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Abstract 

Tannery wastewater is characterized by high levels of organic and inorganic matter, 

chromium (Cr), and suspended and dissolved solids. Discharge of untreated tannery 

wastewater into the environment poses a serious environmental and health problem. The 

objective of this study was to assess the performance of an anaerobic-aerobic sequence 

batch reactor (SBR) connected to a constructed wetland (CW) system for the treatment 

of tannery wastewater and suitability assessment of treated effluent reuse for irrigation. 

Influent and effluent wastewater from each treatment system was analyzed for organic 

matter, nutrient and heavy metal using standard methods. The CW system was operated 

under 3 and 5 days of hydraulic retention time (HRT). CW nutrient profiles were 

observed from inlet to outlet every 6 meter interval. Completely randomized block 

experiment (CRBD) were used for effluent reuse experiment. Health risk associated with 

consuming vegetables was estimated using target hazard quotients (THQs).  

The integrated pilot scale treatment system showed an overall removal efficiency of 

96.6% for COD, 90.4% for TN, 93.4% for NH4-N, 81.8% for SO4
2-, 99% for S2-, 97% for 

total Cr, 86% for EC and 99.9% for total Coliforms, respectively. The concentration of 

COD, BOD, TN, NO3
-N, NH4

+-N, SO4
2 and S2- in the final treated effluent were 

113.2±52, 56±18, 49.3±13, 22.75±20, 17.1±6.75, 88±120 and 0.4±0.44 mg/L, 

respectively. The efficiency of CW systems for TN, NO3
—N, NH4

+-N, SO4
2-and S2-were 

77.7%, 84.2% 82.5%, 79.7% and 94%, respectively. The CW removal efficiency for 

BOD and COD for 3d HRT was 93 % and 90 % for inlet mean concentration of 

812±196 and 1142.5±264 mg/L, respectively. Similarly, for the same inlet concentration, 

BOD and COD removal for 5 day HRT was 93.1 % and 90.8 %, respectively. 

Statistically, no significant pollutant removal differences were observed between 3 and 5 

days of HRT. The concentrations of pollutants in CW were decreased as aspect ratio 

increases. The highest organic matter loads (over 60%) were removed in the first cell of 

the CW1. P. karka growth (within a 5 week period) at CW cell1, cell2 and cell3 were 
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90±5, 121±6.5 and 150±8 cm, respectively. Statistically, significant Plant growth 

difference was found between the three CW cells. The highest total Cr accumulation was 

recorded in root and leaves of P. karka at CW1S1, 689±87and 49.7±11mg/kg, 

respectively. 

 Cr concentration in vegetables grown with uncontaminated soil was below (<0.1mg/L). 

In contaminated soil (field experiment) the mean total Cr concentration in tomato, 

carrot, cabbage, onion, swiss chard and beet root were 0.197±0.005, 0.122±0.002, 

0.113±0.004, 0.098±0.002, 0.088±0.001 and 0.05±0.001mg/kg, respectively. Cr 

concentration in tomato, carrot, cabbage were slightly above WHO permissible limit 

(>0.1mg/kg dry weight) while Cd was below the WHO standard for all vegetables and 

Pb and Ni were found below the minimum detection limit of flame AAS. Assuming the 

current Ethiopian vegetable consumption habits the THQs estimation suggest that heavy 

metal levels in all of the tested vegetable had no potential health risk. Therefore, 

integrating CWs as a polishing is not only efficient to treat tannery WW and meeting 

EPA discharge limits, but also produce treated effluent which can be used for 

agriculture.  

 Keywords: Constructed Wetland; Chromium, longitudinal profile, integrated treatment 

system performance; tannery wastewater, treated effluent reuse. 
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CHAPTER ONE 

1.  INTRODUCTION 

1.1. Background  

Although rapid industrial expansion in Ethiopia is viewed as an indicator of economic 

progress, they are greatly associated with environmental degradation, particularly due 

to the discharge of untreated or partially treated wastewater. Industrial expansion 

coupled with a weak regulatory mechanism in the country has led to widespread 

degradation of environmental resources.  Due to low profit margin, many industries 

failed to afford investment costs in pollution remediation equipment and technologies 

(EEPA, 1997). Those who have better capital are not willing to install efficient 

treatment technologies, due to lack of governmental control and weak implementation 

to environmental policies.  

Leather tanning has been ranked as one of the most polluting activities in Ethiopia due to 

the high growth rate and discharge of untreated wastewater to the environment (EEPA, 

2003).  At present there are more than thirty one tanning industries in Ethiopia, 

operating fully (LIDI, 2013). Eleven of these tanning industries are found around 

Modjo town on the shower of the Modjo River (LIDI, 2012). Only a few of the 

industries in Ethiopia have the treatment facilities and can treat their wastewaters to 

any degree, while most of them discharge their wastewater into nearby water bodies 

and open land without any form of treatment (EEPA, 2003, Seyoum Leta, 2004). 

Hence, discharge of tannery waste water into the environment pose severe threat in 

aquatic plants, animals and human health due to their toxicity, high oxygen 
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demanding, eutrophication and persistence in the environment (Callely et al., 1977; 

Zinabu and Zerihun, 2002; Doble and Kumar, 2005).  

The transformation of raw or semi-pickled skins into commercial products requires 

high water consumption, roughly 50-150 liters and about 300 kg chemicals are added 

per ton of hides (Anthony, 1997). The major chemicals used in the various processing 

stages include chromium salts, sodium sulfide, lime powder, ammonium sulfate, 

sodium chloride, sulfuric acid, sulphonated and sulfated oils, formaldehyde, pigments, 

dyes and anti-fungal agents. These chemicals in tannery effluents cause the highest 

toxic intensity per unit of output, containing high concentration of  BOD, Cr, Salts, 

Sulfur and Nitrogen compounds (Khan, 2001; Cooman, K. et al., 2003 and Seyoum 

Leta, 2004).  This has now created concerns at all levels in the country that the 

receiving river could be heavily polluted for the excessive industrial discharges and 

leads to a serious health and ecological consequences (Seyoum Leta, 2004). 

These adverse effects of pollutants require treatment of organic matter, sulfur and 

chromium -rich tannery wastewater before discharging into the water bodies. 

Treatment of tannery wastewater using primary and secondary treatment systems such 

as; biological or physico-chemical processes alone still leaves sulfide, chromium, 

nutrients and organic matter level in the treated wastewater above the legal discharge 

limit for surfac waters (Alves et al., 1993). Hence, Post (tertiary) treatment is often 

required for efficient nutrient and chromium removal. 

For this purpose the integrated tannery wastewater treatment: anaerobic-aerobic/SBR-

Constructed Wetlands are one of the promising efficient treatment methods. The 

anaerobic system is used to break down larger molecules in to simpler forms via 

microorganisms. SBRs technology is a single tank or a set of tanks that operate on a 
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fill and draw basis (Mace and Mata, 2002) which is considered as an alternative to the 

activated-sludge process for the removal of nutrient from wastewater. SBR consists of 

four steps: feeding, reaction, settling and treated effluent withdrawal consisting of one 

or more tanks, each capable of waste stabilization and solids separation (Mace and 

Mata, 2002). Significant technological advancements have been made in order to 

counteract frequent problems of removal efficiencies, such as working over capacity 

due to poor design or due to increases in production and hence high wastewater 

efluent. In these cases constructed wetlands (CW) it can be used to improve the 

performance of an existing biological stage or to displace secondary or tertiary 

treatments (polishing). 

Constructed wetlands (CWs) are engineered systems, designed and constructed to 

employ wetland vegetation to assist in treating wastewater in a more controlled 

environment than occurs in natural wetlands (ITRC, 2003). These systems mimic 

natural wetlands/marshes with aquatic plants, soil, and associated microorganisms, 

but take advantage of a controlled environment to treat wastewater. CWs are an ―eco-

friendly‖ alternative for secondary or tertiary municipal and industrial wastewater 

treatment (Kadlec and Wallace, 2009). The use of CWs in water pollution control is a 

cost-effective treatment option that is widely used around the world (Vymazal et al., 

2006; Kadlec and Wallace, 2009). 

The two systems (surface flow and sub-surface flow) are capable of removing organic 

materials, suspended solids, nutrients, pathogens, heavy metals and other toxic or 

hazardous pollutants from different types of industrial, agricultural and domestic 

wastewaters (Kadlec & Knight, 1996; Tdesse Alemu et al., 2016).  Studies showed 

that in CWs, nitrogen removal efficiency ranges from 25 to 85% depends on the type 
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of system. Noller et al. (1994) and Sinicrope et al. (1992) reported that the removal of 

heavy metal was 75–99.7 % for cadmium, 26% for lead, 75.9% for silver, 66.7% for 

zinc and Tadesse and Seyoum (2015) reported 95 to 99% for chromium.  A study in 

Iran showed that at an organic loading of 200 kg/ha/day, the removal efficiencies for 

chemical oxygen demand (COD), biochemical oxygen demand (BOD), total 

suspended solids (TSS), nitrogen (N) and phosphorus (P) were obtained 86%, 90%, 

89%, 34% and 56% respectively (Badkoubi, 1998). 

The overall processes taking place in CWs for the removal of contaminants are 

divided into three categories i.e. physical (sedimentation, filtration and volatilization), 

chemical (oxidation-reduction, adsorption and precipitation) (Song et al., 2004) and 

biological (Microbial-Biodegradation Phytoremediation, plant and microbial uptake) 

(Farabegoli et al., 2007; Choudhary et al., 2011). The efficiency of CWs to remove 

the contaminants from the wastewater mainly depends on the root zone interactions 

between soil, contaminants, plant roots and a variety of microorganisms (Choudhary 

et al., 2011) and the strength of waste water. Treatment of tannery wastewater in CWs 

has been reported recently.  In this study the tannery wastewater treated with 

anaerobic-SBR-CW systems; vegetated with reeds (Phragmitus Karka) as a polishing. 

Early publications assumed that the influences of microbial processes in CWs were 

based primarily on measurement of changes in treating water quality, but there is a 

lack of evidence for nutrient profile along CWs and effluent reuse. This dissertation 

paper was tried to assess the performance of integrated tannery WW treatment 

system, nutrient profile along CW, reuse of treated effluent for irrigation. 
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1.2.  Problem Statement  

Expansion of tannery industries along Modjo River and discharge of untreated or 

partially treated tannery wastewater to the water bodies pose greater health risks to the 

downstream users and ecological degradation in water bodies. Many people in the 

Rift Valley basin could face shortages of clean water and many of them are depending 

on Lake and river water for a variety of purposes such as drinking, fishing, livestock 

watering, irrigation, and recreation.  

The use of Rift Valley Rivers and lake water for such purposes becomes a serious 

health problem (Chien, 1968 and Seyoum Leta, 2004). Any farming activity using 

water from this river is expected to produce food crops containing high levels of toxic 

compounds (such as Cr, and other heavy metals) further exacerbating the problem. 

Zinabu and Nicholas (2003) reported the heavy metal concentrations from six Rift 

valley rivers and nine lakes, including Modjo river and Koka lake. They found that 

Arsenic (As) was 10 –700 μg/L and Selenium (Se), ranged from 10 to 28 μg/L, which 

were much higher than the WHO maximum permissible level (MPL). The Levels of 

Cd, Pb, and Cr ranged between 5 and 9, 12 and 20 and 104 and 121 μg/L, 

respectively. If the current level of pollution continues, Modjo River and Lake Koka 

in the near future will be an environmental catastrophe. The high level of Cr, organic 

matter (COD and BOD), nitrogen and sulfur compounds in tannery industrial 

effluents released into the environment are problematic for various reasons: (i) high 

organic matter and nutrients can cause high oxygen demand and eutrophication in 

water bodies; (ii) Cr contaminants cause a serious health and environmental concerns; 

(iii) hydrogen sulfide can scaling in pipes and filters and is corrosive to equipment. 

Sulfur has an effect in humans when the sulfate concentration in potable water is 
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higher than 100 mg/L (Li, 2005); (iv) Saline water can lead to the salinization of 

irrigated soils, diminished crop yield and changes in biotic communities (DEAT, 

2006). Under anaerobic wastewater treatment sulfate is reduced to sulfide. Sulfide is 

emitted into the environment as dissolved sulfide in wastewater and as H2S gas 

(Janssen et al., 1999). Sulfide containing wastewaters is a major problem both in 

human health and ecosystem (Fox and Venkatasubbiah, 1996). Under higher pH, 

ammonia toxicity is also a major problem in aquatic ecosystems. Therefore, to protect 

the receiving environment, these contaminants should be removed from the 

wastewater before discharging in to the environment.  

Due complex composition of tanning industry wastewater, providing adequate 

wastewater treatment to meet EEPA discharge limits becomes a challenge. Effluents 

from the existing conventional treatment systems often contain contaminants of a 

certain residual concentration, which can‘t meet EPA allowable discharge limits. The 

problem has now forced the Ethiopian government to set discharge limit standards 

which demand the industries to treat their wastewater. The government also forces the 

industry owners to build a treatment system that can treat the pollutants that can meet 

permissible limits. This calls up the development of efficient and integrated treatment 

methods. 

In the country only few treatment technologies have been practiced for the treatment 

of tannery wastewater. The most common are oxidation pond, primary and a 

combination of primary and secondary treatment system. In addition the performance 

data for the existing WWT systems was not available. Lab scale experiments on the 

treatment of tannery wastewater; on nitrogen removal, SBR, sulfur removal using 

SBR, and CWs were done by Seyoum leta (2003), Andualem Mekonnen (2007), Hana 



7 

 

Habtemariam (2011), and Asaye ketema (2009), respectably. These findings were not 

tested in pilot scale or full scale operation, except the current study. Development of 

WWT technology for developing country context is still unsolved. In most cases 

tanning industries, if present, use only one or two treatment systems were used to treat 

tannery wastewater.  Since the tannery industry has high strength WW a single 

treatment system in not efficient to treat the WW and to meet the EEPA discharge 

limits. Hence there is a need to integrate treatment levels including post treatment as a 

polishing.  

In the present study, the waste treatment, pilot project developed at Modjo tannery 

was designed by integrating primary; secondary and tertiary (post) treatment systems, 

which can be a one of the promising solution the current problem.  The application of 

constructed wetlands, as a post treatment, has significantly expanded to treat various 

effluents including high strength industrial wastewater, but the knowledge in this field 

is still insufficiently summarized. Our knowledge of the effectiveness of constructed 

wetlands for tannery wastewater treatment in tropical climate is also limited. A better 

knowledge is required to improve the design of constructing wetlands for the 

remediation of sulfur and Cr rich tannery wastewater. During the last five years the 

knowledge about treatment of industrial effluent in CWs has been tremendously 

increased. Most published articles focuses only its removal efficiency (in the influent 

and effluent concentration), but the information on heavy metals and nutrient profile 

in constructed wetland was also limited. Therefore, the problem addressed in this 

research work was to assess the performance of pilot scale integrated treatment 

system, nutrient profile in constructed wetlands and effluent reuse for irrigation. 
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1.3. Research objectives 

General objective 

The main objective of this research is to assess the performance of the integrated 

treatment system, investigate the major nutrient profile in CWs and effluent reuse for 

irrigation.  

 

 

Specific objectives 

1. Evaluation of overall performance of integrated  pilot scale wastewater 

treatment for the removal of priority pollutants from tannery wastewater 

2. Assessment of Cr, organic matter (COD and BOD) and nutrient removal (SO4, 

S2-, NO3 and NH4
+-N), their longitudinal profile in pilot scale sub-surface flow 

constructed wetlands   

3. Assessment of the effects of high organic loading and Cr on the growth rate of 

Phragmites karka  

4. Suitability assessment of tannery effluent, treated by anaerobic-SBR-CWs, for 

irrigation of vegetables. 
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CHAPTER TWO 

2. LITERATURE REVIEW 

2.1. Agro-industrial development and environmental challenges 

in Ethiopia 

Ethiopia is the second largest populous country in Sub- Saharan Africa (99.391 

million (UN, 2015)). Most of its people live in rural areas, making agriculture to be 

one of its dominant economic sectors. Agriculture contributed 42% of the GDP in 

2010/11 coming second to the service sector (46%) and manufacturing sector stands 

at 13% (UNIDO, 2012). 

 In 2013/14 the shares of agriculture, service and industry stand at 46 %, 40 % and 14 

%, respectively (UNIDO, 2012; AACCSA, 2015).  Agro-processing, industrial 

expansion and associated discharge of wastewater laden with high load pollutants has 

led to widespread degradation of environmental resources. 

 Many industries failed to afford investments cost in pollution remediation equipment 

and technologies, due to their low profit margin (EEPA, 1997) and lack of 

governmental commitments or unwillingness.  Studies ten years before showed that 

only 10% of industries have treatment facilities and can treat their wastewater to a 

certain degree, the rest discharge the wastewater into nearby water bodies without any 

form of treatment (EEPA, 2003, Seyoum Leta, 2004). The situation still continues due 

to the lack of binding lows and the absence of polluters pay principle (PPP).  

Currently, about 54 % of tannery industries reported that they have treatment facilities 

(12% secondary and 42% primary), which can treat their wastewater to a certain 
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degree. The rest discharge the wastewater directly into the nearby water bodies 

without any form of treatment (Table 3). 

2.2.  The tanning sector  

According to CSA (2013), Ethiopia has 53.4 million cattle, 25.5 million sheep and 

22.7 million goats. FAO (2009) estimated 52 million cattle, 36 million sheep, 35 

million goats and 5 million camels; which ranks 4th in the world. This puts the country 

as one of the richest endowed countries in livestock resources. It is estimated that the 

country can collect 3.7 million cattle hides, 8.4 million sheep skins and 7.7 million 

goat skin (CSA, 2011). The high livestock resource of the country illustrates the 

considerable potential of the country in the leather industry.  

Leather and leather products are among the main manufacturing export products. Within 

the manufacturing sector, the leather industry comes the as the leading exporter; 

generating above 123.4 million USD in the year 2014 (MOI, 2014). However, leather 

tanning has been ranked as one of the most polluting activities in Ethiopia due to its high 

growth rate associated with discharge of high-strength wastewater effluents (EEPA, 

2003, Tadesse Alemu and Seyoum Leta, 2015).  

At present there are more than thirty one fully operating tanning companies in 

Ethiopia; twelve fully operated tannery industries and two under construction are 

found in Modjo town along the Shore of Modjo River (LIDI, 2015).  These tanneries 

have been soaking capacities more than165, 650 sheep and goat skin soaking and 

9,725 cow hides per day (Table 1). The leather tanneries which are found along the 

Modjo River discharge more than 122,700 m3/day wastewater per day into the river. 
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Environmental pollution becomes more acute when industries are concentrated in 

clusters, as in the case along Modjo River (Tadesse and Seyoum, 2015).  Modjo river 

pollution and its significant impact on the biological resources and the health of the 

downstream communities now create concerns at all levels in the country (Seyoum 

Leta, 2004).  
 

Table 1: Daily processing and wastewater generation capacity of tannery industries in 

Ethiopia 

No Factory Name Location  Socking capacity/ d WW 

discharge 

m3/day 

WW 

m3/year 

Treatment 

status  Sheep & 

goat skin 

Cow 

hides 

1 Ethiopia tannery  

Share 

Modjo (Oromiya) 12,00 1200  495,000 Primary 

2 Kolba tannery Modjo (Oromiya) 10,000 500 1000 213,600 Primary 

3 Gelan tannery Modjo (Oromiya) 3000 0 200 54,000 Primary 

4 Mesako Global 

tannery 

Modjo (Oromiya) 3000 0 93 40,500 Oxid. pond 

5 East Africa 
tannery 

Modjo (Oromiya) 8,000 0 200  Under 
constructio
n 

6 Mojo tannery Modjo (Oromiya) 8,000 500 400 122,700 Primary 

7 Friendship 

tannery 

Modjo (Oromiya) 10,000 1,000 60  Primary 

8 Farida tannery Modjo (Oromiya) 7,000 0 25 ῀7,500 Primary 

9 United Vasen 
tannery 

Modjo (Oromiya) 5,000 0 ND ND Primary 

10 Dx-Tannery Modjo (Oromiya) Nd ND 400 120,000 Secondary 

11 Bale tannery Debre zeit (Oromiya) 2,000 400  138,000  

12 Hora tannery Debre zeit (Oromiya) 7,000 0 80 63,300  

13 Ethio leather 

industry 

Addis Ababa 15,500 1,050 - 386,700  

14 Dire tannery Addis Ababa 6000 600 - 219,000  

15 Walia tannery Addis Ababa 5000 1000 - 163,500  
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16 Batu factory Addis Ababa 8000 1000 -   

17 Addis Ababa 

tannery 

Addis Ababa 2400 1200 - 12,000  

18 Christal tannery Addis Ababa 1750 100 - ND  

19 China Africa 

tannery 

Sululata 10,000 0 - 111,000  

20 Debreberhan 

tannery 

DebreBerhan 

(Amhara) 

6,000 0 - 87,300  

21 Hafde tannery Sebeta (Oromiya) 6,000 250 - 236,700  

22 Blu Nile tannery Sebeta (Oromiya) 3,500 0 - 67,500  

23 Kombolcha 

tannery 

Komoblcha (Amhara) 6,000 0 - ND  

24 Mersa tannery Mersa (Amhara) 6,500 325 - 250,200  

25 Sheba tannery Wukro (Tigray) 6,000 600 - 150,000  

26 Bahirdar tannery Bahirdar (Amhara) 4,000 0 - 63,300  

27 Habesah tannery Bahirdar (Amhara) 4,000 0 - ND  

28 Shoa Tannery Addis Ababa 10,000   196,200  

29 Desse Tannery Wollo (Amhara) ND   67, 500  

30 (Lucy) Ayele 

Kereso 

Modjo (Oromia) ND ND - ND  

31 Jiaxin Zhang 

Leather  

Modjo (Oromia) ND ND  ND  

 Total 

 

>165, 650 9,725 - 3,198,0

00 

 

Note: ND- No data available- 

Source: LIDI, 2010, marketing department unpublished and tanneries; UNIDO, 2012 

2.3.  Environmental challenges 

Due to its rapid expansion, in Ethiopia, Agro-processing Industries are considered to 

be a major source of pollution and tannery wastewater in particular, is a potential 

environmental concern (Ros and Ganter, 1998). Tanning industry wastes poses 

serious environmental impact on water, soil and atmospheric systems. The impacts of 

tannery wastewater in water bodies are due to its high oxygen demand, discolouration 
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and toxic chemical constituents (such as sulfide, ammonia and chromium) (Song et al. 

2000). The conversion of raw hides and skins into finished leather requires three 

distinct processes; beam house (pre tanning), tanning (chrome tanning) and finished 

steps (post tanning).  Each has its own wastewater characteristic wastes.  

 Effluents generating from Beam house process (liming, deliming/bating, fleshing and 

splitting machines) have high BOD (80%), sulfides, pH (11-12.5), COD, salt, 

pesticides, flesh, hair, suspended solids, ammonia, base and chloride but they are Cr 

free (figure 1).  

The tanning processes generate the high content of chromium, BOD, COD, salt, acid, 

suspended solids. The finishing process generates BOD, COD, salt, chromium, oils 

(Seyoum Leta et al., 2003; UNIDO, 2011). Soaking and other general effluents, 

mainly from post tanning operation (fat-liquoring, dying) has low Cr content (figure 

1). 
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Figure 1: Tanning process flow chart, source and type of pollutants (Source, UNIDO: 2011; 

UNEP, 1994)  
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The main Problem of high organic loading, discharge in water bodies is the depletion 

of dissolved oxygen content from stream waters caused by microbial decomposition 

(Mwinyihija et al., 2006). These encourage anaerobic activity, which leads to release 

of noxious gases (such as H2S) in the water bodies (Song et al. 2000; Mwinyihija et 

al., 2006). The primary biochemical effects of H2S exposure are inhibition of the 

cytochrome oxidase and other oxidative enzymes (Nicholson et al., 1998; Reiffenstien 

et al., 1992). 

Chromium as chromium polynicotine, chromium chloride and chromium picolinate 

(CrP) is a micronutrient and have been proven to exhibit a significant number of 

health benefits both in animals and humans (Anderson, 2000).  Chromium as a basic 

sulfate is the most widely used tanning substance today (UNEP, 1994). Chromium as 

inorganic pollutant exists in several oxidation states (oxidation numbers from 0 to 

VI). The most common forms are stable trivalent (Cr3+) and hexavalent (Cr6+) species 

(Kotaś and Stasicka, 2000). Chromium hazards, due to environmental contamination, 

depend on its oxidation state (i.e. Cr6+ is more toxic than the Cr3+) which precipitates 

at higher pH.  The presence and ratio between these two forms depend on various 

processes; chemical and photochemical, redox transformation and 

precipitation/dissolution (Kotaś and Stasicka, 2000). Cr3+ is the dominant form in 

tannery effluents, but with Redox reactions occurring in the sludge, an increase in the 

hexavalent form can occur. 

Chlorinated phenols (e.g. 3, 5-dichlorophenol) as an organic pollutant associated with 

the tanning industry have been also found to be highly toxic.  Exposer to such waste 

affects the cellular compounds of organisms (Pasco et al., 2000).  Chlorinated phenols 

are weakly acidic compounds, and thus pH is the most significant factor affecting 



16 

 

their fate in the environment (Lyytikäinen, 2004). For example, the solubility of poly 

chlorinated phenols (PCP) increases from 10.8 to 2,357 mg/L when the pH increases 

from 5 to 7 (Shiu et al., 1994). 

Sulfate emanating from the use of sulfuric acid or products with high sodium sulfate 

content, from various processes such as liming, deliming, bating, pickling and chrome 

tanning (Li, 2005). The amount of sulfate, in tannery wastewater effluent, ranges from 

3,500 to 5,000 mg/L (UNEP, 1991; Seyoum et al., 2004; Tadesse and Seyoum, 2015). 

Other pollutants of concern within the tanning industry include Azodyes, Cadmium 

compounds, Cobalt, Copper, Antimony, Barium, Lead, Selenium, Mercury, Zinc, 

Arsenic, Nickel, Formaldehyde resins, phenolic compounds and Pesticide residues 

(Escher et al., 1996; Nishizaki et al., 2010). Discharge of untreated tannery effluent 

containing all these pollutants causes environmental and health problems in the 

downstream community.  These adverse effects containing these of pollutants require 

separation the toxic nature of such wastewater and treatment of high organic load, 

sulfur and chromium -rich tannery wastewater before discharging into the 

environment. 
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2.3.1. Tannery wastewater pollution and human health 

The leather industry can generate huge amounts of liquid and solid wastes and emit 

noxious smell such as:  NH3 and H2S and CO2 gases from the degradation of protein 

material of skins and hides (Kanagaraj et al., 2006; UNIDO, 2011). Use of Chromium 

III and VI contains wastewater has a detrimental effect on human health such as skin 

rashes, upset stomachs and ulcers, respiratory problems, weakened immune systems, 

kidney and liver damage, alteration of genetic material, lung cancer and death 

(UNIDO, 2000).  For example, chromium can cause respiratory problems, a lower 

ability to fight disease, birth defects, infertility and tumor formation. It can damage 

the gills of fish; it can alter genetic materials and cause cancer (UNIDO, 2000).  

When the sulfate is more than 100 mg/L, the drinking water will be bitter and people 

are easily infected with diarrhea after drinking the contaminated water (Li, 2005).  

Use of untreated tannery wastewater for irrigation can negatively influence human 

and animal food supply (Sangeetha et al., 2012). 

