 .04163 



. 

 

Page 61 

 

 

 

Table 2: Mean, Minimum, Maximum and Std. Deviation of Influent and Effluent , NO3
-
-N , NH4

+
-N , TN, SO4

2-
 and S

2- 
. 

Phase I 

  

 

Treatment cell Nitrate-Nitrogen 

NO3
-
-N (mg/L) 

Ammonium 

Nitrogen 

NH4
+
-N (mg/L) 

Total Nitrogen 

TN (mg/L)  

Sulfate  

SO4
2-

 (mg/L) 

Sulfide 

S
2-

 (mg/L) 

Influent Mean 9.2333 126.6667 113.0000 19.6667 .3790 

 Minimum 7.50 124.00 104.00 15.00 .20 

 Maximum  11.00 129.00 120.00 25.00 .53 

 Std. Deviation 1.75024 2.51661 8.18535 5.03322 .16356 

Duckweed  Mean 2.5333 71.0000 48.0000 16.3333 .0623 

Effluent Minimum 1.80 69.20 44.00 15.00 .06 

 Maximum  3.50 73.00 52.00 18.00 .07 

 Std. Deviation .87369 1.90788 4.00000 1.52753 .00493 

Control  Mean 5.1667 83.4000 75.3333 17.3333 .1233 

Effluent Minimum 4.20 81.00 68.00 16.00 .11 

 Maximum  6.20 87.20 82.00 19.00 .14 

 Std. Deviation 1.00167 3.32866 7.02377 1.52753 .01528 
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Table 3: Mean, Minimum, Maximum and Std. Deviation of Influent and Effluent EC, DO, pH, Temperature, TC & FC. Phase 

I     

  
   

Treatment cell Electrical 

Conductivity 

EC (µs/cm) 

Dissolved 

Oxygen 

DO (mg/L) 

Wastewater 

temperature 
0
c 

Wastewater 

pH 

Total Coliform 

TC (CFU/100ml) 

Fecal Coliform 

FC 

(CFU/100ml) 

Influent Mean 1497.6667 1.2333 21.4000 7.2067 86666666.6667 3333333.3 

 Minimum 1470.00 1.00 21.00 7.20 10000000 2000000 

 Maximum  1523.00 1.40 22.00 7.22 1.9E+008 5000000 

 Std. Deviation 26.57693 .20817 .52915 .01155 92915732.43178 1527525.23165 

Duckweed  Mean 1198.3333 4.6000 20.0000 7.3167 51000.0000 7000.0000 

Effluent Minimum 1190.00 2.40 17.00 7.0 48000.00 6000.00 

 Maximum  1205.00 5.80 22.00 7.5 55000.00 8000.00 

 Std. Deviation 7.93725 1.50555 2.64575 .27538 3605.55128 1000.00000 

Control  Mean 1261.0000 2.4000 19.6667 7.6400 67666.6667 8333.3333 

Effluent Minimum 1255.00 2.20 18.00 7.55 64000.00 8000.00 

 Maximum  1270.00 2.60 22.00 7.7 72000.00 9000.00 

 Std. Deviation 7.93725 .28284 2.08167 .07937 4041.45188 577.35027 
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Table 4: Mean, Minimum, Maximum and Std. Deviation  of Influent and Effluent BOD5, COD,   TSS, PO4
3-

-P and TP. PHASE 

II 

   

 

Treatment cell Biochemical 

Oxygen Demand 

BOD5 (mg/L) 

Chemical  Oxygen 

Demand  

COD (mg/L) 

Total  Suspended 

Solid  

TSS (mg/L)  

Orthophosphate 

PO4
3-

-P (mg/L) 

 

Total Phosphorus  

TP (mg/L) 

Influent Mean 181.3333 344.3333 168.6667 .5267 .1400 

 Minimum 164.00 337.00 164.00 .34 .10 

 Maximum  192.00 353.00 173.00 .71 .18 

 Std. Deviation 15.14376 8.08290 4.50925 .18502 .04000 

Duckweed  Mean 19.0000 65.6667 8.3333 .0300 .0400 

Effluent Minimum 16.00 64.00 6.00 .02 .02 

 Maximum  22.00 68.00 10.00 .04 .06 

 Std. Deviation 3.00000 2.08167 2.08167 .01000 .02000 

Control  Mean 34.3667 92.3333 25.6667 .0867 .0800 

Effluent Minimum 32.80 88.00 24.00 .07 .06 

 Maximum  36.00 98.00 27.00 .10 .10 

 Std. Deviation 1.60104 5.13160 1.52753 .01528 .02000 
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Table 5: Mean, Minimum, Maximum and Std. Deviation of Influent and Effluent , NO3
-
-N , NH4

+
-N , TN, SO4

2-
 and S

2-
. 