The tanning industry is closely associated with the production of H2S which emanates 

mostly in the liming yard and the sulfate reduction in anaerobic systems (Mwinyihija, 

2007). The primary biochemical effects arising from H2S exposure are inhibition of 

the respiratory enzymes such as cytochrome oxidase, resulting in cellular hypoxia or 

anoxia (Reiffenstien et al., 1992; Guidotti, 1994; Nicholson et al. 1998). Hydrogen 

sulfide is a colorless and flammable gas with a characteristic odor of rotten eggs (Weil 

et al. 1997). Ruth (1986) reported that the odor threshold of H2S is 0.5-10 ppb and the 

irritating concentration is 10 pp.  H2S exposure at a moderate concentration (50–100 

mg/L) can result in Keratoconjuntivitis (dry eye syndrome), respiratory tract irritation 

and olfactory fatigue (Ruth, 1986; Guidotti, 1994).   H2S exposure to 100-250 ppm for 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Guidotti%20TL%5BAuthor%5D&cauthor=true&cauthor_uid=7814093
http://www.ncbi.nlm.nih.gov/pubmed/?term=Guidotti%20TL%5BAuthor%5D&cauthor=true&cauthor_uid=7814093
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a few minutes can result in incoordination, memory and motor dysfunction, and 

anosmia (so-called olfactory paralysis)  and at a higher concentration (about 500 ppm) 

may result in coma, which is often rapidly reversed when the victim is evacuated, or 

persistent headaches, equilibrium loss, and memory loss (ATSDR, 2006). 

According to Guidotti (1994) report H2S induced acute central toxicity leading to 

reversible unconsciousness is a "knockdown"; which can be acutely fatal as a 

consequence of respiratory paralysis and cellular anoxia. Patients exposed acutely to 

unknown concentrations of hydrogen sulfide developed persistent cognitive 

impairment (Wasch et al,. 1989). Other chronic health problems associated with H2S 

exposure are neurotoxicity, cardiac arrhythmia, and chronic eye irritation, but 

apparently not cancer (Guidotti, 1994). Prolonged exposure to H2S 250–500 mg/L in 

humans will result in olfactory paralysis, severe lung and eye irritation, pulmonary 

oedema and unconsciousness (Dorman et al., 2000) and consistent with organic brain 

disease resulting from anoxia and thus may persist for several years after the initial 

exposure (Reiffenstien et al., 1992; Kilburn and Warshaw, 1995).  

Kilburn and Warshaw (1995) studied thirteen former workers and 22 neighbors (of a 

California coastal oil refinery) exposed to sulfide gases and concluded that (1) Visual 

recall was significantly impaired in neighbors, but not in the former workers (2) 

neurophysiological abnormalities were associated with exposure to reduced sulfur 

gases, including H2S from crude oil desulfurization.  

Hydrogen sulfide discharge to surface water, even in low concentrations, poses 

toxicological hazards (Reiffenstien, 1992). Sulfides can be oxidized into non-toxic 

compounds by certain bacteria in rivers; however, this creates oxygen demand which, 

if excessive, can harm aquatic life (Mwnyihija et al., 2006). The emission of H2S into 

http://www.ncbi.nlm.nih.gov/books/n/nap12741/ddd00164/def-item/ddd00164.gl7/
http://www.ncbi.nlm.nih.gov/pubmed/?term=Guidotti%20TL%5BAuthor%5D&cauthor=true&cauthor_uid=7814093
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the atmosphere from wastewater does not only imply odor nuisances, but also cause 

possible health risks. It also induces the biological production of sulfuric acid in the 

aerobic zones, causing severe corrosion of the inner surface of concrete sewer 

structures (Zhang, 2008) and affects metanogenic bacteria in biogas digester. Hence, 

efficient wastewater treatment is needed to focus on the decrease of sulfide from 

waste water, before discharging into the environment. 

Several components in tannery effluent contain nitrogen; the most common chemicals 

are ammonia (from deliming) and proteinaceous materials (from liming/unhairig 

operations). The nitrogen compounds can be broken down by combining intensive 

aerobic and anoxic processes.  Ammonia (total)' refers to the mixture of two different, 

but related compounds: ammonia (NH3) and the ionized form (NH4
+). The 

NH3 compound is the volatile, potentially toxic to aquatic organisms, but 

ammonium is non-toxic.  

2.3.2. Soil Pollution and contamination under the effect of sludge 

and wastewater reuse 

Soil pollution can be caused by anthropogenic activities such as wastewater from 

industries, agricultural inputs (fertilizer and insecticides), urban activities (wastewater 

disposal) (Seyoum, et al, 2003; Bilos et al., 2001). Wastewater reuse for irrigation of 

crops becomes a regular activity by urban farmers due to the ever increasing irrigation 

water shortage in developing countries. Sludge reuse also becomes a routine 

agricultural practice in many developing countries due to its supply of high organic 

matter and nutrient content, and favorable effects on the soil physical and biological 

properties. However, sludge and WW reuse, due to its heavy metal and toxic pollutant 

accumulation in the soil (Islam et al., 2014), which could gradually a serious health 
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risk and environmental problems. Since polluted soils are responsible for the 

intensification of heavy metal transfer from soil to plant (Cui et al., 2004), it is the 

major key component and main pathway of human exposure to the toxic heavy metal 

(Kalavrouziotis et al., 2012). The presence of heavy metals in the industrial and urban 

wastewater and sludge and reuse of it for irrigation is one of the main causes of soil 

pollution (Wang et al., 2005). 

The damage to the environment by the hazardous tannery effluent is becoming an 

acute problem in the developing country. The chrome tanning processes results in 

toxic metal (particularly Cr 3+) and is not easily eliminated by ordinary treatment 

processes. Hence reuse of  the treated wastewater or/and sludge may re-use in 

accumulation of heavy metal in the soil, which increases of heavy metal transfer from 

soil to plant (Cui et al., 2004; Wang et al., 2005). 

Soil pollution by heavy metal is essentially different from air and water pollution due 

to the persistence of heavy metals in the soil much longer. Removal of heavy metals 

from polluted soil is difficult, once accumulated it may be virtually permanent 

(Okeyode & Moshood, 2010). Plants grown in such area may absorb heavy metals in 

their body. Although most heavy metals have a major role for growth and 

development, they may be toxic beyond certain levels. 

2.4. Tannery Wastewater Management, technology and practices  

The tanning industry by the very nature is water and chemical intensive. 

Consequently, the industry generates large quantity of wastewater laden with high 

amounts of BOD, COD, TDS, Chloride, sulfides and Cr (Tadesse et al., 2016). Unless 

managed accordingly it is a threat to the environment and human health. In most cases 
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the practice of tanning industry in Ethiopia is discharging their wastewater into the 

nearby rivers without any form treatment. Hence the wastewater management of 

tanneries is the major environmental and health concern.  

In response to this the government of Ethiopia upholds the concept of sustainable 

development in the tanning industry sector. The Ethiopian EPA set the tannery 

discharge standard limits regarding to liquid waste discharge (Table 2) but they are 

not enforced. Out of the 31 tannery industries in the country only a few have 

secondary treatment systems and half of them have a primary treatment system. 

However due to lack of enforcement the existing treatment systems in many industries 

do not work properly. As a result, they discharge their wastewater into the 

environment without meeting EEPA discharge limits (table 2). 

2.4.1. Lows, Policy and Regulatory provisions of Ethiopia 

The Environmental laws and policies of Ethiopia are written into constitutions, 

proclamations and regulations, which stresses on the need to ensure the improved 

environment, which enables to achieving sustainable urban development. The 

constitution of the Federal Democratic Republic of Ethiopia provides the overriding 

principles for all legislative frameworks in the country. The concept of sustainable 

development and environmental rights of the people are protected in the constitution by 

the article 43, 44 and 92 of the constitution. Similarly, the Ethiopian Water Resources 

Management Policy is also targeting to enhance and promote all national efforts 

towards the efficient, equitable and optimum utilization of the available water 

resources of Ethiopia for significant socioeconomic development on a sustainable 

basis (FDRE, 1995). The policy document Urban Development of Ethiopia 

emphasizes that the urban administrations, the government and the people should give 
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proper attention to environmental protection to avoid continuous suffocation and 

pollution to be followed by the expansion of cities. 

The constitution of Ethiopia 

The 1995 constitution (article 43, 44, 91 and 92) came out with a number of provisions 

informing environmental governance about the concept of sustainable development and 

environmental rights.  Article 43 of the constitution speculates ―The Right to 

Development‖: the Peoples of Ethiopia …have the right to improved living standards 

and to sustainable development. Similarly, according to Article 44; Environmental 

Rights, all persons have the right to a clean and healthy environment. Moreover, in 

Article 92: Environmental objectives are identified as, “Government shall endeavor to 

ensure that all Ethiopians live in a clean and healthy environment (Sub-article 1), the 

design and implementation of programs shall not damage or destroy the environment 

(Sub-article 2) people have the right to full consultation and to the expression of views in 

the planning and implementation of environmental policies and projects that affect them 

directly (Sub-article 3) and Government and citizens shall have the duty to protect the 

environment (Sub-article 4)”(FDRE,1995).  

Environmental Policy of Ethiopia 

The Environmental Policy of Ethiopia was approved in 1997 and is the first key 

document that captured environmental sustainable development principles. The goal is to 

improve and enhance the health and quality of life of all Ethiopians and to promote 

sustainable social and economic development through the sound management and use of 

resources and the environment as a whole so as to meet the needs of the present 

generation without compromising the ability of future generations to meet their own 

needs (EPA, 1997). The Environmental Policy of Ethiopia stresses the need to ensure 
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Environmental Impact Assessment. It considers impacts on human and natural 

environments, provides for early consideration of environmental impacts in projects and 

program design, recognizes public consultation, includes mitigation and contingency 

plans, provides for auditing and monitoring; and is a legally binding requirement (EPA, 

1997).  

Proclamation and regulations 

Recently the proclamation 295/2002 has been strengthened and/or modified by 

Proclamation No. 803/2013 that upgraded EPA to MoEF. The new proclamation is 

empowered MoEF and its regional environmental equivalents to ―enter any land, 

premise or any other place …inspect anything and take samples‖ … to ascertain 

―compliance with environmental protection requirements and ―to contest and 

intervene environmental control practices‖ (Sub-article 15 and 177). Proclamation 

No. 300/2002 (3) Article 6 provides for Environmental Standards which could vary 

from case to case. A standard for Specific industrial discharge limit was also set by 

EPA. 

Environmental pollution prevention and control regulations no. 159/2009 (2) (Article 

15) arms competent environmental agencies with the power to slap administrative 

measures on miscreants contravening the proclamation. Therefore, Ethiopia can be 

said to be endowed with good and almost complete environmental laws, however, 

their implementation is questionable. 90% of industrial enterprises, whether existing 

or new, discharging their waste, sometimes hazardous, into the environment without 

any attempt to treat them (EPA, 2003), because there are no accountabilities attached 

to these actions, now or before. As a result, the current environmental pollution as a 

result of industrial expansion becomes a burning issue in the country. 
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Table 2: Tannery effluent standards of Ethiopian EPA  

Pollutant Parameters limit values for discharge to water 

Temperature 40oC 

pH 6-9 

BOD5 at 20oC 90% removal or 200mg/L at 20 oC, whichever is les 

COD 500 mg/L 

Suspended solids 50 mg/L 

Total ammonia (as N) 80% removal or 30 mg/L, whichever is les 

Total nitrogen (as N) 80% removal or 60 mg/L, whichever is les 

Chromium (as Total Cr) 2 mg/L 

Chromium (as Cr VI) 0.1 mg/L 

Total phosphors  10 mg/L 

Chlorides (as Cl) 1000 mg/L 

Sulfides (as S) 1 mg/L 

Oils, fats, and grease  15 mg/l 

Phenols 1 mg/L 

(Source Ethiopia EPA, 2005)  

2.4.2. Tannery wastewater treatment technologies  
 

Depend on the strength of the wastewater firms can build primary (screening), physic-

chemical, secondary or tertiary treatment systems. Wastewater treatment can be 

understood as a cascading process, where specific contaminants are removed at 

various stages or levels of treatment. While methods of treatment may differ, certain 

processes are universal to remove common constituents that affect water quality. 

Levels of treatment are traditionally grouped into four categories: Preliminary, 

Primary, Secondary, and Tertiary (advanced technologies) (EPA, 1997; UNIDO, 

2011).  
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Although the leather tanning industry is known to be one of the leading economic 

sectors in many developing countries, there has been an increasing environmental 

concern regarding the release of various recalcitrant pollutants in tannery wastewater. 

Studies have been shown that biological processes are presently known as the most 

environmentally friendly, but inefficient for removal of recalcitrant organics and 

micro-pollutants in tannery wastewater (Lofrano et al., 2013). 

Hence tertiary (post) treatment technologies and emerging technologies such as 

advanced oxidation processes and membrane processes have been attempted as 

integrative to biological treatment systems. Many of the industries have preliminary 

treatments to separate wastewater from skin and hide remaining. It includes coarse 

screening, grift removal.  It helps to enhance the operation and maintenance of 

subsequent treatment units. The tannery wastewater treatment technologies include 

chemical methods, biological methods, emerging treatment technologies and 

membrane bioreactors. 

 

I. Chemical treatment: Coagulation and flocculation  

The most common treatment systems used in many industries was Physico-chemical 

(primary) treatment. Chemicals are added in order to improve and accelerate the 

settling of suspended solids (fine and colloidal matter (UNIDO, 2011). Chemical 

coagulation/flocculation of tannery wastewater process has been done using 

coagulants such as aluminum sulfate (ALSO4), ferric chloride (FeCl3), ferrous sulfate 

(FeSO4) and magnesium chloride (MgCl2) to reduce the organic load (COD) and 

suspended solids (SS) as well as to remove toxic substances e.g. Cr before  biological 

treatments (Lafano, et al., 2006). At this level of treatment, about 25-50 % of BOD, 
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50-75% SS and 65% of oil and grasses are removed (EPA, 1997; Song et al., 2004; 

UNIDO, 2011). 

II. Biological (secondary) treatment  

Biological treatment was used to reduce biodegradable dissolved and colloidal 

organic matter, suspended solids and nutrients using anaerobic, aerobic, and anoxic 

reactors from industrial effluent.  

Aerobic processes 

Aerobic treatment processes have an economic advantage over chemical oxidation 

methods (Dogruel et al., 2006). The system depends on the activity of aerobic 

microbial consortia where food, nutrient and or oxygen are supplied to the 

microorganisms for enhancing their growth (metabolic activity) (EPA, 1997; 

Farabegolin et al., 2007; UNIDO, 2011). However, high concentrations of tannins and 

other poorly biodegradable compounds as well as metals can inhibit biological 

treatment (Lofrano et al., 2013). Studies showed that the presence of 10 mg/L Cr (6+) 

inhibits the growth of heterotrophic bacteria and influence on nitrification and 

denitrification processes (Farabegoli et al., 2004). 

The presences of sulfide, chromium chloride and temperature fluctuation has adverse 

effects on nitrification processes. It was observed that temperature change has less 

influence on COD removal (4-5%) while total N removal was highly affected by 

temperature (Gorgun et al., 2007). Insel et al. (2009) reported that increase in aeration 

intensity, when temperature fluctuation between 21-350C, improves the nitrification 

and improve nitrogen removal to around 60%. Secondary (Biological) treatment for 
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tannery wastewater in Ethiopia, was installed only by four tannery industries (12.9%) 

(Table 3), but their performance and operation was not reported.  

Anaerobic processes 

Treatment of tannery wastewater using  anaerobic treatment is mainly performed by 

using anaerobic filters (AF) composed of both Up-flow Anaerobic Filters (UAF) and 

down-flow anaerobic filters (DAF) and Up-flow Anaerobic Sludge Blanket (UASB) 

reactors (El-Sheikh et al.,2011). 

The use of anaerobic system for the treatment of tannery wastewater has several 

drawbacks of its application: i) the implementation of adequate technology for H2S 

desorption and treatment is required due to the consistent production of sulfide as a 

result of the reduction of sulfate which occurs in the absence of alternative electron 

acceptors such as oxygen and nitrate; ii) high protein component affects selection of 

biomass, slow kinetics of hydrolysis, inhibits granular sludge formation (Lofrano et 

al., 2013). UNIDO (2011) reported that due to the inherent characteristics of tannery 

effluents, primarily their sulfide/sulfate content, in practice, anaerobic treatment is 

used only in sludge digestion. Despite extensive physical-chemical and biological 

treatment in a well-designed ETP, the quality of the final effluent does not meet the 

discharge limits (UNIDO, 2011). Treatment of tannery wastewater by biological 

treatments still leaves residual pollutants, which requires further treatment.  

Tertiary treatment is employed to reduce these residual COD load, nutrient and heavy 

metal when specific wastewater constituents are not removed by previous treatment 

levels. Effluents from the secondary treatment system is passed through tertiary 
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treatments where residual pollutants are further removed, hence enables to achieve the 

allowable discharge standards (EPA, 1997; UNIDO, 2011). 

III. Membrane Bioreactors 

Membrane bioreactor (MBR) involves separation of biomass from effluent by a 

membrane which allows the concentration of mixed liquor-suspended solids in the 

bioreactor to be increased significantly. MBR has been used for tannery wastewater 

treatment due to the numerous advantages over conventional activated sludge such as 

elimination of settling matters or other processes affecting settleability (Munz et al., 

2008; Suganthi et al., 2013). The application of membrane bioreactor for tannery 

wastewater was also proven to be technically feasible in lab-scale studies by Lin et al. 

(2012). 

Clogging, adsorption and cake layer formation of the pollutants on the membrane are 

the main drawbacks of membrane application. Despite some very interesting features, 

membrane bioreactors (MBRs) have not made significant inroads in the tanning sector 

(UNIDO, 2011). 

Studies showed that resent years the most common emerging membrane technology 

applied to tannery wastewater treatment includes microfiltration (MF), ultrafiltration 

(UF), nano-filtration (NF) and reverse osmosis (RO) (Labanda et al., 2009; Gallego-

Molina et al., 2013).  Post treatment of tannery wastewater by reverse osmosis (RO) 

enables to remove chloride and sulfate and can provide high quality of treated effluent 

for reuse (De Gisi et al., 2009). However, the technology is very expensive and needs 

a trained person (UNIDO, 2011). 
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V.  Waste stabilization pond  

Wastewater stabilization ponds are natural systems whose biochemical and 

hydrodynamic processes are influenced by meteorological factors such as sunshine, 

wind, temperature, rainfall and evaporation (WHO, 1987). Sun is the driving force in 

the purification process of pond systems as is in any natural water body. Wastewater 

ponds, however, differ greatly from natural water bodies, e.g. lakes and oceans in 

nutrient loading, oxygen demand, depth, size, water residence time, material residence 

time and flow pattern (Gu and Stefan, 1995). Variations in meteorological factors 

often trigger fluctuations in water quality parameters, such as, temperature, pH and 

dissolved oxygen (DO) both seasonally and diurnally. 

The secondary facultative and maturation ponds show a thermal stratification gradient 

of 3–5 0C/m, especially, during the time of peak photosynthesis and diurnal variations 

in pH, temperature, and dissolved oxygen follow the pattern of the daily cycle of the 

sunlight intensity. Ponds are distinguished largely by the dissolved oxygen (DO) of 

the layers within the ponds, which in turn, is dependent on the loading of the pond 

system. Hence, ponds can be anaerobic, facultative, aerobic, aerated, 

maturation/oxidation.  

The cumulative treatment effect of multiple ponds in series helps to achieve 

significant BOD reductions, but does not necessarily improve SS reduction for pond 

systems, which are impacted by algal solids (Laginestra, (n.d.). A study in Kality 

wastewater stabilization ponds, in Addis Ababa showed that the average removal 

efficiency of BOD5, COD, TSS and TDS were  83.6%, 77.6%, 66.5% and 10.3%, 

respectively (Mengesha Dagne, 2010). 
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2.4.3. Tannery wastewater management practices 

In Ethiopia, half of the tannery industries reported that they have treatment facilities 

(about 12% secondary and 42% primary) and can treat their wastewater to a certain 

degree, the rest discharge the wastewater in nearby water bodies without any form of 

treatment (Table 3). The existing treatment systems are primary screaming and 

secondary, either sulfide oxidation or physicochemical or biological treatment 

systems. In fact, some of these treatment systems are now becoming non-functional, 

due to the lack of controlling by EPA and absence of legally binding lows.  

Table 3: Industrial waste management status in Ethiopia  

Source: Interviewee, annual reports and webpage  

A new Common effluent treatment plant (CETP) is planned and implemented around 

Modjo for the nineteen tanneries by the Ethiopian Leather Industry Development 

Institute in collaboration with the Ministry of Industry in pursuit of the GTP. The 

Common effluent treatment plant (CETP) plan was included secure landfill to reduce 

the environmental impact of the leather processing for its sustainability (LIDI, 2015). 

Industry Sector No.  
Industry 

No. of Industry Operating 
WWTP 

% of Industry Operating 
WWTP  

Leather Industries 31 4 (Biological treatment) 
13 (Primary treatment) 
4 under construction 
4 no WWT facility 
6 unknown 

12.9 % (Biological) 
41.8% (Primary treatment) 
12.9% (no WWTP) 

Textile Industries 20 15 [14 (Physical and Biological 
treatment) and 
1 (Tertiary)] 

 75 % WWTP 

Chemical 
Industries 

108 5 [2%(Septic) and 
 3 %(Primary)] 

1.9 % (Septic tank) 
2.8 % (Primary WWT) 

Food and Beverage 
Industries 

85 11 [2% (septic)  
+9% (Biological)] 

2.4 %(Septic tank) 
10.6 % (Biological) 
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The 17 operational tanneries, to partake in the Modjo Leather City (MLC), is 

expected to consume approximately 10,000kg of chrome daily (LIDI, 2015). 

The eco-friendly oriented MLC is giving due attention to the existing tanning 

facilities, connecting them to a common waste water treatment plant. Based on the 

―polluter pays‖ principle, the tannery effluent will be pumped into the industrial 

sewage network collecting other industrial discharges in a unique pumping station, 

linked to the wastewater treatment plan, constructed in line with the recognized 

international standards.  

The expected quality of the output effluent is in line with the Ethiopian and 

international environmental standards. The estimated yearly MLC waste water 

outflow was 2,760,000 and 4,272,000 m3 wastewater from the beginning (phase I) up 

to the maximum expansion (phase II) (UNIDO, 2015). The MLC project plan and its 

implementation were overseen by steering/technical committee composed of ELIA, 

LIDA, AAUAAiT, Federal EPA, Oromia EPA, AA EPA, UNIDO, Modjo City 

Administration. These steering committees are chaired by Ministry of Industry 

(UNDP, 2017). 
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2.5. Wetlands for wastewater treatment  

According to Ramsar Convention (Article 1.1), wetlands are defined as: ― areas of marsh, 

fen, peat land or water, whether natural or artificial, permanent or temporary, with  water 

that is static or flowing, fresh, brackish or salt, including areas of marine water the depth 

of which at low tide does not exceed six meters‖.  

Wetlands are classified as natural and constructed systems.  Natural wetlands provide a 

range of benefits and services for the community livelihoods and well-being, including 

food, fiber, flood control, water treatment, water supply, cultural values as well as climate 

change adaptation and mitigation. Wetlands support high levels of biological diversity.  

Natural wetlands are among the earth's most productive ecosystems, because of the 

complex interactions between biotic (fauna and flora) and abiotic (soil, water and 

topography) components of wetland ecosystems (Mitsch and Gosselink, 2002). Wetlands 

constitute a resource of great economic, cultural, scientific and recreational values. 

Wetlands are described as ‗the kidneys of the landscape‘ because they filter polluted 

water from both natural and human sources, and hence protecting the downstream 

rivers and recharging groundwater aquifers (Mitsch and Gosseline, 1993). They also 

have been called ‗biological supermarkets‘ because of the extensive food chain and a 

rich biodiversity that they support. They are being described by some as carbon 

dioxide sinks and climate stabilizers on a global scale (Mitsch and Gosselink, 2002). 

Wetlands can act as sinks, sources, or transformers of nutrients, carbon (C) and sinks 

of heavy metals, which led to a widespread use of constructed wetlands for water 

quality improvements. The constructed wetlands application has significantly 

extended from traditional secondary and /or tertiary treatment of domestic sewage 

(Mburu et al., 2012b) to treatment of various industrial effluents (Wu et al., 2015). 
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2.5.1. Constructed wetlands (CW) for the treatment of industrial 

wastewater 

Industrial wastewater treatment refers to the processes of wastewater treatment that 

have been contaminated with anthropogenic industrial activities before released into 

the environment. Constructed wetland application to industrial wastewater as tertiary 

treatment is not popular yet in tropical countries. Constructed wetlands (CWs) are 

―man-made‖, ―engineered‖ or ―artificial‖  systems that have been designed and 

constructed to employ the natural processes involving wetland vegetation, biofilms 

(the associated microbial consortia), gravel and soils to assist in treating wastewater 

(Hammer, 1989; Vymazal, 2010). They are designed to take the same processes that 

occur in natural wetlands within a more controlled environment (Brix and Schierup, 

1989; Kadlec and Wallace, 2009; Vymazal, 2010). Many processes which are 

responsible for wastewater treatment are: phytoremediation, microbiological 

mineralization, and filtration by substrate and gravitational sedimentation. 

CW systems are an ―eco-friendly alternative for secondary and/or tertiary treatment of 

wastewater from municipal, industrial and agricultural and ground water at lower 

capital costs compared to other water treatment methods (Kadlec and Wallace, 2009; 

Ko et al., 2012).   Since CWs have relatively low construction, operational and 

maintenance costs, there is a growing interest in implementing in developing 

countries for domestic and industrial wastewater treatment (Kivaisi, 2001).  

Constructed wetlands have long been used primarily for treatment of domestic 

wastewaters. However, at present, CWs are used for a wide variety of wastewaters, 

including industrial and agricultural, various runoff waters and landfill leachate 

(Vymazal, 2008). Industrial wastewater with high chemical oxygen demand (COD), 



34 

 

high biological oxygen demand (BOD,) nutrients and high salt content are now 

possibly treated by CWs (Vymazal, 2008;  Calheiros et al., 2010). However a better 

understanding of CWs designs and a configuration in order to optimize the removal of 

a specific pollutant, in tropical climate, is still under investigation.  

A variety of removal mechanisms, including physical (sedimentation, filtration), 

chemical (precipitation, adsorption, volatilization), and biological (microbial 

degradation, microbial nutrient transformation, plant uptake, microbial competition) 

processes are employed in CWs (Kadlec and Knight, 1996; Faulwetter, 2009; 

Vymazal, 2011). However, the removal of most organic pollutants in CWs is mainly 

due to microbial activity (Kadlec and Knight, 1996; Stottmeister et al., 2003; 

Faulwetter et al., 2009). For example, organic matter and majority of total nitrogen 

(TN) removal is basically through microbial transformations, while the uptake of 

nutrients by plants is a minor process (Kadlec and Knight, 1996). High 

microbiological productivity, aided by soil or sludge biofilm and vegetation, in 

wetlands can transform a variety of pollutants into less harmful by- or life-supporting 

products such as nutrients. Thus, pollutant removal and microbial activity in CWs are 

closely tied to the cycling of carbon, nitrogen and sulfur compounds. CW Plant root 

morphology and development and substrates are important factors that affect treated 

wastewater quality partially results from their effect on bacterial assemblages 

(Stottmeister et al., 2003, Vymazal et al., 2001) and through its influencing microbial-

plant interaction (Gagnon et al., 2007).  Hence, using constructed wetlands, as a 

tertiary treatment, enables to meet industrial water quality standards with negligible 

use of fossil-based energy and chemicals (Scholz et al. 2010). 
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Types of Constructed Wetlands 

Wetlands are classified as natural and constructed systems. Based on the hydrology 

(water flow) the constructed wetlands in turn can be classified into two main types, 

the free water surface (FWS) or surface flow (SF) wetland and the subsurface flow 

(SSF) wetland. The SSF CWs could be further classified into horizontal flow (HF) 

and vertical flow (VF) according to the flow direction through a permeable medium 

(typically sand, gravel or crushed rock) (Vymazal, 2007; Vymazal, and Kröpfelová, 

2008). Both types of CW systems utilize wetland/emergent aquatic vegetation and are 

similar in appearance to a natural wetland (Siti et al., 2011). In FWS (SF) CWs the 

water surface is exposed to the atmosphere and flows horizontally over the media/soil 

surface. The mean water depth is usually less than 0.4 m, and thus, FWS CWs are 

frequently dominated by floating, rooted emergent or submersed vegetation 

(Vymazal, 2010). FWS systems are more suitable in subtropical/tropical climatic 

conditions where year-round plant/macrophytes growth occurs. 

The advantages of FWS wetlands include: decreased in construction costs, decreased 

in risk of clogging, decreased time for initial plant development, and an increase in 

aerobic conditions which are often desired for nutrient uptake (US EPA, 2000). 

Subsurface flow (SSF) wetlands, also known as vegetated submerged bed systems in 

the USA (US EPA, 2000) and reed-bed or root-zone wastewater treatment systems in 

Europe (IWA, 2000). HSSF CWs are filld with gravel and/or soil/sand-filled 

substrates which supports emergent vegetation systems. In SSF CWs, the water 

surface is kept below the surface of the substrate, which may support different types 

of rooted emergent vegetation and microbes. Subsurface flow (SSF) systems are 

designed with horizontal or vertical subsurface flow through a permeable medium 
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(typically sand, gravel or crushed rock). Both subsurface types of horizontal (HF) or 

vertical flow (VF), involves a flat bed of permeable substrate covered with 

plants/macrophytes. 

 In HF systems, the influent enters in the bed subsurface at the beginning of the 

wetland cell and flows through horizontally using pressure and gravity forces. In VF 

systems, wastewater is fed from the top and then gradually percolates down through 

the bed and is collected by a drainage network at the base (Kadlec and Wallace, 

2009).   

Table 4: Treatment wetland types and vegetation (Kadlec and Wallace, 2009) 

Constructed Wetland 
type 

Type of 
vegetation  

Section in contact with  wastewater 

Free water surface (FWS) Floating Root zone, some steam or tubers 

Submerged Photosynthetic part, possible root zone 

Emergent Steam, limited leaf contact 

Subsurface flow (SSF): 

Horizontal flow (HF) 

Vertical flow (VF) 

Submerged Rhizome and root zone 

SSF system allows for filtration, biodegradation with microbial and plant uptake of 

contaminants (Asaye, 2009; Tadesse and Seyoum, 2015). The advantages of a sub-

surface wetland over FWS include a minimized risk of odors and growth of insect 

vectors (Kadlec and Wallace, 2009). In addition, the SSF media provide a greater 

surface area for contaminant filtration and treatment.  
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Figure 2. Free Surface flow wetland (FSW) (source: WSP 2008) 
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A) Horizontal Subsurface flow (HSSF) wetlands 

 

B) Vertical Flow (VF) SSF Wetlands  

Figure 3: Free Surface flow wetland (FSW) and Subsurface flow wetlands (SSF) 

(source: WSP 2008) 
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2.5.2. Constructed wetlands in tropical climate  

Wastewater treatment in CWs is highly affected by climatic conditions. Climate 

directly regulates abiotic factors such as solar radiation, temperature, precipitation and 

evapotranspiration (ET) (Wittgren and Mæhlum 1997; Kadlec and Wallace 2009; 

Bodin, 2013). These abiotic factors in turn affect the biotic factors such as 

microbiological activity and vegetation dynamics. Studies have been indicated that 

tropical CWs have a higher nutrient removal efficiency due to higher temperatures 

which stimulate faster year-round vegetation growth (Kantawanichkul et al., 2001; 

Kyambadde et al., 2004) and microbiological activity. Thus, tropical CWs have a 

higher nutrient uptake (Kivaisi, 2001; Kaseva, 2004; Diemont, 2006; Katsenovich et 

al., 2009; Bodin, 2013) and organic waste biodegradation. Therefore, harvesting 

contributes to significantly higher removals of nutrients (Kantawanichkul et al., 2001; 

Kyambadde et al., 2004). For example, Phragmites and Typha, have very high plant 

biomass (IWA 2000). Phragmites growing in eutrophic waters, can achieve a total 

biomass of 12.7 kg/m2 (Vymazal et al.,1999).  However, if the plants are not 

harvested periodically, the decomposition of biomass will again release nutrients into 

the CW systems. These causes lower net removal of nutrient in tropical CWs 

compared to those in colder regions (DeBusk and Ryther, 1987; Reddy et al., 1999; 

Kadlec, 2005).  

The functioning of a CW is considerably influenced by the water balance (Bodin, 

2013).  In tropical CWs, high evapotranspiration (ET) may impact the water balance 

by reducing outflow effluent rates resulting in higher hydraulic retention times 

(HRTs) and through condensation increased outflow pollutant concentrations which 

can affect CW treatment performance (Kadlec and Knight, 1996; Bodin, 2013). Both 
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extreme rain and drought in tropical CWs might increase or decrease the performance 

of CWs. Therefore, treatment performance of tropical CWs should be evaluated based 

on mass loading analyses and water-balance effects (Katsenovich et al., 2009). 

2.5.3. Microbial Processes influencing Performance of CWS 

The performance of constructed wetlands is based on the combined action between 

microbes and filtering media, which may be accompanied by plants (Kadlec and 

Knight, 1996; Faulwetter, 2009; Vymazal, 2011). The mineralization of organic 

matter is mainly carried out by microbes both in aerobic and anaerobic conditions. 

Nitrogen removal in constructed wetlands has mostly been assumed to be a result of 

the combination of nitrification–denitrification (Faulwetter et al., 2007). Removal 

processes are also dependent on the substrate and nutrient availability in constructed 

wetlands. Amounts (loading rates) and different fractions of carbon supply, organic 

carbon for heterotrophic and inorganic carbon for autotrophic microorganisms, are 

crucial for carrying out a variety of removal processes (Truu et al., 2009). 

Removal of a particular pollutant is typically associated with a specific microbial 

group, therefore the employment of design and operational methodologies that 

enhance the specific activity of that group and will improve performance of CWs. 

Removal of most pollutants in CW treatment systems, such as organic carbon (OC), 

total nitrogen (TN) and nutrient is primarily due to microbial transformations, while 

plant uptake is a minor nitrogen removal mechanism (Kadlec and Knight, 1996). 

Adsorption and sulfate reduction has been recognized as an important mechanism for 

metals removal (Dvorak et al., 1992), but the latter may also play an important part in 

organic carbon (OC) removal; and sulfide oxidation may also be an important process 
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in CWs treatment. Thus, pollutant removal and microbial activity in CWs are closely 

tied, especially to the cycling of carbon, nitrogen and sulfur compounds. 

2.5.4. Critical factors for pollutant removal in CWs 

The main factors that are critical for pollutant removal in CWs are pH, alkalinity, 

temperature, availability of nutrient, redox conditions, pollutant load, wetland 

vegetation, substrate, microbial population,  hydraulics, climate and season, (Trepel 

and Palmeri, 2002; Garcia et al., 2010; Bodin, 2013). Of course, all these factors are 

highly interconnected and affect each other though complex ecological sequences.  

An optimum temperature (25-350C) and optimum pH (6.5 – 8.5) is important for 

pollutant removal, which is optimum for microbial activity and growth (Reed et al., 

1988). High or low values inhibit activity of microorganisms, where by the treatment 

efficiency (removal of pollutants) might reduce. 

Wetland Hydrology 

One of the other key factors regulating water quality improvements in CW System is 

hydraulics; which describes water flow movements, through a planted bed of porous 

media of CWs, in both time and space (Headley and Kadlec 2007; Kadlec and 

Wallace, 2009). The significance of CW hydraulics becomes obvious when 

considering that the starting point for many pollutant removal processes is the contact 

between the wastewater and the surfaces in the CWs, i.e. vegetation, microbes and 

substrate. Effect on CW hydraulics on pollutant removal was studied by varying the 

vegetation layout, the location of inlet and outlet, CW bottom topography, the CW 

shape and the water depth (Persson et al. 1999; Holland et al., 2004; Kjellin et al., 

2007; Keefe et al., 2010). Therefore, understanding the characteristics of CW 
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hydraulics is the key to designing optimized CWs with respect to both efficient 

wastewater treatment and land utilization. 

 Hydraulic Loading Rate (HLR) 

The hydraulic loading rate (HLR or q) is defined as the rainfall equivalent of water in 

a specified area (Kadlec and Wallace, 2009). It does not imply uniform physical 

distribution of wastewater over the wetland surface. The dynamics of water 

movement through the wetland have a significant influence on the efficiency and 

extent of these interactions. Many of the important biogeochemical reactions rely on 

contact time between wastewater constituents and microorganisms and the associated 

substrate, whereas wastewater velocity can be an important determining factor for 

other pollutant removal processes, such as mass transfer (Kadlec and Wallace, 2009). 

According to Garcia et al. (2005) HLR was a very important factor in controlling the 

efficiency of the SSF CWs. He found that the SSF CWs with fine gravel produced 

effluents of better quality than those with coarse gravel due to greater development of 

the macrophytes in fine medium.  

Any short-circuiting or dead zones that occur within a wetland will, consequently, 

have an effect on contact time as well as flow velocities and, therefore, impact on 

treatment efficiency. Non-ideal flow patterns can have very large effects upon the 

removal of pollutants in wetland treatment systems (Kadlec et al., 1993; Carleton, 

2002). It is, therefore, necessary to consider flow pattern effects and the related 

mixing in the design of wetland treatment systems. 

The three types of hydraulic inefficiencies, may occur in CWs treatment systems 

(Kadlec and Wallace, 2009), are: 

1. Preferential flow channels at a large distance scale 



43 

 

2. Mixing effects, such as water delays in litter layers and transverse mixing 

3. Internal islands and other topographical features 

An increase in the hydraulic loading rate (HLR) typically increases the amount of 

pollutants in the CW system. Thus, pollutant accessibility to microorganisms, plants 

and substrate increases, which resulting in high absolute mass removal rates (Kadlec 

and Wallace, 2009) (equation 1). 

Clogging of HSSF Bed Media 

The HSSF bed will not maintain the clean-bed hydraulic conductivity after 3-4 years 

of operation. According to Kadlec and Wallace (2009), if one third of the pore space 

is blocked, the hydraulic conductivity will decrease by a factor of ten, because 

hydraulic conductivity is extremely sensitive to porosity. Due to greater reductions in 

hydraulic conductivity (low flow velocities that occur within the inlet of HSSF CW 

beds) total suspended solids (TSS) will settle and deposit within first 5% of the inlet 

region of the CW bed (Fisher, 1990; Sanford et al., 1995; Kadlec and Wallace, 2009). 

In the inlet section of the CW bed, there might be higher microbial populations 

associated with nutrient cycling and BOD reduction due to the elevated contaminant 

concentrations. These microorganisms associated biofilms, reduce the pore volume in 

the inlet region of the CW bed.  This, in turn, reduces hydraulic conductivity in the 

inlet region and a resulting non-uniform hydraulic gradient throughout the CW 

systems (Fisher, 1990; Kadlec and Watson, 1993; Watson and Choate, 2001). 

Clogging of HSSF wetland beds occurs via the following mechanisms (Kadlec and 

Wallace, 2009): 
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 Deposition of inert (mineral) suspended solids in the inlet region of the 

wetland bed; 

 Accumulation of refractory organic material (resistant to microbial 

degradation) in the inlet zone of the CW bed; 

 Deposition of chemical precipitates in the wetland bed; 

 Loading of organic matter (both suspended and dissolved) that stimulates the 

growth of microbial biofilms on the bed media; 

 Development of plant root networks that occupy pore volume within the 

wetland bed. 

Hydraulic retention time (HRT) 

An increase in the hydraulic loading rate (HLR) also increases the amount of 

pollutants in the CW system. However, at the same time the Hydraulic retention time 

(HRT) between wastewater pollutants and the particular removal components of the 

CW is shortened (lower HRT), resulting in a lower relative pollutant removal of 

incoming concentration (Lin et al., 2002; Jing et al., 2002; Kadlec 2005; Bodin, 

2013).  Many studies concluded that lower HRT and higher HRT decreased mass 

removal rates, due to insufficient time for removal processes to occur and 

evapotranspiration and concentration of pollutants in higher HRT, respectively. 

Moreover, nutrient mass load to a CW may also strongly affect macrophyte nutrient 

uptake rates and thus regulate the amount of nutrients that can be removed via 

macrophyte harvesting. Actual wetland hydraulic retention time (t) is defined as the 

wetland water volume involved in flow divided by the volumetric water flow (Kadlec 

and Wallace, 2009) (equation 2). 
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  Aspect Ratio 

The aspect ratio (length-to-width, L: W) is important in CW design and its pollutant 

removal because of its effect on flow distribution and hydraulic short circuiting. As 

long as the flow is distributed effectively, a constructed wetland with a high aspect 

ratio is not better than one with a lower aspect ratio for treatment (Kadlec and 

Wallace, 2009). A large aspect ratio helps to utilize the entire wetland area and 

minimize the effect of jet flow short-circuiting and corner dead zones, which tends to 

improve hydraulic retention time. 

Garcia et al. (2004) and Bounds et al. (1998) studied that the aspect ratios of L:W 

range 1:1 < L:W < 2.5:1 and  L:W = 4, 10, and 30, respectively. They found that 

aspect ratio has no significant effect on pollutant percent removal. However, a high 

rate constant (K):  a 20% improvement for L: W = 30 compared to L: W = 4 during 

the first year, and 44% improvement during the second year were found (Bounds et 

al., 1998). The improvements were also reflected in longitudinal profiles that 

decreased along the flow direction, and did not reach a plateau for any aspect ratio, 

but were increased steep as aspect ratio increased.  

2.5.5. The role of wetland vegetation 

Vegetation in CWs may affect water flow patterns, velocities, microbial activity and 

evapo-transpiration. In some studies, that has compared the pollutant removal 

performance of vegetated and un-vegetated HSSF CW systems, has been found that 

plants do not have a major impact on performance (Young et al, 2000, George et al., 

2000, Liehr et al., 2000). Nevertheless, many studies showed that vegetated CW 

systems have a significant on removal of pollutants and aesthetic advantage over un-
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vegetated systems.  According to Gagnon et al., (2007) CWs with plant species 

always had higher microbial density and activities than unplanted controls.  

 Microbial activities were ten times higher on root surfaces compared with 

sand/gravel (Wang et al., 2015), which influence the performance of CWs. 

Macrophytes assist pollutant removal in CWs through both indirect and direct 

mechanisms. The direct pollutant removal mechanism provided by macrophytes is the 

assimilation of nutrients and phytoextraction of heavy metal from wastewater into the 

macrophyte biomass (Tadesse and seyoum, 2015).  The indirect mechanisms are that 

macrophytes facilitate removal processes by providing surfaces for active and diverse 

microbial communities (Bastviken et al., 2003; Rossmann et al., 2012), by preventing 

re-suspension of sediment pollutants (Braskerud, 2001) and supplying oxygen to the 

CW soil (Reddy et al., 1989; Brix, 1997).  Many studies performed on the CW 

systems, comparing vegetated with non-vegetated CWs, report significantly higher 

removal of wastewater pollutants in the former once. 

Tropics temperature is almost consistently favorable for plant and microbial growth, 

and a consequence of this is a more consistent treated water quality of the wetland. 

Plant productivity will be expected, high in the tropics 1000g/cm3/year (Neue et al., 

1997). The accumulation of decomposing biomass creates a high porous layer that 

provides an attachment surface for microorganisms. This litter layer contributes 

significantly to wastewater treatment in CW. 

Stem Density 
 

The presence of vegetation in treatment wetlands will markedly change the hydraulics 

of the wetland by creating less dispersion and higher efficiencies (Kadlec, 1994).  The 

three principal variables associated with vegetation are: (1) percent cover, (2) stem 
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density, and (3) orientation of patches. When vegetation is oriented in the flow 

direction, typically along the wetland edges, it is termed fringing vegetation (Jenkins 

and Greenway, 2005). When the orientation of patches is across the flow direction, it 

is termed banded vegetation.  Use of banded vegetation is more efficient than fringing 

vegetation because of the short circuiting issue caused by the flow resistance in the 

fringes (Jenkins and Greenway, 2005). If the vegetation density of a fringe is 

increased, then, more flow is forced down the central channel, and efficiency drops 

(Jenkins and Greenway, 2005). 

The stem density of wetland plants is important because the resistance to water flow is 

determined in part by stem density. Planting densities range from 0.1–4.0 plants per 

m2, depending on the rate of spread of the selected plant species and the acceptable 

timeframe for plant establishment (Kadlec and Wallace, 2009).  Studies reported that 

1,400–1,500 stems per m2 for Schoenoplectus tabernaemontani growing in dairy 

wastewater (Tanner, 2001), 15–30/m2 Typha latifolia plants (Nolte and Associates, 

1998), 70–100/m2 for Phragmites australis (Cooper et al., 1996). However, 

Phragmites australis grows to higher densities in warm climates, around 250 per m2 

in Australia (Hocking, 1989). 

Phragmites species (reed) for wastewater treatment 

Phragmites karka has been shown to be adequate for tannery wastewater treatment, 

providing resilient to high salinity wastewater. The oxygen demand in the root 

environment is an important determinant of how much oxygen is supplied to that root 

zone (Sorrell, 1999).  Studies showed that the calculated oxygen flux from the roots of 

Phragmites australis reaches up to 4.3 g/m2/d (Lawson, 1985), Armstrong et al. 
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(1990) calculated 5–12 g/m2 per day and  Gries et al. (1990) calculated 1–2 g/m2 per 

day.   

 

As the wetland becoming older (4-5 years), the wetland vegetation show unhealthy 

due to anaerobic conditions in the root zone and sulfide toxicity. Hydrogen sulfide 

(H2S) apparently inhibits the activity of alcohol dehydrogenase, thereby limiting the 

ability of plants to avail themselves of alternative anoxic energy pathways. This effect 

was confirmed by measuring a reduced N uptake rate in the presence of sulfide 

(Kadlec and Wallace, 2009).  Phytotoxicity was found to be very serious at the 45 mg 

S2-/L level in Phragmites australis due to blocking aeration pathways, which 

interfering with the diffusive of atmosphere air and thus reducing the plant‘s ability to 

oxygenate the rhizosphere (Armstrong et al., 1996). 

2.6.  Pollutant removal processes in Constructed Wetland 

A large number of constructed wetland processes were tested for the removal or 

reduction of any given pollutant. Many wetland reactions/treatments are microbial 

mediated, which means they are the result of the activity of bacteria or other 

microorganisms.   The transfer of pollutants from wastewater to immersed solid 

surfaces (biofilms) is the first step in the overall microbial removal mechanism 

(Kadlec and Wallace, 2009). Those surfaces contain the biofilms responsible for 

microbial processes, as well as the binding sites for sorption processes. Plant roots are 

the locus for the pollutant (nutrients) uptake by the macrophytes and these are 

accessed by diffusion and transpiration flows (Kadlec and Wallace, 2009). The 

transformations of pollutants during wastewater treatment in CWs include adsorption, 

desorption, precipitation, dissolution, plant uptake, microbial decomposition and 
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uptake, fragmentation, leaching, evaporation, mineralization and sedimentation (peat 

deposit) (Vymazal, 2006; Kadlec and Wallace, 2009; Faulwetter et al., 2009). 

Suspended solids (SS) removal: The primary mechanisms in the removal of 

suspended solids by SSF CW systems are via flocculation, settling and filtration of 

suspended and large colloidal particulates due to relatively low velocity and high 

surface area in CW media. Vegetated Submerged bed (VSB,) act like horizontal 

gravel filters, and thereby provide opportunities for TSS separations by gravity 

sedimentation (discrete and flocculent), straining and physical capture and adsorption 

on biomass film attached to gravel and root systems. Clogging of the filter media has 

been of some concern, especially with high TSS loading, but documentation of this 

phenomenon has not been forthcoming. The accumulation of recalcitrant or slowly 

degradable solids may eventually lead to increased head-losses near the inlet zones of 

the CW system (Kadlec and Wallace, 2009). 

Kadlec and Wallace (2009) indicating that abiotic factors dominate in the SS removal 

processes. The key variables for SS removal in CWs are an adequate time for settling 

combined with trapping in the litter, sediment and soil. The relatively slow flow in 

SSF CWs is often enough to give time for physical settling of the SS (Braskerud, 

2001). SS associated with tannery waste includes proteins (hair and skin) and fats.  

Due to the nature of suspended matter and the physical mechanism of its removal, 

TSS is removed faster than the other pollutants. The total suspended solids occur 

within the first part of the CWs bed (Nguyen, 2001, Vymazal, 2003). 

Macrophytes trapping SS in the litter layer which may limit re-suspension of the 

sediment particles (Kadlec and Wallace, 2009). However, in wet season 

fragmentation of detritus from macrophytes and algae can produce particulate matter 
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and thus increase SS concentration in a CW effluent. Kadlec and Knight (1996) 

proposed a rule of thumb which stated that about 75% of TSS is removed if inlet 

concentrations are above 20 mg/L. In another study the TSS removal efficiency 

reaching levels of up 89-97% for an inlet concentration varying between 32 and 324 

mg/L), with no clogging tendency occurring. 

COD and BOD removal: Organic matter associated with tannery waste will include 

biodegradable organic matter (e.g. proteins and carbohydrates). The removal of BOD 

and COD is affected by biotic factors which dominate the removal processes and 

abiotic factors (temperature). In tropical climates as winter temperature goes up to 

20°C, the BOD/COD removal increases, hence the allowable loading goes up as well 

to 250 kg/ha·d. (Reed et al., 1988). In untreated tannery wastewater, as the ratio 

between COD: BOD is 2.5:1, variations can be found as great as 2:1 and 3:1. This 

depends on the chemicals used in the different leather making processes and their rate 

of biodegradability (UNIDO, 2000).  Aerobic degradation of soluble organic matter 

(e.g. carbohydrates) by aerobic heterotrophic bacteria and autotrophic bacteria is 

shown in the following Equation (Kadlec and Wallace, 2009). 

(CH2O) + O2        CO2 + H2O 

 A study conducted by Asaye Ketema (2009) using tannery wastewater in SSF CWs 

in 5 days HRT showed that BOD5 was reduced by 64-84% and COD was reduced by 

57-68% using Schenoplectus corymbosus, Cyperus alopcuroides, Typha domingensis 

and Sesbania sesban plants. However, COD and BOD effluent concentration in these 

studies do not meet the Ethiopian EPA standards due to the use of CWs as a primary 

treatment of high strength tannery WW. 
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Nitrogen removal: Nitrogen in wastewater has a complex biogeochemical cycle 

with multiple organic and inorganic forms with seven valence states (+5 to -3). These 

nitrogen compounds are ammonium (NH4
+), nitrite (NO2−) and nitrate (NO3

−) and 

gaseous nitrogen such as; dinitrogen (N2), nitrous oxide (N2O), nitric oxide (NO2 and 

N2O4) and ammonia (NH3) (Vymazal, 2006).   The most common nitrogen 

compounds entering wetland systems can be measured as organic nitrogen, ammonia, 

nitrate and nitrite. Nitrogen removal in CWs includes ammonia volatilization, 

ammonification (mineralization), nitrification/denitrification processes, plant uptake 

and substrate/media adsorption (Vymazal, 2006; Vymazal, 2007; Bodin, 2013). 

Reddy and Patrick (1984) pointed out that if the pH value is below 7.5, losses of NH3 

through volatilization is insignificant, but  volatilization is significant at pH of 9.3; 

and at this pH the ratio between ammonia and ammonium ions is 1:1. The 

ammonification process is essentially a catabolism of amino acids and including 

several types of oxidative deamination reactions (Savant and De Datta, 1982): 

Amino acids→I-mino acids→Keto acids→NH3 

Ammonification rates are dependent on temperature, pH, C/N ratio and availability of 

nutrients (Reddy and Patrick, 1984). The optimal ammonification pH is between 6.5 

and 8.5 (Vymazal, 2005). Kinetically, ammonification proceeds more rapidly than 

nitrification (Kadlec and Knight, 1996). Mineralization rates are fastest in the 

oxygenated zone, and decrease as from aerobic to facultative anaerobic and obligate 

anaerobic microflora (Reddy and Patrick, 1984; (Bodin, 2013). Although, ammonium 

may be removed from the wastewater phase by binding to the negatively charged sites 

on clay soil particles in the CWs bottom sediment via adsorption (Mitsch and 

Gosselink, 2000; Vymazal, 2007).The changes in water chemistry or hydrology might 
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release loosely bound NH4
+ back to the wastewater column through desorption 

(Reddy and Patrick, 1984; Vymazal, 2006). Removal of NH4
+ in CWs is dominated 

by an aerobic process called nitrification, in which NH4
+ is oxidized to nitrite (NO2

-) 

and further to nitrate (NO3
-) by chemoautotrophic and heterotrophic bacteria (Paul 

and Clark, 1996; Schmidt et al., 2003). NH4
+ can also be lost to the atmosphere as 

ammonia gas (NH3) through a process called ammonia volatilization (Bodin, 2013). 

However, at pH of below 8 and still flow conditions, which are typical for CWs, 

volatilization is lower (Reddy and Patrick, 1984; Kadlec and Knight 1996; Vymazal, 

2007).  

There exists equilibrium in the water between the toxic NH3 and the non-toxic NH4
+. 

The equation shifts back and forth depending upon environmental changes. 

NH3 (aq) + H2O (l) 
 

NH3 · H2O (aq) 
 

NH4 + (aq) + OH - (aq) 

(Ammonia in 

water) 
  

(ammonia+ 

water) 
  

(ammonium + hydroxide 

ions) 

The dynamic equilibrium between NH3 and NH4 + is affected by water temperature 

and pH (acidity). At a pH of 6 the ratio of NH3 to NH4 + is 1 to 3000 but decreases to 

1 to 30 when the pH rises to 8 (alkaline condition) (MDA, 2017).  

Warm water will contain more toxic ammonia then cooler water.  Ammonia 

Volatilization increases 1.3 - 3.5 times with each 10oc rise in temperature from 0oc to 

30 oc (Bodin, 2013). The nitrification rates in a CW will be favored by oxic 

conditions, the availability of inorganic carbon and NH4
+, as well as temperature 

ranges of 30–40°C and pH ranges 7.5–8 (Kadlec and Knight 1996). 

NH4
+ +2O2   NO3

- + 2H+ + H2O 
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Macrophytes, algae and microorganisms assimilate the two forms of nitrogen: 

ammonia and nitrate nitrogen. These organisms prefer ammonia nitrogen as a source 

of nitrogen for assimilation than nitrate because ammonia is more reduced 

energetically (Kadlec and Knight, 1996; Wetzel, 2001). Ammonia is readily 

incorporated into amino acids by many autotrophs and microbial heterotrophs. 

However, in nitrate-rich wastewaters, nitrate may become a more important source of 

nutrient nitrogen.  

The process of converting NO3
- (nitrate) into N2 (di-nitrogen) via intermediate 

nitrogen oxides (NO2
-, NO and N2O) is known as denitrification (Paul and Clark, 

1996; Jetten et al., 1997).  It is a bacterial process in which nitrogen oxides serve as 

terminal respiratory electron acceptors. Electrons are carried from an electron-

donating substrate (organic compounds in wastewater) through several carrier systems 

to a more oxidized nitrogen form. Denitrification is illustrated by the following 

equation (Hauck, 1984): 

6(CH2O) + 4NO3
− ↔ 6CO2 + 2N2 + 6H2O 

The reaction occurs in the presence of available organic substrate and only under 

anaerobic or anoxic conditions, where nitrogen is used as an electron acceptor in place 

of oxygen. As nitrification and de-nitrification increase in temperature, the removal of 

nitrogen in tropical climates will be higher than in temperate conditions.  