PHASE II    

  

  

Treatment cell Nitrate-Nitrogen 

NO3
-
-N (mg/L) 

Ammonium 

Nitrogen 

NH4
+
-N (mg/L) 

Total Nitrogen 

TN (mg/L)  

Sulfate  

SO4
2-

 (mg/L) 

Sulfide 

S
2-

 (mg/L) 

Influent Mean 29.3333 123.6667 127.0000 32.6667 .5943 

 Minimum 27.00 121.00 119.00 31.00 .59 

 Maximum  32.00 127.00 137.00 35.00 .60 

 Std. Deviation 2.51661 3.05505 9.16515 2.08167 .00208 

Duckweed  Mean 4.1333 65.0000 61.2667 23.6667 .0790 

Effluent Minimum 3.40 63.40 60.20 23.00 .08 

 Maximum  5.00 66.60 62.80 25.00 .08 

 Std. Deviation .80829 1.60000 1.36137 1.15470 .00265 

Control  Mean 15.3333 108.3333 88.2000 26.6667 .0947 

Effluent Minimum 13.00 106.00 83.00 25.00 .09 

 Maximum  19.00 110.00 94.80 28.00 .10 

 Std. Deviation  3.21455 2.08167 6.02329 1.52753 .00416 
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Table 6: Mean, Minimum, Maximum and Std. Deviation of Influent and Effluent EC, DO, Temperature, TC & FC. PHASE II  

     

 Treatment cell Electrical 

Conductivity 

EC (µs/cm) 

Dissolved Oxygen 

DO (mg/L) 

Waste water 

temperature 
0
c 

Total Coliform 

TC (CFU/100ml) 

Fecal Coliform 

FC (CFU/100ml) 

Influent Mean 1211.0000 1.2000 21.1000 83333333.3333 9000000.0000 

 Minimum 1190.00 1.10 21.00 20000000 7000000 

 Maximum  1225.00 1.30 21.00 150000000 11000000 

 Std. Deviation 18.52026 .10000 .10000 65064070.98648 2000000.00000 

Duckweed  Mean 1152.0000 4.3000 20.2000 56666.6667 7333.3333 

Effluent Minimum 1144.00 4.10 20.00 30000.00 4000.00 

 Maximum  1160.00 4.60 20.50 90000.00 11000.00 

 Std. Deviation 8.00000 .26458 .26458 30550.50463 3511.88458 

Control  Mean 1181.3333 2.7333 20.4000 113333.3333 8666.6667 

Effluent Minimum 1174.00 2.40 20.00 90000.00 7000.00 

 Maximum  1188.00 3.00 21.00 140000.0 10000.00 

 Std. Deviation 7.02377 .30551 .52915 25166.11478 1527.52523 
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Appendix III: ANOVA Results of Duckweed and Control cell of Phase I and Phase II for 

each Parameter. 

Table 1: Phase I ANOVA Results for BOD, COD, TSS, NO3
—

N, NH4
+
-N, TN, PO4

3-
-P, and TP.  

 

 Sum of 

Squares 

df Mean 

Square 

F Sig. 

Biochemical 

Oxygen Demand  

(BOD5), mg/L 

Between groups  

Within groups  

Total 

240.667 

16.667 

257.33 

1 

4 

5 

240.667 

4.167 

 

57.7650 0.002 

Chemical Oxygen 

Demand  

(COD), mg/L 

Between groups  

Within groups  

Total 

937.500 

32.00 

969.500 

1 

4 

5 

937.500 

8.000 

117.188 0.000 

Total Suspended 

Solid (TSS), 

mg/L 

Between groups  

Within groups  

Total 

230.640 

29.440 

260.080 

1 

4 

5 

230.640 

7.360 

31.337 0.005 

 

Nitrate-Nitrogen  

(NO3
—

N), mg/L 

Between groups  

Within groups  

Total 

10.402 

3.533 

13.935 

1 

4 

5 

10.402 

0.883 

11.775 

 

0.026 

 

Ammonium 

Nitrogen  

(NH4
+
-N), mg/L  

Between groups  

Within groups  

Total 

230.640 

29.440 

260.080 

1 

4 

5 

230.640 

7.360 

31.337 0.005 

Total Nitrogen  

(TN), mg/L 

Between groups  

Within groups  

Total 

1120.667 

130.667 

1251.3333 

1 

4 

5 

1120.667 

32.667 

34.306 0.004 

Orthophosphate  

(PO4
3-

-P), mg/L 

Between groups  

Within groups  

Total 

0.004 

0.001 

0.005 

1 

4 

5 

0.004 

0.000 

15 0.018 

Total Phosphorus  

(TP), mg/L 

Between groups  

Within groups  

Total 

0.001 

0.004 

0.005 

1 

4 

5 

0.001 

0.001 

1.262 0.324 
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Table 2: Phase I ANOVA Results for SO4
2-

, S
2-

, EC, DO, TC, FC, Temperature and pH.  