Denitrification is considered as a major removal mechanism for nitrogen in 

constructed wetlands. Denitrification rates almost double (1.5-2.0) with each 10oc 

increment until 60oc. Alkalinity/PH, temperature, and redox potential/DO are the 

important factors controlling the reaction rates of nitrification and denitrification 

(Bodin, 2013). According to Vymazal (2006), removal of total nitrogen in VF and 



54 

 

HF constructed wetlands varied between 40 and 50% with removing load ranging 

between 250 and 630 gN/m2 year depending on CWs type and inflow loading. 

  

Figure 4: Nitrogen transformation in FWSF CWs (Sources: Kadlec and Wallace, 
2009) 

Phosphorus removal  

Phosphorus (P), in CWs, is found in organic and inorganic forms. The key P fractions 

in a wastewater receiving are normally particulate phosphorus (PP) and dissolved 

phosphorus (normally as phosphate-phosphorus (PO4
3-P). Phosphorus transformation 

within the CWs, water column and sediment/soil, are controlled by both abiotic and 

biotic processes. Abiotic processes include sedimentation, adsorption to 

sediment/soils, precipitation. Biotic processes include assimilation by vegetation, 

plankton, periphyton and microorganisms (Reddy et al., 1999). The major long-term 

P storage process in wetlands is through the formation of stable residuals known as 

accretions (Reddy et al., 1999; Kadlec and Wallace, 2009). The accretion process is 

the sum of chemical P precipitation, adsorption and accumulation of detritus in the 

CW sediment/soil. 
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In CW, P associated with organic and inorganic particles starts to form a sediment 

layer through flocculation. The key processes that regulate the P content in the floc or 

the CW sediment are adsorption/desorption and precipitation/solubilization. The 

bonds in a P mineral complex are less reversible than the adsorption bonds between P 

and inorganic or organic particles (Reddy et al., 1999). There is an exchange process 

between soil/sediment and the overlying water column. The P fractions may be 

incorporated in the CW soil through the accretion process (Kadlec and Wallace, 

2009). Thus, the major mechanisms for the removal of P are plant uptake and 

retention in soil (US EPA, 1998). Consequently the major transformations of P in 

wetlands are: Peat/soil accretion, adsorption/desorption, Precipitation/dissolution, 

plant/microbial uptake, fragmentation and leaching, and mineralization.  

Heavy metal removal 

 Heavy metals are a collective name given to all metals which can be highly toxic, and 

which have densities greater that 5g/cm3 (Skidmore and Firth, 1983).  Nonessential 

heavy metals are reported to be usually potent toxins and their bioaccumulation in 

tissues leads to intoxication, decreased fertility, cellular and tissue damage, cell death 

and dysfunction of a variety of organs (Damek-Proprawa and Sawicka-Kapusta, 2003;  

Ribeiro et al., 2005). The main heavy metal of concern in tannery wastewater is 

chromium and others found in trace amount include cadmium, lead, copper, zinc, 

mercury, and arsenic.  

Sheoran and  Sheoran (2006) reviewed heavy metals removal from acid mine 

drainage in wetlands and conclude that heavy metal  is removed by physical, chemical 

and various biological processes; which involves sedimentation, settling, filtration, 

adsorption, precipitation, co-precipitation into insoluble compounds. The three main 
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heavy metal removal processes in the constructed wetland are (1) binding to 

soils/sediment and/or particulate matter, (2) precipitation as insoluble salts and 

sedimentation and (3) uptake by bacteria, algae and plants (Kadlec & Knight, 1996).  

Constructed Wetlands treating wastewater, containing sulfur compounds, promote the 

growth of sulfate reducing bacteria in anaerobic conditions and generate hydrogen 

sulfide. Most of the heavy metals react with hydrogen sulfide and leads to formation 

of highly insoluble metal sulfides (Stumm and Morgan, 1981):  

2CH2O + SO4 2-   H2S + 2HCO3 

where CH2O represents organic matter. 

Bacterial sulfate reduction results in the precipitation of dissolved metals as metal 

sulfide solids: 

M2+ + H2S + 2HCO3  MS + 2H2O + 2CO3 

           where M represents heavy metals 

2Cr + 3S   Cr2S3 

Protons released by H2S dissociation (H2S  2H+ + S2-) are neutralized by an equal 

release of HCO3 during sulfate reduction as a result metal sulfide precipitation 

improves water quality by decreasing the mineral acidity without causing a parallel 

increase in proton acidity (Sheoran and Sheoran, 2006). CWs are very effective in 

removing heavy metals, with removal rates reported up to 99% (Reed et al., 1995, 

Xiao-bin, 2007, Tadesse and seyoum, 2015).  

A study by Marrs and Walbot (1997) used Phragmites australis, which showed an 

interesting ability in the phytoremediation of nitrogen, phosphorus, organic 

compounds and heavy metals in water. A phytoremidation study conducted Tadesse 

and Seyoum (2015) showed a higher Cr removal efficiency was obtained using SSF 
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CWs planted with Phragmites Karka (97.7%), Borasses aethiopium (99.3%) followed 

by Typha domingensis (99%), Cyprus alternifolius (98%). 

Pathogen removal 

Pathogens are disease-causing organisms (such as bacteria, viruses, fungi, protozoa 

and helminths). Wetlands are very effective at removing pathogens, typically reducing 

the pathogen number by up to five orders of magnitude from wetland inflows (Reed at 

al., 1995) through a various process, including natural die-off, sedimentation, 

filtration, ultra-violet light ionization, unfavorable water chemistry, temperature 

effects, and predation by other organisms and pH (Kadlec & knight, 1996). Kadlec 

and Knight (1996) also showed that vegetated wetlands seem more effective in 

pathogen removal, since they allow consortia of microorganisms to grow which might 

be predators to pathogens. 

According to Molleda et al. (2008) removal of the pathogenous micro-organisms in 

CWs showed 99.9% for E. coli in spring and autumn and 97.0% for TC for fecal 

streptococci (FS) in winter. The removal of helminthic eggs and cysts and oocysts of 

Giardia and Cryptosporidium achieved a value of 100% over the whole study period 

(Molleda et al., 2008). The combination of vertical and horizontal subsurface flow, 

tropical CW showed the removal of 90% for total coliform, E. coli and Helminth eggs 

(García, 2013).  The removal of fecal bacteria showed more than 93% using vegetated 

SSF CW systems treating domestic wastewater (Karathanasis et al., 2003). 

The removal efficiency of fecal bacteria in constructed wetlands usually exceeding 

95% (Haberl et al., 1995; Potter and Karathanasis, 2001), but it varies with wetland 
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design, hydraulic residence time (HRT), hydraulic and mass loading rate, temperature, 

and substrate (Haberl et al., 1995; Potter and Karathanasis, 2001; García et al., 2003). 

2.7.  Biological sulfur removal and transformation in CW 

Sulfur removal processes  

The sulfide content in tannery effluent mostly results from the use of sodium sulfide 

and sodium hydrosulfide, and the breakdown of hair in the unhairing process. In order 

to remove sulfide from wastewater streams, the common physicochemical methods 

like direct air stripping, chemical precipitation and oxidation are used.  Many of the 

metals such as iron, zinc, copper etc. can be used to precipitate the sulfide into 

insoluble metal sulfide. Oxidation processes used for sulfide removal are aeration 

(catalyzed and uncatalyzed), chlorination, ozonation, potassium permanganate 

treatment and hydrogen peroxide treatment.  

 

Following reaction takes place, when potassium permanganate reacts with hydrogen 

sulfide: 

3 H2S + 4 KMnO4    2 K2SO4 + S + 3 MnO + MnO2 + 3 H2O 

Hydrogen peroxide oxidizes is used to convert hydrogen sulfide to elemental sulfur 

via following reaction: 

8 H2S + 8 H2O2                    S8 + 16 H2O 

Several microorganisms have been studied for application in biotechnological hydrogen 

sulfide removal processes. The following (biological) overall reaction occurs in an 

aerobic sulfide removal system (Midha and Dey, 2008) 
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Aerobic microorganisms or chemotrophes used for the oxidation of hydrogen sulfide 

are the species of Thiobacillus, Pseudomonas, Beggiatoa and Thiothrix which have 

been used for the conversion of hydrogen sulfide into sulfur (Midha and Dey, 2008). 

Sulfur fate and transport in Constructed Wetlands 

Influent sulfur from tannery wastewater to wetlands is typically in the form of sulfate 

in an oxidized environment and sulfide in reduced environments and other sulfur 

compounds representing intermediate valence states, including thiosulfate and organic 

sulfur. Sulfate is highly soluble under all temperature and pH conditions, whereas 

sulfide solubility is pH-dependent. Sulfide solubility increases tenfold between pH 6–

8. At acidic pH (< 6) sulfide will be present as H2S, which has a much lower 

solubility than HS−, which predominates above neutral pH (pKa = 7.04) (Stumm & 

Morgan, 1996). 

Lower pH systems thus have the tendency to off-gas H2S, with the accompanying 

rotten-egg odor, whereas pH-neutral and above systems maintain higher sulfide 

concentrations in solution (Paul, et al., 2008). Sulfate concentrations will be lowered 

under aerobic conditions mainly through abiotic mineral precipitation or biological 

assimilation into a plant or microbial tissue (Figure 5). Bacterial assimilation of sulfur 

occurs through the reduction of sulfate to the amino acid cysteine (C3H7NO2S), thus 

creating organic sulfur (Le Faou et al., 1990). 
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Figure 5: Major biotic and abiotic sulfur transformations in constructed wetlands and 
their relation to redox potential (Source: Paul, 2008) 

 

Nitrate reducing (SR) sulfur oxidizing bacteria (SOB) in constructed wetlands 

The presence of plants in CW enhances microbial diversity and activity. Additionally, 

the plant species root morphology and development seems to be a key factor 

influencing microbial-plant interaction (Calheiros et al., 2010; Paul, 2008). 

Sulfur participates in a variety of bacterial catalyzed oxidation and reduction reactions 

which may impact its mobility and fate in CWs. The most familiar of these reactions 

is the dissimilatory sulfate-reduction reaction catalyzed by SRB in anoxic CWs and 
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sediment.  Sulfate Reducing Bacteria (SRB) is a heterogeneous group of microbe, 

which use sulfate as terminal electron acceptor (Hansen and Groffman, 1994).  

Microbes use simple inorganic and organic compounds like hydrogen, ethanol, 

methanol, acetate, lactate, propionate and pyruvate, as electron donors (Parkes et al., 

1989; Liamleam and Annachhatre, 2007) and reduce the sulfate to sulfides (H2S, 

HS−, or S2−, depending on pH) (Ralf et al., 2006) as the end product of dissimilatory 

sulfate reduction pathway and inorganic carbon. This process has major importance in 

wetlands due to the tendency of producing sulfide to form insoluble metal sulfides. 

The catabolic bacterial sulfate-reduction reaction generates one mole of sulfide per 

mole of sulfate utilized, as illustrated in the following stoichiometry, acetate as the 

electron donor: 

CH3COO− + H + + SO4
2−  H2S + 2HCO3

− 

In the presence of available electron acceptors, sulfide, S0, thiosulfate, and tetra-

thionate are oxidized by both chemical and biological pathways to sulfate by sulfur 

oxidizing bacteria (SOB) (Wainwright, 1984). 

SH− → S0 → S2O3
2− → S4O6

2− → SO3
2− → SO4

2− 

Photosynthetic SOB couple the oxidation of reduced sulfur (H2S, S2
−, S0) with CO2 

reduction. SOB occupies anaerobic zones where light penetrates and sulfide is 

abundant, and accumulates elemental sulfur. So-called purple sulfur bacteria 

(Thiorhodaceae; e.g., Chromatium) generally deposit sulfur internally, whereas green 

sulfur bacteria (Chlorobacteriaceae, e.g., Chlorobium) accumulate sulfur extracellular. 

In both cases, accumulated sulfur may be further oxidized to sulfate under conditions 

of sulfide limitation (Wetzel, 2001). 



62 

 

2.8.  Wastewater reuse for irrigation 

Reuses of treated tannery wastewater alleviates the existing irrigation water demand 

and to protect pollution of receiving sensitive freshwater bodies. To reuse tannery 

wastewater for irrigation, it should be treated with secondary and tertiary treatment 

methods which can be able to remove or reduce the pollutants to achieve irrigation 

water quality standards.  

Irrigation is a key factor in securing food supplies in many developing countries. 

Access to adequate water for irrigation is a matter of increasing concern all over the 

globe, especially in arid and semiarid areas (Sharma et al., 2007). In many developing 

countries, where fresh and underground water is scarce, wastewater is used to irrigate 

land due to its highest productivity that the added nutrients and organic matter 

provide, and the possibility to sow all year round (Palese et al., 2009; Mani & Kumar, 

2014). Wastewater is used to irrigate in many forms: it can be used as treated 

(reclaimed water) or untreated (raw wastewater) and it can be applied directly to 

vegetables and crops or indirectly after discharge and diluted with water from rivers 

or reservoirs (Jiménez, 2006). 

The high content of nitrogen (N), phosphorus (P), potassium (K), sulfur and organic 

matter in most WW, it has been considered as a low price fertilizer (Chawa and 

Reves, 2001).  In addition to other micro-nutrients N, P and K in WW can annually 

contribute 380, 60, 520 and 1.4 thousand tons of N, P, K and Zn, respectively, and 

about 70% utilization in agriculture sector in the developing countries (Minhas and 

Samra, 2004). The total value of these nutrients would be around 1.78 million US$ 

annually (Minhas and Samra, 2004). These findings thus, recapitulates that WW has 

great potential as fertilizer when used for irrigation to crops. 
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Wastewater Irrigation has positive impacts on yield because it contains valuable plant 

nutrients and thus its reuse in agriculture serves as an important source of nutrients. 

Better crop growth, particularly of leafy vegetable grown on fields receiving sewage 

WW have been achieved (Murtaza, et al., 2003).  

The results of many studies on the use of WW for a long period of time have shown 

that there is a significant increase in crop yields compared with Gray wastewater 

irrigated fields. The use of distillery effluents (25-times diluted) showed significantly 

higher onion yield compared with the maximum fertilizer use efficiency from plots 

fertilized with 40kg N, 20kg P2O5 and 20kg K2O/ha grey water irrigated plots has 

been reported (Zalawadia, et al., 1996). 

2.8.1. Risks of using wastewater for irrigation  

 

The use of untreated wastewater for irrigation has both environmental and health 

risks. Even though, the concentrations of persistent pollutants are in acceptable 

discharge limit, they could be a source of potential risk due to its persistent and 

bioaccumulation nature.   Under non-controlled conditions of untreated wastewater 

could have the following potential risks: (a) pathogens contained in wastewater can 

cause health problems for humans and cattle; (b) some pollutants can be toxic to 

plants, cattle, or humans consuming crops and in contact with the wastewater; (c) 

some pollutants that may be present in wastewater can reduce soil productivity; (d) 

infiltration of wastewater to aquifers may cause aquifer pollution with pathogens, 

nutrients and organic matter and (e) Water salinity and metal content in soils is 

increased in the long term usage of wastewater (Jiménez, 2006). 
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Studies done by Aklilu Asfaw et al., (2012) showed that the use of tannery effluent 

causes inhibition of root growth due to heavy metals (chromium) accumulation in the 

roots. This study was also noted that using 50% diluted tannery effluent have 

significant negative effects on vegetable (such as onion, carrot and tomato) 

germination growth. 

Untreated textile wastewater containing a variety of chemicals such as aniline, caustic 

soda, acids, Dyes, heavy metals and pesticides.  The use of such wastewater for 

irrigating agricultural fields, to grow vegetables and other crop plants has risks to 

human health and ecosystem (Debnath, et al., 2014).  Apart from high chemical 

oxygen demand (COD), biochemical oxygen demand (BOD), pH and salinity 

(Talarposhti et al., 2001) the fate of the pesticides and heavy metals in the soils is 

extremely important because of their impact on ecosystem (Jiries et al., 2002; Jaishree 

and Khan, 2013). Pesticides are highly toxic and exposure to very small quantities can 

result in the death of humans and animals (Hussain and Siddique, 2010). In order to 

maximize the benefits and minimize the risks, the pollutants from wastewater must be 

removed with the standard or acceptable limit. 

2.8.2.  Treated wastewater for irrigation 

 

In industrialized countries water reuse is part of a strategy to protect water bodies and 

to reduce wastewater treatment costs. It is usually performed only after high 

ecological standards of wastewater treatment have been achieved, and as a 

consequence reclaimed water has a low organic matter and nutrient content. In 

contrast, in developing countries reuse is frequently a spontaneous response to a 
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shortage of water and job opportunities. It is generally practiced with ―poor quality‖ 

water (even raw wastewater), which farmers look for its high nutrient potential. 

Sometimes reuse is part of a planned project, but most of the time and particularly in 

developing countries it just happens. In industrialized countries water reuse is part of 

a strategy to protect water bodies and to reduce wastewater treatment costs. It is 

usually performed only after high ecological standards of wastewater treatment have 

been achieved, and as a consequence reclaimed water has a low organic matter and 

nutrient content. In contrast, in developing countries reuse is frequently a spontaneous 

response to the shortage of water and job opportunities for the poor people living in 

urban peripheries (Jiménez, 2006). 

The wastewater of the tanning industry causes significant environmental pollution 

unless treated in some way prior to discharge (Sangeetha et al., 2012). The wastes 

from the tanning industry ranked among the most polluting of all industrial wastes in 

Ethiopia (EEPA, 2003). The effluents are laden with chemicals such as chromium 

salts, sulfate, sodium sulfide, lime powder, ammonium sulfate, sodium chloride, 

sulfuric acid, sulphonated and sulfated oils, formaldehyde, pigments, dyes and anti-

fungal agents (Khan, 2001) which are used at different stages of the tanning process. 

When used for irrigation, the effluent containing chromium in non-permissible limits 

can prove to be phytotoxic (Sangeetha et al. 2012). In most cases, chromium exists in 

two oxidation states, trivalent (Cr III) and hexavalent (Cr VI) chromium. Both forms 

are toxic to plants and inhibit germination, reduce growth, generate oxidative stress, 

decrease protein content, inhibit photosynthesis and alter enzyme activities in the 

exposed plants (Shankar et al., 2005; Panda and Choudhury, 2005).  
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Reactive oxygen species (ROS) are produced in plants in response to the damaging 

effects of environmental stresses and plants have evolved a variety of antioxidant 

defense mechanisms in response to stress (Jung and Kuk, 2003).  Sangeetha et al. 

(2012) reported that the use of undiluted tannery effluents can deteriorate the 

nutritional quality of plants. However, diluted effluents improve plant yield with a 

very low compromise with the nutrient quality and thus the metals and organic 

components of the effluent may be beneficial if present in permissible limits. The 

antioxidants present in the crops are good indicators of the oxidative stress exerted on 

them and catalase proved to be an excellent biomarker of chromium induced oxidative 

stress.  

In this study, chromium rich wastewater was diverted to the recycling camber. This 

was done to reduce the effect of Cr on plant growth. Treatment of tannery 

wastewaters in Modjo Tannery employed a primary (screening and sedimentation) a 

Secondary (anaerobic and Sequence Bach Reactor (SBR)) and tertiary treatment 

(constructed wetland).  Therefore, objective of this study was to assess the 

performance of integrated WWT systems and suitability assessment of the treated 

effluent for the irrigation of vegetables. 
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CHAPTER THREE 

3.  MATERIALS AND METHODS 

3.1.   Description of the study area 

The study was conducted at Modjo town, which is located South-East of Addis Ababa 

at 8° 39‘ N and 39° 10‘ E with an altitude between 1788 to 1,825 m above sea level 

(Figure 6). The annual rainfall varyies between 680 to 2,000 mm (EEPA, 1988) with 

an average annual temperature is 22.20c and riches up to 300c. Modjo town is one of 

the industrialized zones in Ethiopia. Modjo is now named as the leather city because 

there are more than 12 tanneries built along the Modjo river. Modjo tannery has a 

capacity of processing 8,500 pieces of sheep and goat skins and 500 hides per day, 

producing semi-processed hides and skins and finished leather for domestic and 

export market. The industry consumed about 650 m3 ground water and discharges 400 

to 450 m3/day wastewater. 

The experimental setups were built in the premises of Modjo tannery. The leather 

production processes are divided into four main categories, namely, beam house, 

tanning (tan-yard), post-tanning and finishing operation. Modjo tannery, through 

processes of producing finished leather, generates three types of wastewater 

discharged from each processes separately, namely; general wastewater, sulfide 

wastewater and chrome containing wastewater. The wastewater was treated by a 

conventional wastewater treatment method which consists of sulfide oxidation tank, 

Cr recovery chamber and drying beds. The treated wastewater finally channeled in to 

the Modjo river. 
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Figure 6: Location map of the Modjo town, with the study area  

3.2. Experimental setup 

3.2.1. Integrated treatment System 

The integrated pilot-scale biological wastewater treatment (WWT) system for the 

treatment of tannery wastewater was established at the Modjo Tannery Share 

Company premises found in Modjo town. The pilot integrated biological wastewater 

treatment system was schematically shown in Figure 7. The integrated treatment 

system has a capacity of treating 50m3 wastewater per day. 

 The treatment system consists of: a primary screening and a grit removal tank; 

sedimentation tanks for sludge settling; two stage anaerobic reactors; two hydrolysis 

tanks (each of them have 3.6 m diameter and 3.3 m height); biogas reactor with 

volume of 100m3 and a sequence batch reactor (SBR) with a maximum volume of 50 

m3; and a sedimentation tank with a volume of 50 m3.  
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Figure 7:  Integrated wastewater treatment system design: (A) Integrated treatment 
system B) HSSF Constructed Wetlands and (C) vegetable experiment setup 
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3.2.2. Sequence batch reactor (SBR) operation 

Each hydrolysis reactor is fed with general wastewater once every 24 hrs. The 

hydrolysis reactors effluents are then channeled into an anaerobic biogas digester 

and/or then to the SBR, fitted with a mixer and aeration pump. SBR was operated in 

24 hours cycle, i.e. 40 minute fill, 22 hrs react (6 hrs aeration and 6 hrs mix). The 

volumetric loading rate was 27.69m3 which is 2/3 of the total working volume of the 

reactor. The SBR effluent is fed into a sedimentation tank from where the effluent is 

continuously fed into the CWs. 

3.2.3. Constructed wetlands 

The biological treatment systems were connected with three horizontal subsurface 

flow (HSSF) constructed wetlands (CWs), connected in series, with a total effective 

volume of 70.875m3. Each CW has a length of 30 m, width 5m and effective depth of 

substrate h of 0.6 m. The CWs are filled with medium- sized gravel, ranging in size 

from 6 to 20mm and vegetated with Phragmites karka.  

3.3.  Reuse of treated wastewater experiment setup 

The treated wastewater suitability assessment, in a field experiment, was carried out 

in a Completely Randomized Block Design (CRBD), with a total of 36 treatment plots 

(figure 7 C). Simultaneously pot experiment using uncontaminated soil was made in 

replicates for the selected vegetables. In the field and pot experiment, treatments were 

irrigated with treated tannery wastewater and the controls were irrigated with tap 

water. In the field experiment, each block has an area of one meter square plots. The 

plots were seeded with seeds of Beet Root (Beat vulgaris), cabbage (B. oleracea 

capitata), Swiss chard (Beta vulgaries), carrots (Daucus Carota sativa), Tomato 

(Lycopersicum esculentum).  
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3.4. Sampling and Sampling frequency 

Triplicate samples from the influent, supernatant at the end of each reactor and final 

effluent of CWs were collected in May 2012 to June 2015. Three Purposive sampling 

were also taken from Modjo river stream (3-5 cm depth); upper stream, middle of the 

city and downstream below the industry WW discharge lines. Composite samples 

were collected from the longitudinal profile of a constructed wetland system which is 

constructed in the premises of Modjo tannery. 

Triplicate samples from three to four sites along the CW are collected using sterilized 

plastic bottle. To avoid reduction of SO4
2– to S2 by microorganisms, samples were 

stored at 4°C. Samples of Shoots, leaves and root of the Phragmitus karka were 

collected in triplicates and oven dried at 100 oC for 24h. Soil samples were collected 

from the pot and field experimental areas from the depth of 0-15cm. Phragmitus 

karka mean growth rate was assessed by taking two sampling points from each CWs 

(CW1S1, CW1S2, CW2S1, CW2S2, CW3S1 and CW3S2). Shoot measurements were on 

the 2nd and 5th weeks after harvesting.  

3.5. Laboratory Sample analysis 

3.5.1. Wastewater sample analysis 

Detailed tannery wastewater characterization was performed using standard methods 

(APHA) for the following selected parameters that are considered to be harmful to the 

receiving environment: chemical oxygen demand (COD), total nitrogen (TN), 

ammonium nitrogen (NH4
+-N), nitrate-nitrogen (NO3

--N) sulfides (S2-) and sulfate 

(SO4
2-). These were measured using spectrophotometer (DR/2010 HACH, Loveland, 

USA) according to HACH instructions and APHA (1998).  
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Total chromium, total suspended solids (TSS) total dissolved solids (TDS) were also 

measured according to standard methods (APHA 1998). pH was measured using a 

pH-meter (HI 9024 HANNA). TDS and conductivity were measured using a 

conductivity meter (CC-401, ELMETRON). Cr containing wastewater samples were 

digested using Mixed Nitric Acid Digestion (5mL) and hydrogen peroxide (2 mL) and 

were analyzed using flame Atomic Absorption Spectrophotometer (Analytic Jena 

Nova AA 400P, Germany). Phragmitus karka mean growth rate was measured in 

meters and the number of plants per m2 was counted manually. 

3.5.2. Performance Assessment 

The performance of pilot WW treatment plant has been recorded for three years. The 

percent of pollutant removal rates were calculated according to the following 

equation:  

                                 100 x
Ci

CfCiR 
 .....................................Equation 1 

where: R is the removal rate (%); Ci is the influent concentration (mg/L); and Cf  is 

the effluent concentration (mg/L) 

 The CWs system was then operated for three years under two hydraulic conditions. 

The flow rate in to the CW was 23.625 and 14.18 m3/day for 3 and 5 days of HRT, 

respectively. Hydraulic loading rate and hydraulic retention time are calculated based 

on the following formula (Kadlec and Wallace, 2009). 

Hydraulic loading rate: A
Q

q ……………………………….Equation 2 

Where  q = hydraulic loading rate (HLR), m/d 

A = wetland area (wetted land area), m2 
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 Q = water flow rate, m3/d 

Hydraulic retention time Q
 A h   

 
Q
V

……………………Equation 3 

where  = hydraulic retention time per day 

Q = flow rate, m3/d 

V = volume of wetland containing water in active flow, m3 

A =area of wetland containing water in active flow, m2 

h = wetland water depth, m 

 = porosity (fraction of volume occupied by water), dimensionless 

  3.5.3. Plant sample analysis  

The dried plant (Phragmites) material (1 g DW Sample) was transferred to the hot 

plate and heated at 200
0
C for 40 minutes and then calcinated at 450

0
C for 2 hours (ash 

method). The extraction of chromium was performed by adding 5ml, 6M HNO
3 

(nitric 

acid), 2ml H2O2 and digested by gently boiling until 1mL remained. Then 5mL, 3M 

HNO
3 

was added and reheated for further 30 minutes. The warm solution was filtered 

into 50 ml volumetric flask. The extract was recovered through filtration. Deionized 

water was added to dilute the recovered sample to 50ml. The concentration of 

chromium in the extract was determined by atomic absorption spectrophotometer 

(AAS) (graphite method). A blank was prepared to subtract the Cr contained in the 

reagent from the plant extract. The calibration curve for Cr the detection method was 

developed and the R2 value was 0.9989 (Figure 9). 
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Figure 8: Calibration curve for Cr  

The Cr bioaccumulation factor (BAF) and Translocation factor (TF) of the selected 

plant species was estimated, (as a method described by Shanker et al., 2004; Tadesse 

and Seyoum, 2015):  

             
wastewaterLmgCr

plantdwkgmgcr
BAF






/
/

 
………………………………

Equation 4
 

Translocation factor of Cr was calculated as:  

rootdryweightkgmgCr
shootdryweightkgmgcrTF





/
/ 

………………………………………...
 Equation 5 

Total carbon(c) and nitrogen (N) content (% dry weight) were determined on dried 

and homogenized leaf sample. Nitrogen use efficiency (NUE) of leaf was determined 

by using the formula:        

 ………………Equation 6 
                                                                                                         

3.6.   Vegetable sample collection and analysis 

Vegetables and fruits were watered at the same time each day from seedling stage 

until full maturity. Watering was performed manually by directly applying the water 

A
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A) Standard Concentration 
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to the soil surface and avoiding contact of the water with plant surfaces. Vegetable 

crops were watered and fertilized with the recommended dosage of organic fertilizer 

(Orga fertilizer). During the germination period the shoots of the treatments and 

control were measured. Upon maturity (after 8 to 14 weeks) the edible portions of 

each plant type were harvested and the effects of treated tannery effluents were 

compared to that of tap water (control). 