 Sum of 

Squares 

df Mean 

Square 

F Sig. 

Sulfate  

(SO4
2-

), mg/L 

Between groups  

Within groups  

Total 

1.5 

9.333 

10.8333 

1 

4 

5 

1.500 

2.33 

0.643 0.468 

Sulfide  

(S
2-

), mg/L 

Between groups  

Within groups  

Total 

0.006 

0.001 

0.006 

1 

4 

5 

0.006 

0.000 

43.323 0.003 

Electrical 

Conductivity  

(EC), µs/cm 

Between groups  

Within groups  

Total 

5890.667 

242.667 

6133.333 

1 

4 

5 

5890.667 

60.667 

97.009 0.001 

Dissolved 

Oxygen  

(DO), mg/L 

Between groups  

Within groups  

Total 

6.453 

6.880 

13.333 

1 

4 

5 

6.453 

1.720 

3.752 0.125 

Total Coliform  

(TC), CFU/100 

ml  

Between groups  

Within groups  

Total 

420000000 

58666667 

480000000 

1 

4 

5 

416666666.7 

14666666.67 

28.409 0.006 

Fecal Coliform  

(FC), CFU/100 

ml 

Between groups  

Within groups  

Total 

2666667 

2666667 

5333333 

1 

4 

5 

2666666.667 

666666.667 

4.000 0.116 

Temperature  

(
0
C)  

Between groups  

Within groups  

Total 

0.167 

22.667 

22.8333 

1 

4 

5 

0.167 

5.667 

0.029 0.872 

pH(pH units) Between groups  

Within groups  

Total 

0.157 

0.164 

0.321 

1 

4 

5 

0.157 

0.041 

3.819 0.122 
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Table 1: ANOVA Results for BOD, COD, TSS, NO3
—

N, NH4
+
-N, TN, PO4

3-
-P, and TP.     

Phase II  

 

 Sum of 

Squares 

df Mean 

Square 

F Sig. 

Biochemical 

Oxygen Demand  

(BOD5), mg/L 

Between groups  

Within groups  

Total 

354.200 

23.127 

377.328 

1 

4 

5 

354.202 

5.782 

61.263 0.001 

Chemical Oxygen 

Demand  

(COD), mg/L 

Between groups  

Within groups  

Total 

1066.667 

61.333 

1128.000 

1 

4 

5 

1066.667 

15.333 

69.565 0.001 

Total Suspended 

Solid (TSS), 

mg/L 

Between groups  

Within groups  

Total 

450.667 

13.333 

464.000 

1 

4 

5 

450.667 

3.333 

135.200 0.000 

Nitrate-Nitrogen  

(NO3
—

N), mg/L 

Between groups  

Within groups  

Total 

188.160 

21.973 

210.133 

1 

4 

5 

188.160 

5.493 

34.252 0.004 

Ammonium 

Nitrogen  

(NH4
+
-N), mg/L  

Between groups  

Within groups  

Total 

2816.667 

13.787 

2830.453 

1 

4 

5 

2816.667 

3.447 

817.215 0.008 

Total Nitrogen  

(TN), mg/L 

Between groups  

Within groups  

Total 

1088.107 

76.267 

1164.373 

1 

4 

5 

1088.107 

19.067 

57.069 0.002 

Orthophosphate  

(PO4
3-

-P), mg/L 

Between groups  

Within groups  

Total 

0.005 

0.001 

0.005 

1 

4 

5 

0.005 

0.000 

28.900 0.006 

Total Phosphorus  

(TP), mg/L 

Between groups  

Within groups  

Total 

0.002 

0.002 

0.004 

1 

4 

5 

0.002 

0.000 

6.000 0.070 
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Table 2: ANOVA Results for SO4
2-

, S
2-

, EC, DO, TC, FC, Temperature and pH. Phase II  

 Sum of 

Squares 

df Mean 

Square 

F Sig. 