Table 5: Vegetables selected for study 

Common Name Botanical Name  Edible parts of vegetables  

Cabbage B. oleracea capitata Leaf  

onion  Allium cepa Leaf  

Swiss chard  Beta vulgaries Leaf  

Tomato  Lycopersicum esculentum Fruit  

Beet root Beat vulgaris Root  

Carrots  Daucus Carota sativa Root  

3.6.1. Sample collection and analysis  

One liter effluents were collected at the end of CW using plastic bottles every 3 days 

(retention time) after feeding the partially treated wastewater. The plastic bottles were 

thoroughly cleaned by repeated washing with tap water and distilled water, then dried 

overnight. The influents and effluents were characterized for Total Coliforms (TC), 

Fecal Coliforms (FC), BOD, COD, TN, nutrients (NO3-N, P04, S2- and SO4), pH, 

TDS, conductivity, chlorides, heavy metals (Cr, Cd, Ni and Pb) and Pathogens.  

Triplicate samples were analyzed using standard methods (APHA 2005) for COD and 

BOD. PH was measured using the pH meter (Model HI 9024 HANNA). TCF and 

FCF were quantified using the membrane filtration technique; NO3, P04, S2- and SO4 
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were measured using 6705/UV/Vis spectrophotometer at 420nm (APHA; Nasipuri et 

al. 2010). TDS, Salinity and Conductivity were measured using a conductivity meter 

(CC-401, ELMETRON).  

Treated Tannery WW sample (50ml) was digested with 5 ml of concentrated HNO3 

and 2 ml of H2O2 using Mixed Nitric Acid Digestion method at 80 0C until the 

solution became transparent (APHA, 2005). The solution was filtered through 

Whatman No. 42 filter paper and the total volume was maintained to 50 ml with 

distilled water. The solution was analyzed using flame Atomic Absorption 

Spectrophotometer (model: analyticjena nova AA 400P, Germany).  

Thirty six samples (from thirty-six plots) of six different vegetables: Onion, Beet 

Root, Cabbage, Swiss chard, Carrots and Tomato Were collected and brought back to 

the laboratory. Each vegetable sample was carefully washed with distilled water and 

the edible parts were cut into small pieces and then oven dried at 70°C to attain 

constant weight (Tiwari et al., 2011). The dried samples were grinded and passed 

through a sieve of 2 mm size and then kept at room temperature for further analysis 

for Cr and heavy metals (Cd, Ni, and Pb).  

Soil samples were collected in triplicates before and after the experiments by digging 

out from wastewater irrigated plots at 0-10 cm depth after four months of vegetable 

growth. Soil samples were air dried and ground to pass through a < 2 mm mesh sieve 

for chemical analysis.  



78 

 

 3.6.2. Inhibition percentage 

The inhibition percentage was calculated measuring the growth of the vegetables 

grown on control and treatments after two weeks of growth, using the following 

formula: 

……………………………….Equation 7 

 Where I%= inhibition percentage of vegetable growth, C=average growth in 
control, T=average growth in the treatments 

6.6.3. Plant Sample digestion 

All chemicals were analytical grade reagents and deionized water was used for 

solution preparation. Soil and plant samples (1 g) were digested of dried sample was 

digested after adding 5 mL 69% HNO3 and 2 mL H2O2 in a Microwave Digestion 

System until a clear solution was achieved. After cooling, the digested sample 

solution was filtered using Whatman No. 42 filter paper and the filtrate was finally 

maintained to 50 ml with deionized water and analyzed by using an Atomic 

absorption spectrophotometer (model: analyticjena nova AA 400P, Germany). 

3.6.4.  Bio-transferable factor (BTF)  

The transfer factor expresses the bioavailability of a metal at a particular position on a 

species of plant (Khan et al., 2009).  It is calculated as the ratio between the 

concentration of heavy metals in the vegetables and that in the corresponding soil all 

based on (dry weight) for each vegetable separately (Cui et al., 2004; Shanker et al., 

2004; Liu et al. 2013). The transferable factors (TF) were calculated based on the 

following formula (equation 8): 
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….……Equation 8 

3.6.5 Estimation of target hazard quotients (THQs) 

Health risks associated with these heavy metals (Cr and Cd) were assessed based on 

the target hazard quotients (THQs) (USEPA, 2000; Chen et al. 2002).  If the THQ is 

equal to or higher than1, there is a potential health risk (USEPA, 2002. If THQ below 

1 means that the exposed human population is unlikely to experience obvious adverse 

effects. A target hazard quotient (THQs) is based on the following equation:  

……………………………………………….Equation 9 

Where, EF is the exposure frequency (365 days/year), ED is the exposure 

duration (64.7 years), FI is the food ingestion (g/person/day), MC is the 

metal concentration in vegetables (mg/kg, on fresh weight basis), RfD is 

the oral reference dose (mg/kg/day), BW is the average body weight 

(adult, 60 kg), AT is the averaging exposure time for non-carcinogens 

(365 days/year × number of exposure years, assuming 64.7 years in this 

study).  

3.7. Statistical analysis 

Data analysis was performed using Microsoft Excel XP version 2010, SPSS package 

21.00 and Origin Lab 8 software. One-way ANOVA (analysis of variance) was used 

to compare the performance of CWs for 3-day HRT and 5-day HRT concerning 

nutrient and organic matter removal in order to detect the statistical significance of 

difference (p < 0.05).The data were also statistically analyzed using R-soft wear. The 

means and standard deviations of the nutrient and metal concentrations along CWs 

and vegetables were calculated. 
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The differences in heavy metal on vegetables and fruit tissue were compared by 

single-factor ANOVA to determine the effect of irrigation of CW effluent wastewater 

on each vegetable and fruits. Vegetable type and effluent quality were also compared 

using two-way ANOVA to measure the effect of plant type on the likelihood of 

contamination with heavy metal and pathogens. 
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CHAPTER FOUR 

4. RESULTS AND DISCUSISION 

4.1. Performance of pilot scale anaerobic-SBR system integrated with 

Constructed Wetland for the treatment of tannery wastewater 

(paper I) 

4.1.1. Characteristics of tannery wastewater 

Modjo tannery has a capacity of 8,500 pieces of sheep and goat skins and 500 hides 

per day, producing semi-processed hides and skins and finished leather for domestic 

and export market.  The industry consumes 650 m3 water and discharge of 400 to 450 

m3/day wastewater. The tanning process generates three waste streams discharged in 

separate lines: general wastewater, chrome containing wastewater and sulfide 

containing wastewater.  

The characteristics of tannery wastewater used in this study were presented in table 6, 

demonstrating its variability and high levels of COD, TN, TSS, S2-, SO4
2-, NO3

--N and 

NH4
+-N. The average inflow values of these pollutants to the integrated treatment 

system in terms of  COD, TN, NH4
+-N, NO3

--N, SO4
2- and S2- were 7,273±536.97 

mg/L, 545±12.7 mg/L, 261.5±68.51 mg/L, 112.2±24.36 mg/L, 583.7±170 mg/L and 

148.5±6.18 mg/L,  respectively. The mean influent concentration of TDS, TSS, EC 

and pH were 7,035±142.52 mg/L, 2,215.38±61mg/L, 15.5±1.99 ms/cm and 

8.67±3.56, respectively (table 6).  
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Table 6: Characteristics of tannery wastewater effluents  

Parameters  Raw WW  Mean 

 Value 

Range Effluent mean 

value 

Removal (%) 

pH 

Temperature (oc) 

8.67±3.56 

22.5±1.5  

7.25 -10.3 

19- 24.5 

6.83±0.12 

21.2±0.6 

- 

- 

COD (mg/L) 7273.8±536 4440-12200 113.2±52 96.6 
Ammonium-N (mg/L) 261.5±68  48-385 17.1±6.75 93.4 
Nitrate-N (mg/L) 112.2±24  46 - 685 22.75±20.66 95.98 
Total nitrogen (mg/L) 545 ± 12.7 320 -7700  49.3±13.45 90.37 
TSS (mg/L) 2215.38±61 1203 - 3216 68.7±27 98.7 
Sulfate (mg/L) 483.7±71 170 - 754 88±120.65 81.8 
Sulfide (mg/L) 268.5±76 33 - 360 0.4±0.44 99 
Phosphate (mg/L) 12.4 ± 1 10.5-14.3 0.38±0.6 66.13 
Total chromium (mg/L) 18.47± 5 9 - 37 0.53±0.07 97.13 
EC(ms/cm) 15.5±2 8.5 - 17 2.23±0.17 85.6 

TDS  (mg/L) 7,035±142 6150 - 12300 1,148 ±92 82.3 

The high variable composition and high load of organic and inorganic matter of 

tannery wastewaters was due to the types of skins and hides (El-Bestawy et al. 2013) 

and the various chemicals used at different stages and processes such as beam house 

operation, tanning and finishing processes (UNEP, 1991; Reemtsma and Jekel, 1997; 

Khan, 2001; Kongjao et al., 2008). 

Studies have shown that a composite tannery wastewater has a concentration of COD 

ranging from 4,434 to12,547 mg/L, BOD  2,982 to 4,886 mg/L, total chromium, 12 to 

133 mg/L, sulfides 55 to 630 mg/L, sulfate 502 to 800 mg/L, total nitrogen 245 to 

1,330 mg/L, ammonia 122 to 127 mg/L, salinity 7.1% to 15% NaCl, organics and 

other toxic pollutants (Seyoum et al., 2004; Adey et al., 2014; Tadesse and Seyoum, 

http://www.scialert.net/fulltext/?doi=jest.2011.1.17&org=11#548256_ja
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2015). These high strength effluents cause severe impact to the receiving environment 

(Khan, 2001; Cooman et al., 2000; Seyoum et al., 2004; Kongjao et al., 2008) due to 

pollutant toxicity of chromium and sulfide, eutrophication effects of nitrate and 

phosphate and high oxygen demand of organic wastes (Doble and Kumar, 2005). 

The total Cr concentration in the influent wastewater for this study ranged from 9 to 

37 mg/L (18.47± 5.37mg/L). The low influent total Cr concentration was due to 

separation of chrome tanning effluent, laden with high level of total Cr (average 

174.25 mg/L), in a separate channel for recycling. Similarly, sulfur containing 

effluents wa partly channeled into a sulfide oxidation reactor (built by the industry), 

which makes sulfide concentrations was lower in the present study compared to 

Seyoum et al. (2003). Influent pH analysis showed high (7-10) indicating the 

alkalinity of the WW, the high wastewater variability observed was due to the 

different tanning processes.  

Treatment of such strong industrial wastewater is clearly favored by the combination 

of processes, such as anaerobic and aerobic reactors (Del Pozo and Diez, 2003) 

integrated with tertiary treatment systems.  

Modjo river pollution profile 

If the untreated wastewater is discharged into the environment, it affects the water 

quality, causing eutrophication, lower dissolved oxygen in water bodies and thus can 

harm aquatic life. It can also generate methane, which is a greenhouse gas, and cause 

nuisance to people due to smells resulting from generation of sulfides. Environmental 

pollution becomes even more acute when industries are concentrated in clusters, as in 

the case along Modjo River (Seyoum et al., 2003). The discharge of untreated 
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wastewater into Modjo river has not only affected the health of downstream 

communities, but also poses a significant impact on the biological resources (Seyoum 

et al., 2004).  

There are more than 12 tannery industries along Modjo river (Table 1). The discharge 

of high strength tannery effluents from these clustered tannery industries into Modjo 

River poses severe environmental and public health concerns (Seyoum et al., 2003) to 

the downstream community and receiving water bodies. As shown in figure 9, the 

downstream pollution profile of Modjo river course varies from  30 to 390 mg/L 

COD, 1.25 to 2 mg/L S2-, 210 to 410 mg/L SO4
2-, 110 to 191 mg/L NO3

- N and 1.2 to 

54 mg/L Cr (Figure 9). The downstream Modjo river pollution profile study by 

Seyoum et al. (2003) also reported high values of COD (15 to 475 mg /L), TN (35 to 

100 mg/L), NH4-N (5 to 50 mg/L) and S2- (2 to 30 mg/L). In moves from the control 

(upper site) to the point source there is an increase in concentration. A study by 

Amanuel (2015) showed that the Cr concentration reaches up to 282.59 mg/L at the 

point source and decreased in concentration to 132 mg/L 800m away from the source.  

The present study also confirmed that the downstream pollution profile of Modjo 

River was above the WHO standards (1996) for drinking water quality for all 

measured parameters. Increased in the downstream pollution profile, for measuring 

parameters, were due to the discharge of high strength untreated wastewater from the 

surrounding clustered tannery industries and slaughter houses wastes. Seyoum et al. 

(2003) reported that Modjo river and the reservoir, Lake Koka, were affected by 

eutrophication due to discharge of excess NO3
-. S2- and Cr toxicity are also possible 

impacts of the tannery wastewater in the receiving environments. The measured 
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parameters, in the upper stream samples, were detected in small amounts; hence the 

source of these pollutants was not of agricultural or geological origin. 
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Figure 9: Modjo river upstream and downstream pollution profile 

Despite its high pollution level, communities in downstream areas used the water 

from the Modjo river and Koka lake for a variety of purposes; such as drinking, 

irrigation, fishing, livestock watering, recreation and other domestic purposes 

(Seyoum et al., 2004). It should also be noted that farmers in the river basin used the 

river water for irrigation and the contaminants can easily get into the growing 

vegetables, posing a potential danger to humans and animal health. With these levels 

of pollution (Figure 9) the biological resources are at high risk due to toxicity of 

chromium, sulfide, and low dissolved oxygen content. Similarly the health of the 

downstream community may be affected by the toxic effects of chromium and toxic 

microscopic algal blooms resulting from nutrient pollution.  
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4.1.2. Performance of pilot integrated treatment system 

The removal efficiency of a pilot biological treatment system integrated with CWs in 

the removal of priority pollutants of tannery wastewater was high (ranges between 66 

to 99.9 %). The final effluent concentrations of organic and inorganic parameters; 

COD, BOD, TN, NO3
—N, NH4

+-N, SO4
2 and S2- were 113.2±52mg/L, 56±18 mg/L, 

49.3±13 mg/L, 22.75±20 mg/L, 17.1±6.75 mg/L and, 88±120 mg/L and 0.4±0.44 

mg/L, which is in line with the Ethiopia EPA discharge limit values (Table 6) set for 

tannery effluents (EEPA, 2003). In this study the average over all removal efficiencies 

of integrated treatment system were  96.6% for COD , 98.78% for TSS, 90.4 % for 

TN, 93.4% for NH4
+-N, 95.98% for NO3-N, 81.8% for SO4

2-, 99% for S2- and 97.13% 

for total Cr (Figure 10). Phosphate removal was relatively the lowest (66.13%). These 

results showed that the pollutant removal capacity of the integrated treatment system 

was found to be very high, demonstrating that the biological system in the anaerobic 

and the SBR systems significantly reduced the organic compounds and the nutrients 

whereas the remaining residues (nutrients, residue organic matter and chromium) 

have also been further removed to meet the required national environmental quality 

standards.  
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Figure 10:  Performance of integrated biological treatment system and (average 

removal efficiency) 

Comparing the components of the integrated treatment system, the CWs performed 

the highest removal efficiencies for all the measured parameters (ranging from 61 to 

97%). The SBR performed well in terms of TN, S2- and NO3
--N removal ranging from 

55.3-99%. In an anaerobic reactor the S2- and NH4
+-N concentration were increased 

due to an anaerobic microbial process (sulfate reduction and ammonification). As 

shown in figure 11, the NH4
+-N and S2- concentrations were varied depending on the 

type of treatment systems. NH4
+-N and S2- concentration were increased in anaerobic 

systems due to anaerobic decomposition of NO3
--N and organic matter to NH4

+-N. 

The highest removal of NH4
+-N and S2- were obtained in aerobic SBR effluent (89.2% 

and 97.5%, respectively) due to the NH4
+-N and S2- oxidation. A constant decrease in 

TN concentration, moving from aerobic SBR reactor to CWs systems, was observed 
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(Figure 11A). The aerobic SBR effluent contains higher concentrations of SO4
2- due 

to the conversion of S2- and digestion of sulfur containing organic matter to SO4
2-. 

However, the concentrations of nitrogen species at the end of aerobic SBR effluents 

were lowest due to high denitrification processes in the anoxic phases of SBR.  

The concentration of TN, SO4
2- and NO3

--N were decreased in hydrolysis reactors. 

This may be due to SO4
2- and NO3

--N reduction and anaerobic decomposition of 

organic matter by consortia of microbes. In anaerobic (hydrolysis) reactor, microbes 

use SO4
2- and NO3

--N as an electron acceptor to decompose organic compounds 

(Mburu et al., 2012). Microorganisms reduce the sulfate to sulfides (H2S or HS- or S2-, 

depending on pH), as end product by dissimilatory sulfate reduction pathway, and 

inorganic carbon, (Ralf et al., 2006). Hence, the concentration of S2- was increasing in 

hydrolysis reactors (Figure 11B). In this study, sufficient HRT (24h) with aeration 

could contribute to high efficiency of nitrification in the SBR reactor. The 

concentration of NO3
--N in the aerobic stages of SBR was increased because of 

ammonium oxidation but it was reduced dramatically in the anoxic stages of SBR due 

to denitrification which results in highest removal efficiency of NO3
--N (Figure 11A). 
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Figure 11: (A, B & C) Organic matter and nutrient removal in anaerobic-SBR and 

CWs systems 

SBRs technology is reported as an efficient method for nutrients and organic matter 

removal (Ganesh et al., 2006; Farabegoli et al., 2007).  The removal efficiency of the 

integrated system for S2- and total Cr were 99.8% and 97.13%, respectively, for an 

influent value of 268.5±6 mg/L and 18.47± 5 mg/L, respectively. The present study 

showed that the treatment efficiency of the integrated treatment technology, for the 

treatment of tannery effluent, was higher than the existing conventional technology 

for organic matter, nutrients and total Cr.  

The effectiveness of biological treatment system over conventional treatment systems 

for industrial wastewater was reported by Wang (1991), Ganesh et al., (2006), 

Farabegoli et al., (2007) and Rittiruk et al. (2011). El-Bestawy et al. (2013) also 

reported that the biological tannery waste treatment system removed 79% of COD, 

36.33% of NH3 and 44.91% of NO-
3. The removal efficiency of a laboratory scale 
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anaerobic/aerobic system for tannery wastewater treatment was 85% for COD and 

38% for TN (Andualem and Seyoum, 2011). Farabegoli et al. (2007) also reported 

67% removal for COD and 75% removal for NH4
+-N using a laboratory scale SBR. 

Although, the removal efficiencies are higher, usually, residual concentration levels 

were higher than permitted discharge limits. Comparing with conventional 

physicochemical and biological tannery effluent treatment technology, the present 

integrated treatment technology is superior in that it is more efficient in pollutant 

removal (90 to 99.99 %), does not produce secondary pollutants (chemical sludge), 

saves energy and chemical costs, and an environmentally friendly approach. 

Vymazal (2010) reported that the capital costs for HSSF CWs are about the same as 

for conventional treatment systems. However, HSSF CWs operational and 

maintenance costs are very low.  
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4.1.3. Performance evaluation of HSSF constructed wetlands for the 

treatment of tannery wastewater (polishing) 

To achieve the permissible pollutants discharge limits, post-treatment of biologically 

treated tannery effluent was required. Therefore, in the present study, the biologically 

pretreated tannery effluent was then further treated by three in series connected HSSF 

CWs planted with Phragmites Karka for two HRT (3 and 5-days). The wastewater 

flow rates in to the CWs were 23.625m3/d and 14.18m3/d for 3-day and 5-day of 

HRT, respectively.   

As showed in Table 7, organic matter, nutrients and total Cr concentration in the 

anaerobic-SBR treated effluent exceeded the EEPA minimum permissible effluent 

discharge limits (MPDL) set for tannery wastewater. The average inflow values to the 

constructed wetlands in terms of  BOD, COD, TN, NH4
+-N, NO3

--N, SO4
2- and S2- 

were 812±196mg/L, 1142.5±264mg/L; 220±17.86mg/L; 40.66±21.82 mg/L; 

144±35mg/L; 433.33±162mg/L and 6.62±3.83mg/L,  respectively. The mean influent 

concentration of Total Cr, TSS, EC, chloride, DO and pH were 8.67±7.2, 568±142 

mg/L, 8.2±0.53 ms/cm, 765±132 mg/L, 0.9±0.7mg/L and 8±0.07, respectively (table 

7).  

Similar studies also showed that treatment of tannery WW by biological systems 

alone did not meet the MPDL for most residual parameters (Wang, 1991; Rittiruk et 

al., 2011). El-Bestawy et al. (2013) also reported that despite of better removal 

achieved using biological treatment of leather industry for the tested parameters, (i.e., 

86.7% for TSS, 94.14% for  BOD, 79.16 % for  COD, 36.33% for NH3,, 93.66 for Cr 

and 44.91 % for NO3
-N), their residual levels were higher than the maximum 

permeable limits.  
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Table 7: Characteristics of CWs influent and effluent WW concentrations  

 

Parameters 

Influent conc. 

(SBR effluent)  

mg/L  

 Effluent concentration  EEPA &WHO 

irrigation WQS 3 d HRT Removal 

rate (%) 

5  d HRT Removal 

(rate %) 

 pH 8±0.07 6.83±0.12 - 6.83±0.12 - 6-9 

DO 0.9±0.7 2.18±0.7 - - - - 

Temperature (oc) 22.4±1.5 20±1.3 - - - - 
BOD (mgO2/l) 812±196 56±18 93.1 49±26 93.9 200 

COD (mgO2/l)  1142.5±264 113.2±52 90.1 105.2±69 90.8 500 

EC (ms/cm) 8.2±0.53   2.23±0.17 72.8  2.52±0.28 69.3 850 

Chloride (mg/L)  765±132 450±51 41.2 486±46 36.5 450 

Salinity (mg/L)   7.5±1.25  2.9±0.2 61.3 3. 2±0.6 57.3 - 

TSS (mg/L) 568±142 68±7 88 62±25 89 - 

Sulfate (mg/L)  433.33±162 88±120.65 79.7 110±85 81.6 - 

Sulfide (mg/L) 6.62±3.83 0.4±0.44 94 0.3±0.53 95.45 1 

NO3
--N (mg/L) 144±35 22.75±20.66 84.2 23±23 82 10 

NH3- N (mg/L) 40.66±21.82 17.1±6.75 82.53 16.1±6 81 30 

Total N (mg/L)  220±17.86  49.3±13.45 77.72  42.2±11 82.81 60 

Total Cr (mg/L) 8.67±7.2 0.53±0.068 93.9 0.42±0.03 95 2 

TC/100ml 110±13 1±0.5 99 - - - 

ORD (mV) -82±4.5 -61±7 - - - - 

Overall mass removal of up to 537 kg COD/ha/d and 392.6 kg BOD/ha/d were 

achieved for an average loading rate of 597 kg COD ha/d and 422 kg BOD/ha/d. For 

the HRT of 3-day, the average removal efficiency in terms of BOD was 93 % for an 

average inlet concentration of 812±196 mg/L and 90 % for COD for an inlet 

concentration of 1142.5±264 mg/L). Concerning the HRT of 5-days, the average 

removal efficiency for BOD and COD were 93.1 % and 90.8 %, respectively.  
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Figure 12: Preformance of constructed wetlands (3 dany amd 5 day HRT) 

Statistical analysis showed that there was no significant difference in terms of COD 

and BOD removal for the two HRT.  Vymazal (2005) reported that HSSF CWs, 

planted with Phragmites, provided high removal of organic matter, nutrients and 

chromium from tannery wastewater. Calheiros et al. (2007) also reported that planted 

HSSF CWs treating tannery WW under three and six days HRT removed 41 to 73 % 

of COD, with an outlet concentration of 850±191 mg/L. A study by Tadesse and 

Seyoum (2015), using CWs (as a secondary treatment), reported that the removal 

efficiency of the system for tannery effluents were 80% for COD, 97 to 99%  for total 

Cr and 82% for ammonia.  These showed that treatment of tannery wastewater by 

CWs alone may not meet the MPDL for organic matter. In the present study, the 
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higher removal efficiency was attained due to the use of biologically pretreated 

tannery effluents. 

In this study the nutrient removal efficiency by the HSSF CWs was found to be above 

the range reported by Calheiros et al. (2007) for tannery wastewater and by Vymazal 

(2005) for domestic wastewater. The efficiency of HSSF CW systems for TN, NO3
--N 

and NH4
+-N removal at 3-day HRT were 77.7 %, 84.2 %, and 82.5 % for an average 

inlet concentration of 220±17.86.86 mg/L, 144±35 mg/L and 40.66±21.82 mg/L, 

respectively. 

 The final effluent concentrations of S-2 and SO4
-2 were 0.4 and 88 mg/L with a 

removal efficiency of 93.3% and 79.7% % for an inlet concentration of 6.62±3.83 

mg/L and 433.33±162 mg/L, respectively for 3-day HRT. There was a slight 

improvement in removal efficiency for 5-day HRT, but the difference in removal 

efficiency between 3-day HRT and 5-day HRT was not significant. Chloride, salinity 

and EC were increased in the outflow (486±46 mg/L, 3.2±0.6 mg/L and 2.52±0.28 

mS/cm, respectively) at 5-day HRT, which may be due to high transpiration and 

evaporation rate which concentrate pollutants. The average value of pH, COD, TN, 

S2-, SO4
2-, total Cr and chloride were within the acceptable national provisional 

discharge limits. Therefore, HSSF CWs are becoming a tertiary treatment (polishing) 

option for hyper-saline effluents, such as tannery wastewater. This was also supported 

by Calheiros et al. (2010) who applied HSSF CWs as a tertiary treatment for high 

strength tannery effluents, which showed higher removal efficiency for most 

pollutants.  

Daniels (2001) reported that at 5-day HRT, pilot HSSF CWs, vegetated with reeds, 

removed 80-85% of the COD from tannery wastewater was for an inlet COD level 
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ranging from 1000 to 2000 mg/L. The higher removal efficiency of HSSF CW 

systems was due to a variety of removal mechanisms and processes that are employed 

in CWs including sedimentation, filtration, precipitation, adsorption, volatilization, 

and microbial degradation, microbial nutrient transformation and plant uptake (Kadlec 

and Knight, 1996; Faulwetter, 2009; Vymazal, 2011). Pollutants removal in HSSF 

CWs is mainly due to microbial activity in the root zone (Kadlec and Knight, 1996; 

Stottmeister et al., 2003; Faulwetter et al., 2009). Pollutant removal and microbial 

activity in HSSF CW treatment systems are closely linked to the transformation of 

nutrients. Organic matter and majority of TN removal is basically through microbial 

transformations, while uptake of nutrients by plants is minor process (Kadlec and 

Wallace, 2009).  