Sulfate  

(SO4
2-

), mg/L 

Between groups  

Within groups  

Total 

13.500 

7.333 

20.833 

1 

4 

5 

13.500 

1.833 

7.364 0.053 

Sulfide  

(S
2-

), mg/L 

Between groups  

Within groups  

Total 

0.000 

0.000 

0.000 

1 

4 

5 

0.000 

0.000 

30.260 0.005 

Electrical 

Conductivity  

(EC), µs 

Between groups  

Within groups  

Total 

1290.667 

226.667 

1517.333 

1 

4 

5 

1290.667 

56.667 

22.776 0.009 

Dissolved 

Oxygen  

(DO), mg/L 

Between groups  

Within groups  

Total 

3.682 

0.327 

4.008 

1 

4 

5 

3.682 

0.082 

45.082 0.003 

Total Coliform  

(TC), CFU/100 

ml  

Between groups  

Within groups  

Total 

4800000000 

3100000000 

8000000000 

1 

4 

5 

4816666667 

783333333.3 

6.149 0.068 

Fecal Coliform  

(FC), CFU/100 

ml 

Between groups  

Within groups  

Total 

2666667 

29333333 

32000000 

1 

4 

5 

2666666.667 

7333333.333 

0.364 0.579 

Temperature  

(
0
C)  

Between groups  

Within groups  

Total 

0.060 

0.700 

0.760 

1 

4 

5 

0.060 

0.175 

0.343 0.590 

PH(pH units) Between groups  

Within groups  

Total 

0.038 

0.036 

0.075 

1 

4 

5 

0.038 

0.009 

4.228 0.109 
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Appendix IV: Paired t-test Results for Removal Efficiency of Duckweed plants for Phase I 

and Phase II. 

 Mean Std. 

Deviation 

 

df Sig. (2-tailed) 

Biochemical Oxygen Demand  

(BOD5), mg/L 

-87.75 0.35355 1 0.002 

Chemical Oxygen Demand  

(COD), mg/L 

-82.4500 5.44472 1 0.030 

Total Suspended Solid (TSS), 

mg/L 

-89.75000 4.59619 1 0.023 

Nitrate-Nitrogen  

(NO3
—

N), mg/L 

-77.40000 8.34386 1 0.048 

Ammonium Nitrogen  

(NH4
+
-N), mg/L  

-44.20000 1.69706 1 0.017 

Total Nitrogen  

(TN), mg/L 

-53.15000 4.73762 1 0.040 

Orthophosphate  

(PO4
3-

-P), mg/L 

-92.8000 0.77782 1 0.004 

Total Phosphorus  

(TP), mg/L 

-75.15000 8.98026 1 0.054 

Sulfate  

(SO4
2-

), mg/L 

-20.80000 6.64680 1 0.141 

Sulfide  

(S
2-

), mg/L 

-83.60000 1.41421 1 0.008 

Electrical Conductivity  

(EC), µs/cm 

-11.00000 11.31371 1 0.400 

Total Coliform  

(TC), CFU/100 ml  

-98.40000 0.70711 1 0.003 

Fecal Coliform  

(FC), CFU/100 ml 

-98.30000 0.56569 1 0.003 
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Appendix V: ANOVA Results for Influent to the Treatment cells. 

 

 Sum of 

Squares 

df Mean 

Square 

F Sig. 

Biochemical 

Oxygen Demand  

(BOD5), mg/L 

Between groups  

Within groups  

Total 

1093.500 

591.333 

1684.833 

1 

4 

5 

1093.500 

147.833 

7.397 0.053 

Chemical Oxygen 

Demand  

(COD), mg/L 

Between groups  

Within groups  

Total 

8263.667 

5835.333 

14198.00 

1 

4 

5 

8362.667 

1458.833 

5.732 0.075 

Total Suspended 

Solid (TSS), 

mg/L 

Between groups  

Within groups  

Total 

1536.000 

153.333 

1689.333 

1 

4 

5 

1536.000 

38.333 

40.070 0.003 

Nitrate-Nitrogen  

(NO3
—

N), mg/L 

Between groups  

Within groups  

Total 

606.015 

18.793 

624.808 

1 

4 

5 

606.015 

4.698 

128.985 0.000 

Ammonium 

Nitrogen  

(NH4
+
-N), mg/L  

Between groups  

Within groups  

Total 

13.500 

31.333 

44.833 

1 

4 

5 

13.500 

7.833 

1.723 0.260 

Total Nitrogen  

(TN), mg/L 

Between groups  

Within groups  

Total 

294.000 

302.000 

596.000 

1 

4 

5 

294.000 

75.500 

3.894 0.120 

Orthophosphate  

(PO4
3-

-P), mg/L 

Between groups  

Within groups  

Total 

0.000 

0.182 

0.182 

1 

4 

5 

0.000 

0.045 

0.006 0.943 

Total Phosphorus  

(TP), mg/L 

Between groups  

Within groups  

Total 

0.005 

0.004 

0.009 

1 

4 

5 

0.005 

0.001 

4.738 0.095 

 

 

 



. 