The removal of NH4
+ in CWs is dominated by aerobic process called nitrification, in 

which NH4
+ is oxidized to nitrite (NO2

-) and further to nitrate (NO3
-). Ammonium 

may also be lost to the atmosphere as NH3 (gas) through ammonia volatilization 

process. However, at pH value close to neutral pH and quiescent flow conditions of 

the system, volatilization is normally insignificant for NH4
+ removal (Kadlec and 

Knight, 1996). HSSF CW plant root morphology and development and substrates 

used in the CWs have an effect on the quality of treated wastewater that partially 

results from their influence on the development of microbial communities 

(Stottmeister et al., 2003, Vymazal et al., 2011) and through its effect in rhizome-

microbial interaction (Gagnon et al., 2007).   

The HSSF CW system was able to remove 99.9% of total coliforms (TC) (table 7), 

which implies better performance than surface flow (SF) CWs, receiving domestic 

WW (Reed et al., 1995) due to low magnitude of inflow TC. The main processes 
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responsible for pathogen removal in tannery wastewater treatment might include high 

pH of influent WW, filtration, sedimentation, natural die-off and predation by other 

organisms in each treatment system (Kadlec and Wallace, 2009). Kadlec and Knight 

(1996) also reported that vegetated constructed wetlands seem more effective in 

pathogen removal, since they allow a variety of microorganisms to grow in the root 

zone which may be predators to the pathogens. 

The higher removal efficiency in this study was due to a variety of removal 

mechanisms including physical, chemical, and biological processes which were 

employed in HSSF CWs (Kadlec and Knight, 1996; Faulwetter, 2009; Vymazal, 

2011). However, the removal of most organic pollutants in CWs is mainly due to 

microbial activity in the root zone (Kadlec and Knight, 1996; Stottmeister et al., 2003; 

Faulwetter et al., 2009). For example, organic matter and majority of total nitrogen 

(TN) removal is basically through microbial transformations (nitrification and 

denitrification), while uptake of nutrients by plants is minor process (Kadlec and 

Knight, 1996). High microbiological productivity, aided by soil at the CW bed, 

substrate (gravel),   sludge biofilm and vegetation, wetlands can transform a variety of 

pollutants into less harmful by- or life-supporting products such as nutrients. CW 

Plant root morphology and development and substrates were important factors that 

affect treated wastewater quality partially results from their effect on bacterial 

assemblages (Stottmeister et al., 2003, Vymazal et al., 2001) and through its 

influencing microbial-plant interaction (Gagnon et al., 2007).   

The average annual temperature is 22.20c and in winter seasons it riches up to 300c. 

An optimum temperature and optimum pH (6.5-8.5) is important for pollutant 

removal (Reed et al., 1988). The lower pH value in this study (6.83) may be due to 
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the fatty acid formation in the anaerobic zones of the HSSF CWs. The higher 

temperature of the study area also contributes to the removal of pollutants (Table 7) 

and stimulates higher vegetable growth (Figure 13). Climatic conditions influence 

nutrient removal efficiency due to its influence on temperatures which stimulate faster 

year-round vegetation growth (Kantawanichkul et al., 2001; Kyambadde et al., 2004 

Kadlec and Wallace 2009; Bodin, 2013) and microbiological activity. Thus, tropical 

CWs have higher nutrient uptake and organic waste biodegradation w (Kivaisi, 2001; 

Diemont, 2006; Katsenovich et al., 2009; Bodin, 2013). Hence, regular harvesting 

contributes to significantly higher removals of nutrients (Kantawanichkul et al., 2001; 

Kyambadde et al., 2004). In the present study higher HRT (5 days) results in reduced 

outflow effluent rates due to evapotranspiration (ET), and through condensation 

increase outflow pollutant concentrations (Kadlec and Knight, 1996; Bodin, 2013).  

CWs performance is also affected by extreme rain and drought, pH, pollutant load, 

wetland vegetation, substrate, hydraulics, aspect ratio, climate and season (Trepel and 

Palmeri, 2002; Garcia et al., 2010; Bodin, 2013).  High or low pH values inhibit 

activity of microorganisms, whereby the treatment efficiency (removal of pollutants) 

might reduce. Lower aspect ratio may result in jet flow short-circuiting and corner 

dead zones, which reduces the removal efficiency of the system. 



99 

 

The presence of large aspect ratio, in this study, helps to utilize the entire wetland area 

and minimize the effect of jet flow short-circuiting and corner dead zones, which 

tends to improve hydraulic retention time (Kadlec and Wallace, 2009). The removal 

efficiency might also further enhanced by using in series connected CWs.  

Figure 13: Pilot scale HSSF constructed wetlands 

 

 



100 

 

4.2. Horizontal pollutants profile, Phragmites growth and its Cr 

accumulation  

4.2.1.  Inlet wastewater variation: influents to the CWs 

The biologically pretreated tannery effluent was then further treated by three, in series 

connected; HSSF CW cells planted with Phragmites Karka, and evaluated for three 

days of HRT.  The average inflow values of these pollutants to waste water to the 

CWs system in terms of DO, BOD, COD, TN, NH4
+-N, NO3

--N, SO4
2- and S2- were 

0.9±0.7 mg/L, 812±196 mg/L, 1142.5±264 mg/L; 220±17.86 mg/L; 40.66±21.82 

mg/L; 144±35mg/L; 433.33±162 mg/L and 6.62±3.83 mg/L, respectively. The mean 

influent concentration of Total Cr, TSS, EC and pH were 8.67±7.2 mg/L, 568±142 

mg/L, 8.2±0.53 mS/cm and 8±0.07, respectively (Table 7).  CWs nutrient removal in 

the present study was found to be above the range reported by Rangel et al. (2007) 

and Vymazal (2005) for tannery and domestic wastewater, respectively, due to the use 

of biologically pretreated wastewater.  

The high variability of the inlet concentrations, showed in this study, was due to 

variation in the HRT of the SBR effluents (Figure 14). The composition of inlet 

wastewater to the CWs varied over time and the mean inlet concentration differed 

significantly (P <0.05). The mean inlet pH values was 8±0.7 and slightly decreased to 

6.83 ± 0.2 in the out let (Table 7). The inlet concentration of DO was low (0.6 to 1.5) 

and increased (up to 2.18 mg/L) in the outlet (Table 7). The mean inlet and outlet 

effluent temperature in CWs systems also varied between 21.1 0C to 23 0C and 19-22 

0C. Organic pollutants are degraded relatively fast as a consequence of the high 

temperature. 
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Figure 14: Inlet variation of (A) BOD, COD, TN, TSS and (B) nutrients  

4.2.2. Longitudinal profiles of pollutants  

Longitudinal profiles were assessed in the HSSF CW cells (Table 8). During three 

years of monitoring period, which started in the months of April, 2013, and continued 
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to till late Nov.2015, samples were collected from the CW systems (inlet, outlet and 

horizontal profiles) and studied for the various physical, chemical and microbiological 

parameters. Longitudinal assessment of organic matter and nutrient in the CWs 

showed that there is an increase in concentration in the inlet (1st Cell) and then 

decrease in the flow direction through the two cells of the CWs.  

Table 8:  Mean (± SD) conc. of CWs longitudinal profile of organic matter and 
nutrients 

 CW Dista
nce 
(m) 

DO COD 
(mg/L) 

TN 
(mg/L) 

NH4-N 
(mg/L) 

NO3
- -N 

(mg/L) 
S2- 

(mg/L) 
SO4

2- 

(mg/L 
TSS 
(mg/L) 

1st
 C

W
 (C

el
l 1

) 

CW1S1 6 0.69±0.1 712.5±341 237.5±59 121.2±73 91.5±36 7.03±2 155±25 487±261 

CW1S2 12 0.3±0.08 710±435 317±237 176±79 85±40 10.1±5 158±13 427±110 

CW1S3 18 0.25±0.08 748±354 192±64 93±20 71±34 2.8±3 152±65 189±57 

CW1S4 24 0.23±0.07 496±410 180±50 82.9±51 81.8±48 2.3±3 144±86 191±34 

2nd
 C

W
 (C

el
l 2

) 

CW2S1 36 0.26±0.08 344±289 134±17 46.6±23 55.2±27 1.54±3 180±83 106±36 

CW2S2 42 0.22±0.06 398±97 114±18 54.2±33 45.2±13 0.79±1 162±47 121±43 

CW2S3 48 0.22±0.06 390±254 108±43 64±29 38.8±17 0.3±0 172±92 141±28 

CW2S4 54 0.24±0.06 399±124 128±55 37±21 61±39 0.54±0 185±88 143±60 

3rd
 C

W
 (C

el
l 3

) 

CW3S1 66 0.33±0.09 264±94 85±39 41.2±35 32±18 0.09±0 195±69 153±93 

CW3S2 72 0.36±0.12 182±152 64±30 26.4±17 32.6±14 0.02±0 140±90 81.6±54 

CW3S3 78 0.43±0.05 156±65 60±23 29.2±14 33.6±19 0.07±0 116±74 100±41 

CW3S4 84 0.42±0.06 126±53 54±30 21.±17 31.6±7 0.05±0 142±36 90±34 

 

Organic matter longitudinal profile   

BOD, COD and TSS, concentrations along HSSF CWs showed that the higher 

removal efficiency occurred in the first few meters of CWs for which highest level of 

biological interactions might occur. For the 3 days HRT the mean inlet concentration 
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of BOD were high (330 to 903 mg/L) and decreased to 30 to 100 mg/L in the outlet. 

Mean inlet concentration of COD was varied from 789 to 1,410 mg/L and decreased 

to 65 to 261 mg/L in the outlet (Figure 15). 
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Figure 15: The progressive distance of BOD and COD concentrations with distance 

through a wetland operated in continuous flow mode. Each data point 

represents the average of sample collected. 

A greater amount of BOD and COD, in the form of suspended matter, were settled 

and removed faster than soluble BOD and COD. This is because of the lower porosity 

of the media and clogging which acted as a sand filter in subsurface wetland. There 

was a decrease in inlet to outlet BOD/COD ratio from 0.46 to 0.39 showing that 

organic matter liable to biological degradation was removed from the CW systems 

(Figure 16). The first cell of the CW system absorbs the highest nutrient and organic 
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load. The mean influent and effluent TSS values were 568±142 and 68.7±27 mg/L, 

respectively. TSS at the inlet varied between 207-682 mg/L (table 7) and the outlet 

ranges between 23 to 91.2 mg/L. The TSS average removal efficiency was 88 %. 

Plant residue and organic matter settling and accumulation in the first cell of the CWs 

increases the TSS value. Suspended matter might be removed primarily through the 

mechanisms of interception and settling in the first 5 to 16 meters of the first CWs.  

BOD and COD removal mainly occurred in the anaerobic bed zone and aerobic 

degradation occurs in the upper zone as oxygen levels were constantly rising from the 

planted bed during passage through bed media. Old and decaying roots probably 

decomposed throughout the bed and may have contributed to the relatively high 

background concentration of BOD and COD. The results showed that there were 

decreases in concentrations along the flow path from inlet to outlet of the HSSF CW 

system. 

 Due to the greatest reduction in hydraulic conductivity (low velocities that occur 

within the inlet of HSSF CW beds), the organic matter in the effluent might be settled 

and deposited within the first few meters (5%) of the inlet region of the CWs (table8) 

which is supported by  fisher (1990), Sanford et al. (1995) and Kadlec and Wallace 

(2009). In the inlet cell of the CW bed, there might be highest microbial populations 

associated with organic matter degradation and nutrient cycling due to the elevated 

contaminant concentrations.  

Garcia et al. (2004) reported that aspect ratio has no effect on performance, within the 

range of 1:1 < L: W < 2.5:1. Hence, the range of this aspect ratio in this report is quite 

small; the performance effect may not be significant. Bounds et al. (1998) studied that 

the aspect ratios of L: W = 4, 10, and 30. He reported that there was a 20% 
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improvement for L: W = 30 compared to L: W = 4 during the first year, and 44% 

improvement during the second year were found. The BOD and COD removal 

improvements were also reflected in longitudinal profiles along the flow direction, 

and did not reach a plateau for any aspect ratio, but in most pollutants removal 

increases as aspect ratio increased from 5 to 18.  

HSSE bed clogging in the inlet region 

After four years of operation, the first part of the CW was increasingly clogged 

by both the wastewater and plant residues, causing a partial surface flow. Inlet 

bed clogging primarily due to the development of plant root networks and microbial 

biomass formation in the inlet region of the CWs. Organic matter settling and 

microorganism associated biofilms, deposition of suspended solids, accumulation of 

refractory organic materials and formation of insoluble precipitates are also reducing 

the pore space (pore volume) in the inlet region of the CW substrate (Kadlec and 

Wallace, 2009). This condition favors anaerobic environments in the CW beds. DO 

inside the CWs (about 15 to 20cm depth) was very low (0.3- 0.9 mg/L), which showed 

the CW bed was dominated by anaerobic environment. Samples collected from 15 to 

20cm depth also showed that HSSF CW longitudinal profile has a redox potential 

range from -91.2 mV (more reduced) in the inlet region to -40 mV(less reduced) in 

the last CW3. This showed that the CW bed is more about anaerobic environment, 

which favors SO4
2- reduction and methane production (Figure 20B). 

 Kadlack and Watson (1993) reported a 10% pore space blockage by volatile and 

inorganic solids. This, in turn, reduces the hydraulic conductivity in the inlet region 

and resulting non uniform hydraulic gradient throughout the CW systems (Fisher, 



106 

 

1990; Watson and Choate, 2001). Suspended solids are mainly removed by physical 

mechanisms, such as sedimentation and filtration processes, and most solids were 

removed in the first cell of the CWs. 

Aspect ratio and organic matter removal 

The HSSF CWs has a high aspect ratio, each with L: W ratio of 6:1 (a total of L: W = 

18:1), to ensure maintenance of plug flow conditions and high levels of performance. 

The BOD and COD removal values can be approximated by a first order plug flow 

relationship.  The plug flow was assumed, because the system compared three CW 

cells in series, each with aspect ratio of 6:1.  

The BOD and COD removal after 3 days of HRT was influenced by the production of 

residual BOD and COD in the system and evapotranspiration. This is compatible with 

the previous idea that BOD and COD are removed rapidly in the first part of this CW 

system. Lower and higher aspect ratio showed a decreased in mass removal rates, due 

to insufficient time for removal processes to occur or/and short circuiting and high 

evapotranspiration, which concentrate pollutants at higher HRT (Tadesse Alemu and 

Seyoum et al., 2016). As long as the flow is distributed effectively, a constructed 

wetland with a high aspect ratio is not better than one with a lower aspect ratio for 

treatment (Kadlec and Wallace, 2009). In this study most of the pollutants are 

removed in the first cells of the CW with aspect ratio of L: W=6:1. 
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Figure 16: Aspect ratio versus COD, BOD removal 

Nitrogen profile along CWs  

Mean inlet concentrations of TN were high, 122 to 365 mg/L and decreased to 20 to 

70 mg/L in the outlet. Mean inlet concentration of NH4
+ was high (65 to 150 mg/L) 

and decreased (11 to 45 mg/L) in the outlet (Table 7). Nitrogen removal in CWs 

occurs through adsorption, assimilation in to microbial and plant biomass, ammonia 

volatilization and coupled nitrification-denitrification (Vymazal, 2007; Kadlec and 

Wallace, 2009). The major removal mechanisms of N in CWs are nitrification and 

denitrification processes. Harvesting above ground biomass in CWs can remove 

limited nitrogen as compared to inflow load. Nitrogen removal via harvesting at the 

peak standing stock usually constitutes 10% of the inflow nitrogen load (Vymazal, 

2009). Vymazal (1995) reported that aboveground nitrogen content ranges 22 to 88 

g/m2.  It is well known that uptake rate is much higher during the early growing 

season.  
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Nitrification is a chemoautotrophic process in which ammonia is oxidized to nitrate 

by nitrifying bacteria (Nitrosomonas and Nitrobacter) in the anaerobic zone of CW 

bed. Nitrifying bacteria are inhibited by high concentration of NH4
+

-N, pH (7.5 -8.6), 

oxygen concentration below the 1mg/L and low temperature (4-5 OC) (Padma et al., 

2011). Denitrification, (conversion of NO3
- to N2) occurs in the anoxic conditions by 

several heterotrophic bacteria within the CWs. In this study ammonia volatilization 

was probably very low, as the pH, within the CW cells, was in the range of 6.3 to 8. 

The plant uptake of N might also have contributed to the nutrient removals 

(Kyambadde et al., 2004; Konnwerup et al., 2009). Nitrogen species profile along the 

CWs showed a slight increase in TN and NH4
+-N in the first cell and constantly 

decrease in its concentration in the 2nd and 3rd cells of CW (Figure 17). 

Nitrogen represents a principal concern in the eutrophication of waterways due to 

primarily; algal bloom concerns, oxygen demanding in the receiving water bodies and 

toxicity to aquatic species (kadlac and Wallace, 2009).  Wetland nitrogen cycles are 

very complex, and the control over these processes is often very complex, making it a 

challenge to design treatment systems to process nitrogen in wetlands efficiently 

(Vymazal, 2007). Due to complex interactions and various factors such as pH, plant, 

microbial interactions, nature of the bed soil and substrate, some of these processes 

are not fully understood, but the general processes are known, which helps for design 

consideration. 
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Figure 17: The progressive distance of TN, NH4-N and NO3
- concentrations with 

distance through a wetland operated in continuous flow mode (CW cell 1 

to cell 3). Each data point represents the average of sample collected. 
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Figure 18: Aspect ratio verses nitrogen concentration 
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Aspect Ratio and Nitrogen removal  

As shown in figure 18, the total N and ammonia nitrogen removal was lower (even 

negative) for the first parts of the CW (aspect ratio up to 7.2:1) thereafter removal 

improved as the aspect ratio increases. The increase in the concentration of total N 

and ammonium nitrogen in the inlet part of the CW was due to the accumulation of 

sludge and hence the higher anaerobic environment. However, nitrate removal is 

increasing as aspect ratio increases, due to denitrification in the anaerobic zone, plant 

uptake and conversion of nitrate to ammonia. 

Sulfur transformation along CWs 

The inlet concentrations of SO4
2- were ranged between 100 to 470 mg/L and 

decreased to 10 to 139 mg/L in the outlet.  The range inlet concentration of S2- were 

high (1.39 to 33 mg/L) and decreased (0.1 to 2.8) mg/L in the outlet (Figure 19). 

Sulfate removal from tannery wastewater and its profile in CWs is still considered to 

be secondary importance compared to the removal of Chromium, BOD and nitrogen 

compounds. As a result, it is comparatively less understood and few case studies exist 

for evaluation.  Unlike other nutrients wetland sulfur cycles are very complex, and the 

control over removal processes is often very complex, making it a challenge to design 

systems to process sulfur in wetlands efficiently. Since the majority of sulfur removal 

was largely by sedimentation higher aspect ratio, may contribute the higher removal 

of sulfide and sulfate in this study. 

 Sulfur removal in CW systems includes H2S and dimethyl sulfur loss, metal 

precipitation and plant uptake. Although, microbial routes provide for gaseous loss of 
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H2S and dimethyl sulfur ((CH3)2S), these require very low redox potentials usually 

occurs in deeper wetland sediments (Kadlec and Wallace, 2009). In the present study 

the CWs at 20 cm depth the redox potential ranges from -92 to -40 mV (Figure 20 B). 

This condition favors SO4
2- reduction and loss of sulfide to the atmosphere. Oxidation 

potential increases increase in the length of CW. 

Negative oxidation-reduction potential (Eh) corresponds to the low level of DO and 

provide conditions conducive to reduction of nitrate and sulfate. The lower DO value 

and the reduced potential showed that the CW bed is dominated by anaerobic 

environment. Typically, redox potentials are higher in the top layers of the HSSF than 

in the bottom, where the beds were very anaerobic (Figure 20B). Ultimately, under 

very low redox conditions, methanogenesis may take place. In sediments and 

submerged soils, redox potential (Eh) ranges from around -400 mV (strongly reduced) 

to + 700 mV (well oxidized) (Kadlec and Wallace, 2009).  Oxidation-reduction 

conditions affect chemical and microbial processes, and have a very large effect on 

the bioavailability of heavy metal and nutrients. 

Metal sulfide precipitation often blocks H2S loss by immobilizing sulfur in the 

sediment; hence plant sulfur uptake is minimal. Minter and Kickuth (1989 as cited by 

Kadlec and Wallace, 2009) reported that only 1% take up by plant in HSSF treatment 

wetlands. They also reported that majority of sulfur was largely stored in the wetland 

soil as elemental sulfur (31%) and organic sulfur (25%), and that only a small friction 

was released by volatilization to the atmosphere.  Sulfur reduction may be improved 

by anaerobic mode of operation in HSSF CWs bed zones. Sulfate reduction was 

strongly dependent on the BOD, for carbon source, a BOD of 200mg/L led to a 

complete removal of sulfate (Kadlec and Wallace, 2009).  

The mean inlet concentrations of chlorides (Cl-) were 760±122 mg/L and decreased to 

432-480 mg/L in the outlet (Figure 20).  Cl- showed a decreased in concentration in 
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moving from the 1st to the 2nd cell and increased to the 3rd CW cell -due concentration 

of pollutants as a result of high evapo-transpiration rate. 

 

 

 

 

 

 

 

 

Figure 19: Sulfur compounds profile along flow path through cell 1 to cell 3. 

Each data point represents the average of sample collected. 
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Figure 20:  (A) TSS, Cl and TDS profile (B) DO and redox potential along flow path through 
cell 1 to cell 3. Each data point represents the average of sample collected.  

Table 9: Correlation matrix of pollutant removal 

 

 

  BOD COD TN NNH4
+-N  NO3 NO2 SO4 S Cl Alkal TSS Trub 

BOD 1 

           COD 0.665 1.000 

          TN 0.225 0.497 1.000 

         NH4
+-N 0.525 0.767 0.779 1.000 

        NO3 0.019 0.178 0.719 0.228 1.000 

       NO2 -0.419 -0.355 0.171 -0.414 0.720 1.000 

      SO4
2- 0.551 0.014 -0.520 -0.228 -0.437 -0.389 1.000 

     S2- 0.257 0.583 0.918 0.822 0.486 -0.119 -0.400 1.000 

    Cl- -0.183 -0.327 -0.441 -0.213 -0.619 -0.552 0.238 -0.207 1.000 

   Alkal 0.061 -0.003 -0.181 -0.196 -0.057 0.201 0.383 -0.144 -0.276 1.000 

  TSS 0.453 0.786 0.700 0.701 0.553 0.073 -0.187 0.654 -0.512 0.194 1.000 

 Trub 0.151 0.089 -0.024 0.142 -0.080 -0.278 0.119 -0.008 0.155 -0.408 -0.160 1 
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0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

B. DO and ORD potential along the CW
Distance (m)

D
O

 (
m

g
/L

)

-90

-80

-70

-60

-50

-40

 DO (mg/L)

 ORD (mV)
O

R
D

 (m
V

)



114 

 

Nutrient correlation analysis 

Table 9 presents the person correlation coefficient matrixes between major 

physicochemical parameters of the effluent. The value (r) having > 0.5 showed 

significant correlation at P <0.05 levels. Nutrient correlational analysis showed that 

strong positive association exists between BOD with COD (r=0.665), NH4-N (r-

=0.525), SO4
2- and (r=0.551). Similarly strong correlations also exist between COD 

with TSS (r=0.786) and NH4 (r=0.767). However, Cl- negatively correlated with 

organic matter BOD, TN and NO.3-. 

4.2.3. Plant growth profile along CWs 

In the present study P. karka reaches up to 3 meters tall and from an extensive, 

creeping rhizome. P. karka is a robust, herbaceous perennial grass producing woody 

culms which have been used in constructed wetlands to assist the treatment. The 

average shoot length within 5 weeks period in CW1, CW2 and CW3 was 90±5 cm 

121±6.5 cm and 150±8 cm, respectively. 

 

 

 

 

 

 

Figure 21: Phragmites growth Rate along flow path through CW cell 1 to cell 3. 
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Studies showed that P. Karka is used to weaving, fencing, erosion protection, shed for 

seeds germination and roofing for the local communities. P. Karka has also a 

considerable potential of medicinal value (Sharma and Pegu, 2011), as a source 

biogas feedstock (Andulalem and Seyoum, 2015), and dry fodder (Koirala and Jha, 

2013). 

Wastewater treatment capability of P. Karka was tested in many CW studies. 

Phragmites karka tolerated high Cr concentration ranging from 10 to 35 mg/L, and 

therefore prove their potential for phytoremidation (Tadesse and Seyoum, 2015). 

However, studies showed that as the wetland becoming older (5-6) years, P. karka 

shows unhealthy due to increase in anaerobic conditions in the root zone and sulfide 

(H2S) toxicity. H2S apparently inhibits the activity of alcohol dehydrogenase, thereby 

limiting the ability of plants to use alternative anoxic energy sources (Kadlec and 

Wallace, 2009). 

 In the present the study the P. karka in the first cell showed unhealthy. The Growth 

rate of P. karka was increased as the Cr concentration and shock decreases along the 

CWs. As the number of weeks increased the difference in growth rate were increased 

from Cell 1 to Cell 3. The two and five week‘s average plant growth rate result 

showed that statically significant growth difference between the tree CW cells at P < 

0.05 was observed. However, there was no significant difference within the same CW 

cell. The higher Cr concentration, H2S production and high organic load effect are 

observed in the first phase of CWs. As a result lowest growth rate of P. karka was 

recorded (Figure 21).   
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4.2.4. Chromium concentration in Phragmites karka 

Phragmites roots accumulate highest Cr than leaves (Figure 22). No detectable Cr 

concentrations were observed in the stem using flame AAS (detection limit of 

0.05mg/L). Phragmites karka development in the first cell of CW (CW1) was poor, 

with the majority of plants experiencing chlorosis and stunted growth due to high 

shock as a result of Cr, high S2- and organic matter accumulation which might cause 

toxicity and increases anaerobic zone.  

 

 

 

 

 

 

Figure 22:  Total Cr concentration in leaf, stem and root samples analysis P. 

karka 

Chromium analysis results showed that Phragmites root has a higher concentration 

than leaves. The root samples from CW1 S1 contain the highest Cr concentration, 

(689±87mg/kg ±87). In moving towards the outlet Cr root concentration, then showed 

decreases. Similarly, leaf sample analysis showed that the sample from CW1S1 has a 

highest Cr concentration (49.7±11 mg/L). 
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The first cell of CW (CW1) has highest Cr bioaccumulation factor which is in 

agreement with the results reported by Tadesse Alemu and Seyoum Leta (2015).  

Tolerance to metals in plants can be achieved by sequestering them in tissues or 

cellular compartments (e.g. central vacuoles) that are insensitive to metals and 

adsorbed at the extracellular negatively charged sites (COO-) of the root cell walls 

(Tadesse Alemu and Seyoum Leta, 2015). The translocation of excessive metals into 

leaves and harvesting it before their shedding can also be considered as tolerance 

mechanisms.  

Phragmites can grow in eutrophic waters; can achieve a total biomass of 12.7 kg/m2 

(Vymazal et al., 1999; IWA, 2000). Studies showed that Phragmites  can supply 

oxygen to the root zone; the calculated oxygen flux from the roots of Phragmites 

australis reaches up to 4.3 g O2/m2/d (Lawson 1985), Armstrong et al. (1990) 

reported 5–12 g O2/m2/d and  Gries et al. (1990) reported 1–2 g O2/m2/d.  However, if 

the plants are not harvested periodically, the decomposition of biomass will again 

release nutrients into the CW systems, which causes lower net removal compared to 

those in colder regions (DeBusk and Ryther, 1987; Reddy et al., 1999; Kadlec, 2005). 

 

4.2.5. Plant element analysis 

Root C/N ratios in between P. karka were increased from CW1 to CW3 (Figure 23). 

The increasing salinity leads to a slight increase in root C content while N content 

decreased causing consistently higher C/N ratio. Nitrogen use efficiency of leaf 

(NUE) decreases moving CW1 to CW2, nevertheless higher growth was 

observed. NUE is affected by N translocation from root to shoot (harvested 

plant part).  
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The leaf C/N ratio in P. karka correlated positively with salinity. Increase in 

salinity along CWs, as a result of high evapotranspiration, leads to a slight 

increase in C content while N content decrease causing constantly higher C/N 

ratio.  Growth of P. karka increased at moderate salinity and particularly higher root 

biomass, which help in accumulating a large quantity of Cr leading to its elimination 

from leaves. 

 

 

 

 

 

 

 

Figure 23: Plant sample elemental analysis of Phragmites karka 

4.2.6. Constructed Wetland plant management 
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Plants are important components of the wetland and their contribution to the 

performance is a complex of various functions that are rarely studied. The growth, 

death, and decay of plant biomass are a life cycle in CW treatment systems and it 

imposes a seasonal cycle on many internal processes. During the growth season, 

wetland plant nutrients such as nitrogen, phosphorus and heavy metals are taken up by 

the plants, and temporarily stored in the plant tissues. Uptake is highest in fast 

growing wetland plants. This condition is favored in tropical climate due to year 

round high growth rate. The decay of plant biomass releases organic nutrient and 

organic matter to the system and impose non zero background concentrations in CWs. 

Some portion of the plant biomass is resistant to degradation, leading to clogging of 

the CWs and re-stalinization. Therefore, the plants should be removed before decay.  

Harvesting the plant before shedding their leaves helps to prevent clogging of the CW 

substrate pore size (Figure 24). Such management enhances performance and prevents 

re-salinization and through plant decays (Shelef et al., 2013). Proper monitoring and 

management of CWs improve the potential of plants nutrient uptake and phyto-

remediation.  

 

Figure 24: Wetland Management (A) Phragmites at mature stage (B) Phragmites 
after harvesting at Modjo WWTP 
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Steam density and plant orientation 

The vegetation was evenly distributed throughout the wetland. The plantation was 

planted in banded vegetation (across the flow direction) to reduce the jet flow.  Use of 

in this study banded vegetation might enhance the removal efficiency than fringing 

vegetation due to the absence of short circuiting issues caused by the flow resistance 

in the fringes (Jenkins and Greenway, 2005).  

The stem density of wetland plants is important because the resistance to water flow is 

determined in part by stem density. In the present study the Phragmites plant densities 

range from 200 to 350 stems per m2 (1st, 2nd and 3rd CW cells). The density is 

increased by moving from the center to the sides of the CWs. The result is in 

agreement with Hocking (1989) reports where Phragmites australis grows to higher 

densities in warm climates, around 250 per m2. Other studies reported that 1,400–

1,500 stems per m2 for Schoenoplectus tabernaemontani growing in dairy wastewater 

(Tanner, 2001), 15–30/m2 Typha latifolia plants (Nolte and Associates, 1998) and 70–

100/m2 for Phragmites australis (Cooper et al., 1996). However, lower planting 

densities, range from 0.1– 4.0 plants per m2, was reported by Kadlec and Wallace 

(2009). He also reported that stem density depends on the rate of spread of the 

selected plant species and the acceptable time frame for plant establishment. 
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4.3. Suitability assessment of treated tannery effluent for irrigation  

4.3.1. Characteristics of treated effluent conc. used for irrigation 

As shown in table 6 above, Modjo tannery industry generates a strong wastewater 

with a high organic loading rate of COD, TSS, and total N, sulfide and sulfates (Khan, 

2001).  The final constructed wetlands effluent used for irrigation in terms of pH, EC, 

BOD, COD, TN, NH4
+-N, NO3

--N, SO4
2- and S2- were 6.83, 2.23±0.9 mS, 56±18mg/L, 

113±76mg/L; 49.4±17 mg/L; 17.1±6.4 mg/L; 22.75±10 mg/L; 88±12 mg/L and 0.4±0.44 

mg/L, respectively. The mean effluent concentration of Total Cr, chloride, FC and DO 

were 0.53±0.06, 447.4±33 mg/L, 1±0.3 CFU/100ml, 2.18±0.7 mg/L, respectively.  

During the experimental period the performance of the integrated biological pilot 

treatment system (two stage anaerobic-aerobic (SBR) digester and CW system) in the 

removal of priority pollutants of tannery effluents was ranged between 66 - 99.9 %. 

The effluent parameters obtained for the, COD, SO4
2-, S2-, NO3-N and NH4

+-N was in 

line with the provisional discharge limit values set for tannery effluents by Ethiopia 

(EPA, 2003).  

The wastewater analysis result showed that the pollutant removal capacity of the 

system was found to be very high compared with the results done by Rangel et al. 

(2007) and Vymazal (2005) due to the integration of biological treatment systems 

with a constructed wetland that provides high average hydraulic retention time for 

biological activity and physicochemical processes to occur. 
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Table 10: Characteristics of treated effluent conc. used for irrigation  

Parameters 
Effluent 

Conc. 

Allowable  levels for effluent 

reuse for  irrigation 

pH 6.83±0.12 6.5-8 

EC (mS/cm) 2.23±0.17 0.75-3 (<4) 

Chloride (mg/L) 447±33 <140 

TDS (mg/L) 1148±123 500-1200 

BOD (mg/L) 56±18 50-150 

COD (mg/L) 169±26.85 50-150 

Sulfate (mg/L) 88±12.7 <240 

Sulfide (mg/L) 0.4±0.44 - 

NO3 –N (mg/L) 22.75±2.66 <5  (10-30 as NO3
-) 

NH4
+- N (mg/L) 17.1±6.75 - 

phenol (mg/L) 0.71 - 

Fluoride (mg/L) ND - 

TC/100ml 1±0.3 1-200 

FC/100ml ND - 

Total Cr (mg/L) 0.53±0.068 0.1 

Source: (James, et al., 1982; Lazarova & Bahri, 2004) 

The biological treated wastewater feed to the CW during the experimental period was 

characterized for BOD, COD, TN, NO3
- and NH4

+-N and their main concentration 

were 812±96, 1142±178, 218±17.86, 144±35 and 40.66±21.82 mg/L, respectively for 

a 3 day HRT. Pathogen analysis of the SBR influent also showed that there were 110 

TC/100ml but FC was not detected. The average concentrations of TN, NO3
--N and 

NH4
+-N in the final effluent were 49mg/L, 22.7mg/L and 17.1mg/L, respectively. The 

concentrations of S-2 and SO4
-2 in the effluent were 0.4 and 88 mg/L.  

The value of PH, COD, TN, S2-, SO4
2- and chloride were within the acceptable 

national provisional discharge limit. Similarly the pathogen analysis of the effluent 

showed that there was a 99.09% removal of total Coliforms and ND for fecal 
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coliform, which is below the WHO guideline (Figure 26). Except chloride and TDS 

the measured parameters meet the irrigation water quality set for effluent reuse, which 

showed that the treated wastewater can be potentially used for vegetable production. 

The effluent pollutant concentrations are much better than the Modjo river water 

pollution levels. The  final  effluent was recycled and reused in Modjo tannery 

premises for vegetable growth using pot experiment (uncontaminated soil) and field 

experiments (Cr contaminated soil) ( as seen in figure 25. 

 

Figure 25: Field vegetable experiment and pot experiment   
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Figure 26: EC, Cr, salinity and total coliforms (TC) removal efficiencies of CWs 

4.2.4 Effluent effects on vegetables shoot growth 

Result of statistical data analysis for six different vegetables on shot growth (stem/leaf 

length) in the experimental group irrigated with tannery effluent and a control group 

(ground water) are illustrated below on (Figure 27). 

 The effect of treated tannery effluent on shoot growth of vegetables was observed. 

The average shoot length in the treatments (except cabbage) was slightly less than the 

average shoot length of the control (Figure 27). However, there was no significant 

statistical difference in shoot growth between the control and treatments (at p < 0.05), 

except onion.   

Results showed that the percent inhibition of treated tannery effluent on Carrot, 

Tomato, Cabbage, Onion, Swiss chard and beet root was 0%, 7.3%, -0.36%, 15%, 

4.2% and 2.3%, respectively (Figure 28). The treated tannery effluent showed 

significant inhibition effects only for onion shoot growth. The treated tannery effluent 

imposed inhibitory effect on both shoot growth of onion (15%) while stimulates shoot 
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growth in cabbage (-0.36%).  A Study done by Aklilu, et al., (2012), using 50% 

diluted tannery effluent, showed that there were a significant negative effect on 

vegetable growth (such as onion, carrot and tomato). 
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Figure 27: Growth inhibition percentage (after 3 to four weeks)  

 

 

 

 

 

 

 

Figure 28:  Average shoots growth rate (stem/leaf length) between control and 
treatments (cm) 
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One time biomass analysis of both the control and treatment showed that there was no 

significant difference in production (wet biomass) of Carrot, Tomato, Cabbage, 

Onion, Swiss chard and Root Beet between control and treatments (Figure 27). 

However, onion, cabbage and Swiss chard showed lower biomass in the treatments 

than control and Carrot, Tomato Root Beet showed a better yield in the effluent 

irrigated experiments. The yield parameters of tomato fruits via, number of fruiting 

point‘s per plant were higher with treated effluent water irrigation (Figure 27). Higher 

yield (76 fruit per plant) was obtained in irrigation treatments and lower yield (56 fruit 

per plant) was obtained underground water irrigation. The better yield in the 

treatments attributes might be due to a better source of nutrients from the effluent. 

However, in terms of size of the fruit, ground water irrigation (control) was better.  

4.3.2.  Heavy metal accumulation in vegetables 

Vegetable analysis grown using treated tannery effluents showed that Cr has 

detectable concentrations in the analyzed sample while Cd, Pb and Ni were found 

below the limit of detection of AAS (0.005mg/L). The metal concentrations in 

effluent samples in this study decreased in the order of Cr > Cd> Pb and Ni. The 

mean concentrations of heavy metals in various vegetable species collected from the 

field and pot experiments were compared with the standards set for vegetables by 

FAO & WHO, 2011 (Table 11). In the field experiment the mean total Cr values 

(mg/kg) in the edible portion of vegetables were in the following order: tomato 

(0.197±0.005) > carrot (0.122±0.002) > cabbage (0.113±0.004) > onion 

(0.098±0.002) > swiss chard (0.088±0.001) > beet root (0.05±0.001) (table 12).   The 

Cr contents in the tomato fruit were slightly higher than the leafy vegetables, which could 
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probably be due to uptake from the soil than wastewater of deposition on surface area, unlike 

the results of Islam and Hoque (2014). 

Similarly, field experiment Cd values (μg/g) in the edible portion of vegetables were 

in the following order: cabbage (0.023) > carrot (0.021) > swiss chard (0.018) > 

tomato (0.017) > beet root (0.011) > onion (ND) (Table 11). The significant 

differences in Cr concentrations among the different vegetables implied that each 

species had different abilities and capacities to take up and accumulate heavy metals 

(Islam and Hoque, 2014).  

Table 11: Heavy metal concentrations (mg/kg) in edible portion of treatment 

vegetable  

Plant  

Samples 

Control group Treatments group 

Field Pot Pot Experiment Field experiment 

Cr Cr Cr BTF Cr BTF Cd  Pb Ni 

Tomato 0.120±0.002 ND 0.016±0.01 1.23 0.197±0.005 0.53 0.017 ND ND 

Onion  0.061±0.001 ND ND 0.62 0.098±0.002 - ND ND ND 

Beet Root 0.010±0.000 ND ND 0.31 0.05±0.001 0.023 0.011 ND ND 

Swiss chard 0.043±0.000 ND ND 0.46 0.088±0.001 - 0.018 ND ND 

Carrot 0.052±0.001 ND ND 0.75 0.122±0.002 - 0.021 ND ND 

Cabbage 0.033±0.31 ND ND 0.71 0.113±0.004 0.29 0.023 ND ND 

WHO/FAO 0.1 0.1 0.1  0.1  0.02-0.2 0.5-1  

WHO: World Health Organization and FAO:  Food and Agriculture Organization; BTF: Bio-transferable factor 

The concentrations of Cd in edible portions of vegetables from treatments were below 

permissible limits. Meanwhile, no differences in Cd values were observed between 

vegetables in this study (p<0.05). Concentrations of Cr in the control group grown in 

the pot experiment (uncontaminated soils) were below the detection limits 

(<0.005mg/L) while in the field experiment the control group has detectable Cr in the 
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order of tomato (0.120±0.002) > onion (0.061±0.001) > carrot (0.052±0.001) > swiss 

chard (0.043±0.000) > cabbage (0.033±0.31) > beet root (0.010±0.000). Similar 

results with lower concentrations of Cr were found in a pot experiment (Table 11). All 

the analyzed vegetable samples of the field treatments contained detectable 

concentrations of total Cr and Cd but in the pot experiment Cr was detected only in 

the Tomato (0.016mg/L (Table 11).  

In the analyzed effluent sample the electrical conductivity was recorded lower than 

the standard limits, which indicates the presence of relatively low concentration of 

salts in the solution and can be used as irrigation of vegetables. However, due to 

accumulation of salts in the soil subsequent irrigation might build high salinity in the 

soil (Rattan et al., 2005, Ghosh et al., 2013). 

Irrigation with tannery industry wastewater supposed to be significantly reduced 

vegetable growth due to high levels of chromium and salinity effects both in the 

contaminated soil and effluent (Amin et al., 2013). Both forms; trivalent  (Cr III) and 

hexavalent (Cr VI) chromium are toxic to plants and inhibit germination, reduce 

growth, generate oxidative stress, decrease protein content, inhibit photosynthesis and 

alter enzyme activities in the exposed plants (Shankar et al., 2005; Panda and 

Choudhury, 2005). Sangeetha et al. (2012) also conclude that use of undiluted tannery 

effluents for irrigation can deteriorate the nutritional quality of plants. Nevertheless, 

treated effluents improve plant yield due to the metals and organic components of the 

effluent may be beneficial if present in permissible limits. In this study due to 

integrated treatment processes, the treated effluents have low Cr concentration; hence 

it improves the growth of cabbage, no effects on effects on carrot and   with minimal 

effect on swiss chard, tomato and bit root shoot growth (Table 11).  
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The toxic effect of heavy metal on plant growth depends on the amount of heavy 

metal taken up from the specified environment. Pot and field experiment results, with 

different Cr soil content, revealed that the Cr in the vegetables is mainly translocation 

of from the soil to the vegetables. This can also be showen by the low level of Cr in 

the treatments of a pot experiment where the soil has no detectable limit before the 

experiment.  

According to WHO/FAO (2001), the maximum allowable concentrations Cr and Cd 

were 0.1 and 0.2 mg/kg of leaf vegetables. About 50 % of the average treatment 

vegetables from field samples were above the WHO/FAO standards for Cr (Figure 

29). However, the Cd concentrations observed in all vegetable samples were all 

within WHO/FAO guidelines.  

The range of Cr concentrations (0.05 - 0.197 mg/kg) and Cd (0.001-0.023 mg/kg) in 

edible portions of vegetables was less than the values found in Rattan et al., (2005) 

irrigating industrial effluent contaminated river.  Vegetables grown on Akaki river 

could have a considerably high level of Cr, Cd, Ni, Pb and Zn (Fissha Itanna, 2002). 

He reported that Cr levels in vegetables varying from 1.25 to 2.81 mg/kg in cabbage, 

onion, potato,  beet  root and swiss chard which was almost ten times higher than 

those in the present study. Thus, treated tannery water irrigation was safer than using 

polluted Akaki river and Modjo river. 

Before and after experiment soil analysis showed that the tannery effluent (0.73 mg 

Cr/ kg)  irrigated soil showed an increase in its average Cr concentration from 0.129 

to 0.166 mg/kg in three month interval both in the pot and a field experiment (Table 

12). The mean total Cr value in the treatment soils from the field experiment (0.166 

mg/kg) was higher than those of pot experiment (0.298 mg/kg).  
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Table 12: Chromium concentrations (mgkg-1) in the soil (0–10 cm depth)  

 Field experiment Pot experiment 

Soil sample site Before  After  Before After 

 Mean ± SD Mean ± SD Mean ± SD Mean ± SD 

Tomato 0.129±0.003 0.16±0.003 ND 0.030 

Onion  0.129±0.003 0.159±0.004 ND 0.027 

Beet Root 0.129±0.003 0.162±0.001 ND 0.035 

Switchyard 0.129±0.003 0.193±0.003 ND 0.036 

Carrot 0.129±0.003 0.163±0.003 ND 0.027 

Cabbage 0.129±0.003 0.159±0.003 ND 0.024 

Mean value 0.129 0.166  0.176 

 

As shown in table (12) the soil used for irrigation of vegetables in the field were 

already contaminated with chromium before the experiment. In addition, considerable 

amounts of heavy metals were found in soil irrigated with wastewater as compared 

with control soil irrigated with ground water.  

Therefore, irrigation with tannery effluent was believed to be responsible for Cr soil 

enrichment. The magnitude of Cr in soils irrigated with tannery effluent was below 

the maximum permissible limit of 3 mg/kg as indicated by Kabata- Pendias and 

Pendias (2001).  
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Figure 29: Chromium concentrations (mg/kg) in edible portion of vegetables 
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Figure 30: Chromium concentrations (mg/kg) in the soil  



132 

 

4.3.3. Bio-transferable factor  

Bio-transferable factor is a parameter used to describe the transfer of heavy metals 

from soil to edible parts of vegetables. Metal transfer factors from soil to vegetables 

were less significant for Cr than Zn, Mn, Cu, Fe and Cd (Prabu, 2009). The Bio-

transferable factor for Cr in the field experiment were Tomato (1.23) > carrot (0.75) > 

cabbage and (0.71) > onion (0.62) > swiss chard (0.0.46) > beet root (0.31) and in pot 

experiment Tomato (0.53) > cabbage (0.29) > beet root (0.026) (Table 11). The results 

showed that field experimental group has the highest bio-transferable factor for all 

vegetables than the pot experiment indicating that the primary source of Cr in the 

vegetable was previously contaminated soil.  
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Figure 31: Bio-transferable factor of the field test vegetables 

4.3.4. Potential health risk estimation 

Health risks associated with these heavy metals (Cr and Cd) through vegetable 

consumption were assessed based on the target hazard quotients (THQs).  THQs were 

developed by USEPA for the estimation of potential health risks associated with long 
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term exposure to chemical pollutants (USEPA, 1998).US EPA. THQs includes not 

only the intake of metals, but also the exposure frequency and duration, body weight 

and the oral reference dose are included in the calculation. Oral reference doses were 

taken 0.003 and 0.005, mg/kg*day for Cr and Cd respectively (US EPA, 1997; US 

EPA, 2002; Islam MS and Hoque, MF, 2014). THQ is the ratio between measured 

concentration and oral reference dose (RfD), weighted by the length and frequency of 

exposure, amount ingested and body weight. The THQ <1 means the exposed 

population is assumed to be safe and 1 < THQ < 5 means the exposed population is in 

the level of concern interval. It must be noted that THQ is a measure of risk, but 

indicates a level of concern (Harmanescu et al., 2011).  

In this study the potential of health risk assessment was done by using WHO 

assessment of vegetable and fruit consumption in Ethiopia. The average amount of 

Vegetable consumption in Ethiopia is 25.4 kg/person*year (Ruel et al., 2005); which 

is much less than the WHO/FAO recommended intake (86 kg/capita*year). 

 

The results showed that Cd, Pb and Ni contamination in plants had a lowest potential 

to pose a health risk to the consumers (Table 11). Normally chromium is known to 

have a health effect above 0.1 mg/kg vegetables (FAO/WHO, 2011). However, based 

on amount of Vegetable consumption, the target hazard quotients (THQs) for Cr were 

less than 1 (0.073) in all the vegetables. Although fruits (tomato) have higher 

concentrations of Cr than other vegetables, the target hazard quotients (THQs) are 

lower (0.073) and exposed population is assumed to be safe. In the present study, Cd, 

Pb and Ni were not detected in the treatment vegetables to cause any health hazard. 

Thus, in this study the potential health risks posed by Cr from treated tannery effluent 

were considered negligible based on the results of THQs. Similar study by Cui et al. 
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(2004) have also reported that local residents of an area near Modjo river have been 

exposed to Cr through consumption of vegetables, but no risk was found. 

Due to the ever increasing water demands and depleting nutrient resources in arable 

lands there is now a growing interest in using agro-process wastewaters as an 

alternative water sources for irrigation. Reuse of wastewater has been successful for 

irrigation of a wide array of crops, and increases in crop yields from 10-30% have 

been reported (Asano, 1998) and reduce fertilizer and fresh water usage. It can be also 

used as strategy to release freshwater for domestic use and improves the quality of 

river waters and its biota by reducing disposal of untreated effluent into water bodies. 

The use of wastewater represents about 10 % of the total irrigated surface worldwide 

(Vol, 2006). 

However, pollutants in wastewater can also adversely affect people who have direct 

or indirect contact, the soil quality; the health of consumers of vegetables produced 

using wastewater and those who are working on wastewater farms (Warner, 2000, 

Vol, 2006). The magnitude of these effects varies depending on the source of the 

wastewater and its composition and treatment level.  

Reuse of marginal quality water like industrial effluent in agriculture for irrigating 

crop land appears to be a lucrative option (Bhise et al., 2007) where good quality 

water availability is limited. To reuse tannery wastewater for irrigation, it should be 

treated with advanced or tertiary treatment methods which can able to remove or 

reduce the pollutants to achieve irrigation water quality standards. The integrated 

treatments instilled at Modjo Tannery can remove most of the pollutants from the 

wastewater above permissible limits and meet irrigation water quality standards to 

reuse it for irrigation.  However, due to its persistence and accumulation of Cr in the 

http://www.researchgate.net/researcher/84819109_Vol/
http://scialert.net/fulltext/?doi=pjbs.2013.1584.1588#1116108_ja


135 

 

irrigated soil, frequent use of treated effluent may build up high Cr and salt 

concentration in the irrigated soil. Therefore, frequent use should be avoided and it 

should be diluted with ground/river water before reuse. 
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CHAPTER FIVE 

5. CONCLUSION AND RECOMMENDATIONS 

5.1. Conclusion 

Leather tanning has been ranked as one of the most polluting activities in Ethiopia due to 

the high growth rate and associated discharge of untreated wastewater to the 

environment. Since Ethiopia is developing country, high technology intensive effluent 

treatment system is inappropriate and inefficient due to cost intensive and need 

trained persons. Cost effective, sustainable and cheaper technologies are 

recommended by different scholars. Anaerobic-aerobic SBR bioreactors are 

connected to post treatment: constructed wetland (polishing) treatment technology 

was developed as an alternative treatment method for high strength tannery 

wastewater treatment. 

The results showed that the technical performance of the pilot integrated treatment 

processes was efficient to treat high strength tannery wastewater ranging from 80-99 

% removal. The treated wastewater meets the acceptable minimum national 

environmental discharge limits permitted by regulatory bodies. If TDS and chlorides 

accumulations problems are solved, the treated wastewater has a potential for reuse 

for irrigation. The release of treated effluent into the receiving Modjo River will also 

greatly reduce the pollution burden from the untreated tannery wastes being directly 

discharged into the river. The study revealed that the removal efficiency of the 

biological treatment systems (anaerobic-SBR) alone was not in the acceptable limit 

for most pollutants. It was clearly observed that post-treatment of tannery effluent, 

using HSSF CWs, achieved highest removal efficiencies (ranges between 66 to 99%) 
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for priority pollutants. The higher nutrient removal efficiency was due to higher 

temperatures, which stimulate faster year-round vegetation growth and 

microbiological activity. The highest pollution load was removed in the first cell of 

the CW system, which results clogging of the cell. The anaerobic condition, as a 

result of clogging and high shock due to Cr and S2- toxicity in the 1st cell of CW, 

results in poor growth of P. karka.  However use of in series connected CW further 

enhances the removal efficiency of the system. The inflow fluctuation tolerance by 

the Phragmites Karka, including interruptions in the feeding, was found to be high.  

The Cr concentrations in tomato, cabbage and carrot in the field experiment 

(contaminated soil) were slightly above the national and various international 

permissible limits. Higher heavy metal (Cr and Cd) concentrations in the field 

experiment reflect that the major source of Cr in vegetable was soil.  Uptake 

capabilities and their further translocation to the edible portion of the plants was also 

another factor in plant accumulation. The target hazard quotients (THQs) estimation 

of heavy metals suggests that Cr level in all of the test vegetable has no potential for 

human health risk due to lower proportion of vegetables in the diet, considering the 

current low level of vegetable consumption in the country .  

The technology is now not only turning the industrial wastes into value added 

products such as energy and clean water, but also serving as a model prototype for 

public private partnership in developing scalable innovations for the sustainable 

management of all other Agro-processing wastewaters in the country.  
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5.2. Recommendations 

 Microbial community dynamics at different zones of the CWs should be 

studied. 

 The CW carbon sequestering and methane emission potential should be 

compared. 

 The author recommends that successive use of tannery effluent might cause 

heavy metal accumulation in the soil leading to health risk to consumers. 

Thus, attention is needed to maintain the Cr and salt concentrations below the 

permissible limits for the safe and productive use of treated tannery effluent 

for irrigation. 

 Health risk assessment should be done  to know the exact  amount of daily 

vegetable intake in the target group and  multiple exposure units  

 If the objective of the tannery WW treatment is for effluent reuse, further 

treatment was required to reduce the salt/EC concentration. 

 

 

 

 

 

 



139 

 

References 

AACCSA (2015). Addis Ababa Chamber of Commerce and sectorial Association, 

Addis Ababa Ethiopia. DAD Development research and tranning PLC 

Adey Feleke, Fassil, Assefa, Seyoum Leta, Stomeo, F., Wamalwa, M., Njahira, M. 

and Appolinair, D. (2014). Microbial community structure and diversity in an 

integrated system of anaerobic-aerobic reactors and a constructed wetland for 

the treatment of tannery wastewater in Modjo, Ethiopia. PLOS ONE 9(12): 

e115576. doi:10.1371/journal.pone.0115576 

Aklilu Asfaw, Sime, M., & Itanna, F. (2012). Determining the effect of tannery 

effluent on seeds germination of some vegetables in Ejersa area of East Shoa, 

Ethiopia. International Journal of Scientific and Research Publications, 2(12), 

1-10. 

Alves, M.M., Beca, C.G., De Carvalho, R.G., Castanheira, J.M., Pereira, M.S., & 

Vasconcelos, L.A.T. (1993). Chromium removal in tannery wastewaters 

―polishing‖ by Pinus sylvestris bark. Water Research, 27(8), 1333-1338. 

Amanial Haile Reda (2015). Study on the Pollution Levels of Trace Metals from 

Modjo Tannery Effluent in the Surrounding River Water and Soil. Science 

Journal of Analytical Chemistry. doi: 10.11648/j.sjac.20150305.13. PP 56-60 

Amin, H., Arain, B. A., Amin, F., & Surhio, M. A. (2013). Phytotoxicity of 

Chromium on Germination, Growth and Biochemical Attributes of Hibiscus 

esculentus L. American Journal of Plant Sciences, 4(12), 2431. 