 

Page 72 

 

 Sum of Squares df Mean 

Square 

F Sig. 

Sulfate  

(SO4
2-

), mg/L 

Between groups  

Within groups  

Total 

253.500 

59.333 

3112.833 

1 

4 

5 

253.500 

14.800 

17.090 0.014 

Sulfide  

(S
2-

), mg/L 

Between groups  

Within groups  

Total 

0.070 

0.054 

0.123 

1 

4 

5 

0.070 

0.013 

5.199 0.085 

Electrical 

Conductivity  

(EC), µs/cm 

Between groups  

Within groups  

Total 

123266.7 

2098.667 

125365.3 

1 

4 

5 

123266.67 

524.667 

234.943 0.000 

Dissolved 

Oxygen  

(DO), mg/L 

Between groups  

Within groups  

Total 

0.002 

0.107 

0.108 

1 

4 

5 

0.002 

0.027 

0.063 0.815 

Total Coliform  

(TC), CFU/100 

ml  

Between groups  

Within groups  

Total 

1.7x10
15

 

2.6x10
16

 

2.6x10
16

 

1 

4 

5 

1.667x10
13

 

6.433x10
15

 

0.003 0.962 

Fecal Coliform  

(FC), CFU/100 

ml 

Between groups  

Within groups  

Total 

4.8x10
13 

1.3x10
13

 

6.1x10
13

 

1 

4 

5 

4.8x10
13

 

3.16x10
12

 

15.211 0.018 

Temperature  

(
0
C)  

Between groups  

Within groups  

Total 

0.135 

0.580 

0.715 

1 

4 

5 

0.135 

0.145 

0.931 0.389 

pH(pH units) Between groups  

Within groups  

Total 

0.005 

0.005 

0.010 

1 

4 

5 

0.005 

0.001 

3.658 0.128 
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Appendix VI: Pearson’s Correlation Result for TSS with Chlorophyll a  

  
 
  

 Variables Statistics 

Total 

Suspended 

Solids in 

mg/L 

Chlorophyll a in 

mg/L 

Total Suspended 

Solids in mg/L 

Pearson Correlation 
1 .824(*) 

  Sig. (2-tailed)   .044 

  N 6 6 

Chlorophyll a in 

mg/L 

Pearson Correlation 
.824(*) 1 

  Sig. (2-tailed) .044   

  N 6 6 

* Correlation is significant at the 0.05 level (2-tailed). 
 
 
 

  

   

ANNEX VII: Chlorophyll a Analysis Results of Wastewater Samples from Duckweed and 

Control Treatment Cell 

 

    

Duckweed  Control 

Date of 

Sampling 

Absorbance (E)  

Readings 

Chl a 

µg1
-1

 

Date of 

Sampling 

Absorbance (E) 

Readings 

Chl a 

µg1
-1

 

 E665(A) E750 (B)   E665(A) E750 (B)  

November 1 0.01 0.002 11.12 µg/L November 1 0.007 0.001 8.34 µg/L 

November 5 0.024 0.002 30.58 µg/L November 5 0.007 0.003 5.56 µg/L 

November 10 0.01 0.004 8.34 µg/L November 10 0.006 0.005 1.39 µg/L 

November 15 0.012 0.005 9.73 µg/L November 15 0.014 0.009 6.95 µg/L 

November 20 0.007 0.003 5.56 µg/L November 20 0.007 0.003 5.56 µg/L 

December 20 0.008 0.005 4.17 µg/L December 20 0.009 0.006 4.17 µg/L 

December 25 0.007 0.003 5.56 µg/L December 25 0.01 0.002 11.12 µg/L 

December 30 0.006 0.004 2.78 µg/L December 30 0.006 0.004 2.78 µg/L 

January 4 0.005 0.004 1.39 µg/L January 4 0.006 0.004 2.78 µg/L 
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Appendix VIII : Pictures of Total Coliform and Fecal Coliform Bacteria, Treatment Tank 

and Pumps  

 

 

Fig. TC Bacteria of Influent          Fig. FC Bacteria of Influent  

 

 

 

 

 

 

 

 

 

 

 

  Fig. Pumps  
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Fig.  Storage Tank   

 

 

 

 

 

 

 

 

 

Fig. Matured Duckweed fronds on treatment cell  