140 

 

Anderson, R.A. (2000). Chromium in the prevention and control of diabetes. Diabetes 

& amp; Metabol. 26(1): 22–27 Doi:DM-03-2000-26-1-1262-3636-10-10-19-

ART67 

Andualem Mekonnen and Seyoum Leta (2011). Effects of cycle and fill period length 

on the performance of a single sequencing batch reactor in the treatment of 

composite tannery wastewater. Nature and Sciences 9(9): 1-8 

APHA (1998). Standard Methods for the Examination of Water and Wastewater: 20th 

Ed. American Public Health Association/American Water Works Association/ 

Water Environment Federation, Washington DC, USA. 

Armstrong, J. and Armstrong, W. (1990). Light enhanced connective through flow 

increases oxygenation in rhizomes and rhizospheres of Phragmites australis. 

New Phytologist 114: 121–128. 

Armstrong, J., Afreen-Zobayed, F. and Armstrong, W. (1996). Phragmites dieback: 

Sulphide and acetic acid induced bud and root death, lignifications, and 

blockages within aeration and vascular systems. New Phytologist 134(4): 601–

614. 

Asano, T. (Ed.). (1998). Wastewater Reclamation and Reuse: Water Quality 

Management Library (Vol. 10). CRC Press. 

Asaye Ketema (2009). Evaluation of Selected Plant Species for the Treatment of 

Tannery Effluent in a Constructed Wetland System; (Unpublished Thesis), 

AAU, Addis Ababa. Avilable at: en.wikipidia.org/winki/ITRC 

Asfaw, A., Sime, M., & Itanna, F. (2012). Determining the effect of tannery effluent 

on seeds germination of some vegetables in Ejersa area of East Shoa, 



141 

 

Ethiopia. International Journal of Scientific and Research 

Publications, 2(12), 1-10. 

ATSDR (2006). Toxicological Profile for Hydrogen Sulfide. U.S. Department of 

Health and Human Services, Public Health Service, Agency for Toxic 

Substances and Disease Registry, Atlanta, GA. Available at: http://www

.atsdr.cdc.gov/toxprofiles/tp114-p.pdf 

Badkoubi, A. Ganjidoust,  H.  Ghaderi,  A. Rajabi,  A. (1998). Performance of a 

subsurface constructed wetland in Iran. Water Science and Technology. 38 

(1), 1998, PP 345-350 

Bastviken, S.K., Eriksson, P.G., Martins, I., Neto, J.M., Leonardson, L. and 

Tonderski, K.S. (2003). Potential nitrification and denitrification on different 

surfaces in a constructed treatment wetland. Journal of Environmental 

Quality, 32(6): 2414–2420. 

Benti, G. (2014). Assessment of heavy metals in vegetables irrigated with Awashi 

River in selected farms around Adama town, Ethiopia. African Journal of 

Environmental Science and Technology, 8(7), 428-434.  

Bhambhani, Y. and Singh, M. (1991). Physiological effects of hydrogen sulfide 

inhalation during exercise in healthy men. J. Appl. Physiol. 71:1872-1877. 

Bhise, P.M., Challa O. and Venugopalan, M.V. (2007). Effect of waste water 

irrigation on soil properties under different land use systems. J. Ind. Soc. 

Soil Sci., 55: 254-258. 

Bilos, C., Colombo, J. C., Skorupka, C. N., & Presa, M. R. (2001). Sources, 

distribution and variability of airborne trace metals in La Plata City area, 

Argentina. Environmental pollution, 111(1), 149-158. 

http://www.atsdr.cdc.gov/toxprofiles/tp114-p.pdf
http://www.atsdr.cdc.gov/toxprofiles/tp114-p.pdf
http://www.sciencedirect.com/science/article/pii/S027312239800420X#!
http://www.sciencedirect.com/science/article/pii/S027312239800420X#!
http://www.sciencedirect.com/science/article/pii/S027312239800420X#!
http://www.sciencedirect.com/science/article/pii/S027312239800420X#!
http://www.sciencedirect.com/science/journal/02731223
http://www.sciencedirect.com/science/journal/02731223/38/1
http://www.sciencedirect.com/science/journal/02731223/38/1


142 

 

Bodin, H. (2013). Wastewater treatment in constructed wetlands: Effects of 

vegetation, hydraulics and data analysis methods. Dissertation, Linköping 

Studies in Science and Technology, Sweden  

 Bonoli, M., Salomoni, C., Caputo, A. and Francioso, O. (2014). Anaerobic digestion 

of high-nitrogen tannery by-products in a multiphase process for biogas 

production. Chemical Engineering Transactions 7: 271–276 

Bounds H.C., Collins J., Liu Z., Qin Z. and Sasek T.A. (1998). Effects of length-

width ratio and stress on rock-plant filter operation. Small Flows Quarterly 

4(1): 4–14. 

Braskerud, B. C. (2001). The influence of vegetation on sedimentation and 

resuspension of soil particles in small constructed wetlands. Journal of 

Environmental Quality, 30(4), 1447-1457. 

Brix, H. (1997). Do macrophytes play a role in constructed treatment wetlands? Water 

Sci. Technol. 35, 11–17. 

Calheiros, C. S., Rangel, A. O., & Castro, P. M. (2007). Constructed wetland systems 

vegetated with different plants applied to the treatment of tannery 

wastewater. Water research, 41(8), 1790-1798. 

 Calheiros, C. S., Rangel, A. O., & Castro, P. M. (2014). Constructed wetlands for 

tannery wastewater treatment in Portugal: ten years of experience. 

International journal of phytoremediation, 16(9), 859-870. 

Calheiros, C.S.C., Teixeira, A., Pires, C., Franco, A.R., Duque, A.F., Crispim, L.F., 

Moura, S.C. and Castro, P.M. (2010). Bacterial community dynamics in 

horizontal flow constructed wetlands with different plants for high salinity 

industrial wastewater polishing. Water Res. 44: 5032–5038 



143 

 

Carleton, J.N. (2002). Damköhler number distributions and constituent removal in 

treatment wetlands. Ecological Engineering 19(4): 233–248. 

Central Statistics Agency (2011). Agricultural sample survey, report on livestock and 

livestock characteristics, Statistical bulletin. 532 

Chaw, R., & Reves, A. S. (2001). Effect of waste water on Mentha piperita and 

Spinaceae oleraceae. J. Environ. Biol, 51, 131-145. 

Chen, T. H. H., Chen, C. J., Yen, M. F., Lu, S. N., Sun, C. A., Huang, G. T., ... & 

Duffy, S. W. (2002). Ultrasound screening and risk factors for death from 

hepatocellular carcinoma in a high risk group in Taiwan. International 

journal of cancer, 98(2), 257-261. 

Choudhary, A. K., Kumar, S., & Sharma, C. (2011). Constructed wetlands : an 

approach for wastewater treatment, 37, 3666–3672. 

Cooman, K., Gajardo, M., Nieto, J., Bornhardt, C. and Vidal, G. (2003). Tannery 

wastewater characterization and toxicity effects on Daphnia spp. 

Environmental Toxicology, 18 (1): 45-51 

Cooper, P. F., Job, G. D., Green, M. B., & Shutes, R. B. E. (1997). Reed beds and 

constructed wetlands for wastewater treatment. European water pollution 

control, 6(7), 49. 

Cui, Y. J., Zhu, Y. G., Zhai, R. H., Chen, D. Y., Huang, Y. Z., Qiu, Y., & Liang, J. Z. 

(2004). Transfer of metals from soil to vegetables in an area near a smelter in 

Nanning, China. Environment International, 30(6), 785-791. 

Damek-Proprawa, M., Sawicka-Kapusta, K. (2003). Damage to the liver, kidney and 

testis with reference to burden of heavy metals in yellow-necked mice from 

areas around steelworks and zinc smelters in Poland. Toxicology, 186: 1–10. 



144 

 

Daniels, R. (2001). Enter the root-zone: green technology for the leather 

manufacturer, part 1. World Leather, 14 (4): 63–67 

De Gisi, S., Galasso, M., & De Feo, G. (2009). Treatment of tannery wastewater 

through the combination of a conventional activated sludge process and 

reverse osmosis with a plane membrane. Desalination, 249(1), 337-342. 

Debnath, M., Chejara, V., Vijaya, B. K., Bika, D., Dixit, A., Jain, R., & Jain, V. 

(2014). Evaluation of quality and impact of untreated wastewater for 

irrigation. Amer J Res Com, 2(4), 200-231. 

DeBusk, T.A. and Ryther, J.H. (1987). Biomass production and yields of aquatic 

macrophytes. Aquatic macrophytes for water treatment and resource recovery 

(eds. Reddy, K. R. & Smith, W. H.), pp. 579–598. Magnolia Publishing Inc, 

Orlando, Florida. 

Del Pozo, R. and Diez, V. (2003). Organic matter removal in combined anaerobic–

aerobic fixed-film bioreactors. Wat. Res. 37: 3561–3568 

Diemont, S.A.W. (2006). Mosquito larvae density and pollutant removal in tropical wetland 

treatment system in Honduras. Environ.  

Doble, M. and Kumar, A. (2005). Biotreatment of Industrial Effluents, Butterworth-

Heinemann. 

Dogruel, S., Genceli, E. A., Babuna, F. G., & Orhon, D. (2006). An investigation on 

the optimal location of ozonation within biological treatment for a tannery 

wastewater. Journal of Chemical technology and biotechnology, 81(12), 

1877-1885. 

Dorman, C.D., Brenneman, K.A., Melanie, F.S., Miller, K.L., James, A.R., Marshall, 

M.W. and Foster, P.M.D. (2000). Fertility and developmental neurotoxicity 



145 

 

effects of inhaled hydrogen sulphide in Sprague-Dawley rats. Neurotoxicol 

Teratol. 22: 71–84. 

Dotro, G., Castro, S., Tujchneider, O., Piovano, N., Paris, M., Faggi, A., … Fitch, M. (2012). 

Performance of pilot-scale constructed wetlands for secondary treatment of 

chromium-bearing tannery wastewaters. Journal of Hazardous Materials, 239-240, 

142–51. http://doi.org/10.1016/j.jhazmat.2012.08.050. 

Dvorak, D.H., Hedin, R.S., Edenborn, H.M., McIntire, P.E. (1992). Treatment of 

metal contaminated water using bacterial sulfate reduction results from pilot-

scale reactors. Biotechnol. Bioeng. 40, 609–616. 

EEPA (1997). Ethiopian Environmental Protection Authority. Annual Report; Addis 

Ababa, Ethiopia.  

EEPA (1997). Ethiopian Environmental Protection Authority. Environmental 

Protection Authority. Annual Report; Addis Ababa, Ethiopia.  

EEPA (2003). Standards for industrial pollution control in Ethiopia, Part Three: 

Standards for Industrial effluents. ESIS project - US/ETH/99/ 068/ETHIOPIA, 

EPA/UNIDO, Addis Ababa, 46p. 

El-Bestawy, E., Al-Fassi, F., Amer,  R. and Aburokba, R. (2013). Biological 

treatment of leather-tanning industrial wastewater using free living bacteria. 

Advances in Life Science and Technology, 12: 46-65  

El-Sheikh, M. A., Saleh, H. I., Flora, J. R., & AbdEl-Ghany, M. R. (2011). Biological 

tannery wastewater treatment using two stage UASB reactors. Desalination, 

276(1), 253-259. 

EPA (1997). Wastewater treatment manuals; primary secondary and tertiary 

treatments. Ireland. 

http://doi.org/10.1016/j.jhazmat.2012.08.050


146 

 

Escher, B. I., Snozzi, M., & Schwarzenbach, R. P. (1996). Uptake, speciation, and 

uncoupling activity of substituted phenols in energy transducing 

membranes. Environmental Science & Technology, 30(10), 3071-3079. 

FAO (2015). World cattle Inventory: Ranking of Countries. Farm Journal, Inc. 

FAO (2009). The state of food and agriculture: Livestock in the balance. FAO, Rome 

FAO/WHO (2001). Human vitamin and mineral requirements. Report of a Joint 

FAO/WHO Expert Consultation, Bangkok, Thailand. Food and Nutrition 

Division, FAO, Rome, 235-247. 

Farabegoli, G., Carucci, A., Majone, M. and Rolle, E. (2007). Biological treatment of 

tannery wastewater in the presence of chromium. J. Environ. Manage. 71 (4): 

345–349 

Farabegoli, G., Carucci, A., Majone, M., & Rolle, E. (2004). Biological treatment of 

tannery wastewater in the presence of chromium. Journal of Environmental 

Management, 71(4), 345-349. 

Faulwetter, J. L., Gagnon, V., Sundberg, C., Chazarenc, F., Burr, M. D., Brisson, J.… 

Stein, O. R. (2009). Microbial processes influencing performance of treatment 

wetlands : A review. Ecological Engineering. http://doi.org/10.1016/j.ecoleng.  

Faulwetter, J.L. Sundbergc, G.V. Chazarencd, F.Burra, M.D, Brissonb, J. Campera, 

A.K. and Steina, O.R. (2009). Microbial processes influencing performance of 

treatment wetlands: a review. Ecol Eng 35:1004-987. 

Favazzi, A. (2003) Study of the impact of the main policies and environment protect 

ions measures in Africa's leather industry, accessed from: 

www.unido.org/fileadmin on 3 June 2014 

http://doi.org/10.1016/j.ecoleng
http://www.unido.org/fileadmin%20on%203%20June%202014


147 

 

FDRE (1995).  Constitution of the Federal Democratic Republic of Ethiopia, Addis 

Ababa: Ethiopia 

Federal Democratic Republic of Ethiopia (2002). Proclamation on Environmental 

pollution No. 300/2002, (Negaret gazeta), Addis Ababa: Ethiopia. 

Federal Democratic Republic of Ethiopia (2002). Proclamation on Solid Waste 

Management No.513/2007, (Negaret gazeta), Addis Ababa: Ethiopia. 

Fisher, P.J. (1990). Hydraulic characteristics of constructed wetlands at Richmond, 

New South Wales, Australia. In: Constructed Wetlands in Water Pollution 

Control, Cooper P.F., Findlater B.C. (eds.) Pergamon Press: Oxford, United 

Kingdom, pp. 21–32. 

Fox, P., & Venkatasubbiah, V. (1996). Coupled anaerobic/aerobic treatment of high-

sulfate wastewater with sulfate reduction and biological sulfide 

oxidation. Water Science and Technology, 34(5-6), 359-366. 

Gagnon, V., Chazarenc, F., Comeau, Y., & Brisson, J. (2007). Influence of 

macrophyte species on microbial density and activity in constructed 

wetlands. Water Science and Technology, 56(3), 249-254. 

Gallego-Molina, A., Mendoza-Roca, J. A., Aguado, D., & Galiana-Aleixandre, M. V. 

(2013). Reducing pollution from the deliming–bating operation in a tannery. 

Wastewater reuse by microfiltration membranes. Chemical Engineering 

Research and Design, 91(2), 369-376. 

Ganesh, R., Balaji, G. and Ramanujam, R.A. (2006). Biodegradation of tannery 

wastewater using sequencing batch reactor-respirometric assessment. 

Bioresour. Technol. 97: 1815-1821 



148 

 

García, J. A., Paredes, D. and Cubillos, J. A. (2013). Effect of plants and the 

combination of wetland treatment type systems on pathogen removal in 

tropical climate conditions. Ecological Engineering, 58, 57–62. 

http://doi.org/10.1016/j.ecoleng.2013.06.010 

García, J., Aguirre, P., Mujeriego, R., Huang, Y., Oritz, L. and Bayona, J.M. (2004). 

Initial contaminant removal performance factors in horizontal flow reed beds 

used for treating urban wastewater. Water Research, 38: 1669–1678. 

Garcia, J., Mujeriego, R., Matamoros, V., and Bayona, J. M. (2005). Effect of key design 

parameters on the efficiency of horizontal subsurface flow constructed wetlands, 25, 

405–418. http://doi.org/10.1016/j.ecoleng.2005.06.010 

García, J., Ojeda, E., Sales E., Chico, F., Píriz, T., Aguirre, P. and Mujeriego, R. 

(2003). Spatial variations of temperature, redox potential, and contaminants in 

horizontal flow reed beds. Ecological Engineering, 21(2-3): 129–142. 

Garcia, J., Rousseau, D., Morato, J., Lesage, E.L.S., Matamoros, V. and Bayona, J. 

(2010). Contaminant Removal Processes in Subsurface-Flow Constructed 

Wetlands: A Review. Critical Reviews in Environmental Science and 

Technology, 40:561-661. 

George, D. B., Combs, D. L., Andrews, H. T., Berk, S. G., Kemp, M. C., O‘Brien, K. 

L., ... & Tsai, P. J. (2000). Development of guidelines and design equations for 

subsurface flow constructed wetlands treating municipal wastewater. US 

Environmental Protection Agency, Office of Research and Development: 

Cincinnati, Ohio. 

Ghosh, A. K., Bhatt,  M. A., Agrawal, H. P.  (2012) . Effect of long-term application 

of treated sewage water on heavy metal accumulation in vegetables grown in 

Northern India. Environmental monitoring and assessment, 184(2) 1025. 

http://doi.org/10.1016/j.ecoleng.2013.06.010
http://doi.org/10.1016/j.ecoleng.2005.06.010


149 

 

Görgün, E., Insel, G., Artan, N., & Orhon, D. (2007). Model evaluation of 

temperature dependency for carbon and nitrogen removal in a full-scale 

activated sludge plant treating leather-tanning wastewater. Journal of 

Environmental Science and Health Part A, 42(6), 747-756. 

Gries, C.L., Kappen, L. and Lösch, R. (1990). Mechanism of flood tolerance in reed, 

Phragmites australis (Cav.) Trin. ex Strudel. New Phytologist 144: 589–593. 

Gu R, Stefan H.( 1995). Stratification dynamics in wastewater stabilization ponds. 

Water Res;29(8):1909–23. 

Guidotti, T.L. (1994). Occupational exposure to hydrogen sulfide in the sour gas 

industry: some unresolved issues. US National Library of Medicine National 

Institutes of Health: PubMed. 66(3): pp 153-60. 

Haberl, R., Perfler, R. and Mayer, H., (1995). Constructed wetlands in Europe. Water 

Sci. Technol. 32, 305_/315. 

Hafez, A.I., El-Manharawy, M.S. and Khedr, M.A. (2002). RO membrane removal of 

unreacted chromium from spent tanning effluent: A Pilot- Scale Study, Part 2, 

144: 237-242 

Hammer, D.A. (1989). Constructed Wetlands for Wastewater Treatment. Lewis 

Publishers, Inc. Chelsea, Michigan. 

Hammer, D.A. (1989). Costructed Wetlands for Wastewater Treatment Municipal, 

Industrial and Agricultura. Lewis Publishers; Michigan  

Hanson, G. C., Groffman, P. M., & Gold, A. J. (1994). Symptoms of nitrogen 

saturation in a riparian wetland. Ecological Applications, 4(4), 750-756. 

Harmanescu, M., Alda, L. M., Bordean, D. M., Gogoasa, I., & Gergen, I. (2011). 

Heavy metals health risk assessment for population via consumption of 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Guidotti%20TL%5BAuthor%5D&cauthor=true&cauthor_uid=7814093
http://www.nlm.nih.gov/
http://www.nih.gov/
http://www.nih.gov/


150 

 

vegetables grown in old mining area; a case study: Banat County, 

Romania. Chemistry Central Journal, 5(1), 64. 

Hauck, RD. (1984). Atmospheric nitrogen chemistry, nitrification, denitrification, 

band their relationships. In: Hutzinger O, editor. The handbook of 

environmental chemistry. Vol. 1. Part C, the natural environment 

andbbiogeochemical cycles. Berlin: Springer-Verlag; p. 105–27. 

Headley, T.R. and Kadlec, R.H. (2007). Conducting hydraulic tracer studies of 

constructed wetlands: a practical guide. Ecohydrology & Hydrobiology, 7, 

269–282. 

Hocking, P.J. (1989). Seasonal dynamics of production, nutrient accumulation, and 

cycling by Phragmites australis (Cav.) Trin ex Stuedel in a nutrient enriched 

swamp in inland Australia. Part I: Whole Plants. Australian Journal of Marine 

and Freshwater Research, 40: 421–444. 

Holland, J.F., Martin, J.F., Granata, T., Bouchard, V., Quigley, M. and Brown, L. 

(2004). Effects of wetland depth and flow rate on residence time distribution 

characteristics. Ecological Engineering, 23(3): 189–203. 

Hunegnaw, A. (2015). Leather Industry and Environmental Challenges: The Case of 

Haffede Tannery (Doctoral dissertation, AAU). 

Hussain, Z., & Siddique, S. (2010). Determination of pesticides in fruits and 

vegetables using acetonitrile extraction and GC/MS Technique. Journal of 

Scientific Research, 40(2), 19-29. 

Insel, H. G., Görgün, E., Artan, N., & Orhon, D. (2009). Model based optimization of 

nitrogen removal in a full scale activated sludge plant. Environmental 

Engineering Science, 26(3), 471-480. 



151 

 

Islam, M. S., & Hoque, M. F. (2014). Concentrations of heavy metals in vegetables 

around the industrial area of Dhaka city, Bangladesh and health risk 

assessment. International Food Research Journal, 21(6). 

Islam, M. S., Ahmed, M. K., Habibullah-Al-Mamun, M., & Masunaga, S. (2014). 

Trace metals in soil and vegetables and associated health risk assessment. 

Environmental monitoring and assessment, 186(12), 8727-8739. 

Islam, M.S. and Hoque, M.F (2014). Concentration of heavy metals in Vegetables 

around in the industrial of Dhaka city, Bangladesh and health risk assessment. 

International Food Research Journal 21(6): pp 2121-2126 

IWA (2000). Constructed wetlands for pollution control. Processes, performance, 

design and operation. IWA Publishing, London. 

Jenkins, G.A. and Greenway, M. (2005). The hydraulic efficiency of fringing versus 

banded vegetation in constructed wetlands. Ecological Engineering 25(1): 61–

72. 

Jetten, M.S.M., Logemann, S., Muyzer, G.M., Robertson, L.A., DeVries, S., Van 

Loosdrecht, M.C.M., et al. (1997). Novel principles in the microbial 

conversion of nitrogen compounds. Antonie van Leeuwenhoek;71:75–93. 

Jiménez, B. (2006). Irrigation in developing countries using wastewater. International 

Review for Environmental Strategies, 6(2), 229-250. 

Jing, S.R., Lin, Y.F., Wang, T.W. and Lee, D.Y. (2002). Microcosm wetlands for 

wastewater treatment with different hydraulic loading rates and macrophytes. 

J. Environ. Qual. 31, 690–696. 



152 

 

Jiries, A. G., Al Nasir, F. M., & Beese, F. (2002). Pesticide and heavy metals residue 

in wastewater, soil and plants in wastewater disposal site near Al-Lajoun 

Valley, Karak/Jordan. Water, Air, & Soil Pollution, 133(1), 97-107. 

Jones, P. G., & Thornton, P. K. (2009). Croppers to livestock keepers: livelihood 

transitions to 2050 in Africa due to climate change. Environmental Science 

& Policy, 12(4), 427-437. 

Kadlec, R. H. (2005). Constructed wetlands to remove nitrate. Nutrient Management 

in Agricultural Watersheds: a Wetlands Solution. Wageningen Academic 

Publishers, The Netherlands, 132-143. 

Kadlec, R. H. and Knight, R.L. (1996). Treatment wetlands. Boca Raton, Florida: 

CRC Press. pp 893. 

Kadlec, R.H. (1994). Detention and mixing in free water wetlands. Ecological 

Engineering, 3(4): 345–380. 

Kadlec, R.H. (2005). Phosphorus removal in emergent free surface wetlands. J. 

Environ. Sci. Heal. 40, 1293–1306.  

Kadlec, R.H. and Wallace, S.D. (2009). Treatment wetlands. 2nd edition. CRC Press, 

Boca Raton, Florida. USA. 

Kadlec, R.H. and Watson J.T. (1993). Hydraulics and solids accumulation in a gravel 

bed treatment wetland. In: Constructed Wetlands for Water Quality 

Improvement, Moshiri G.A. 

Kadlec, R.H., Watson, J.T. (1993). Hydraulic and solids accumulation in a gravel bed 

treatment wetland. Lewis publisher Inc., pp 227-235. 



153 

 

Kalavrouziotis, I. K., Koukoulakis, P. H., Ntzala, G., & Papadopoulos, A. H. (2012). 

Proposed indices for assessing soil pollution under the application of sludge. 

Water, Air, & Soil Pollution, 223(8), 5189-5196. 

Kanagaraj, J., Velappan, K., Chandra Babu, N. and Sadulla, S. (2006). Solid wasted 

generation in the leather industry and its utilization for cleaner environment, A 

review Journal of Scientific and Industrial Research, Vol. 65, accessed 

from:http://nopr.niscair.res.in/bitstream/123456789/4856/1/JSIR%2065%287

% 29%20541-548.pdf  

Kantawanichkul, S., Kladprasert, S., & Brix, H. (2008). Treatment of high-strength 

wastewater in tropical vertical flow constructed wetlands planted with Typha 

angustifolia and Cyperu involucratus,5, pp 238–247. 

http://doi.org/10.1016/j.ecoleng.2008.06.002. 

Kantawanichkul, S., Neamkam, P. and Shutes, R.B.E. (2001). Nitrogen removal in a 

combined system: vertical vegetated bed over horizontal flow sand bed. Water 

Science Technology, 44: 138–142. 

Karathanasis, A. D., Potter, C. L., and Coyne, M. S. (2003). Vegetation effects on 

fecal bacteria, BOD and suspended solid removal in constructed wetlands 

treating domestic wastewater, 20, 157–169. http://doi.org/10.1016/S0925-

8574(03)00011-9 

Katsenovich, Y.P., Hummel-Batista, A., Ravinet, A.J. and Miller, J.F. (2009). 

Performance evaluation of constructed wetlands in a tropical region. Ecol. 

Eng. 35, 1529–1537. 

http://doi.org/10.1016/j.ecoleng.2008.06.002
http://doi.org/10.1016/S0925-8574(03)00011-9
http://doi.org/10.1016/S0925-8574(03)00011-9


154 

 

Keefe, S.H., Daniels, J.S., Runkel, R.L. and Wass, R.D. (2010). Influence of 

hummocks and emergent vegetation on hydraulic performance in a surface 

flow wastewater treatment wetland. Water Resour. Res. 46, 1–13. 

Khan, A.G. (2001). Relationships between chromium biomagnification ratio, 

accumulation factor, and mycorrhizae in plants growing on tannery effluent-

polluted soil. Environment International, 26: 417-423 

Kilburn, K.H. and Warshaw, R.H. (1995). Hydrogen Sulphide and reduced Sulphur 

gases adversely affect neuro-physiological function. Toxicol Ind Health 1: 

199–203. 

Kivaisi, A.M. (2001). The potential for constructed wetlands for wastewater treatment 

and reuse in developing countries: A review. Ecological Engineering, 16(4): 

545–560. 

Kjellin, J., Wörman, A., Johansson, H. and Lindahl, A. (2007). Controlling factors for 

water residence time and flow patterns in Ekeby treatment wetland, Sweden. 

Adv. Water Resour. 30, 838–850. 

Ko, J.Y., Day, J.W., Lane, R.L., Hunter, R., Sabins, D., Pintado, K.L. and Franklin, J. 

(2012). Policy adoption of ecosystem services for a sustainable community: A 

case study of wetland assimilation using natural wetlands in Breaux Bridge, 

Louisiana. Ecol. Eng. 38, 114–118. 

Kocaoba, S. and Akcin, G. (2002). Removal and recovery of chromium and 

chromium speciation with MINTEQA2; Talanta 57: 23-30 

Koirala, U.,Jha, S. (2013). Macrophytes of the lowland wetlands in Morang district, 

Nepal.Nepalese J. Biosci. 1, 131-139. 

Kongjao, S., Damronglerd, S. and Hunsom, M. (2008). Simultaneous removal of 

organic and inorganic pollutants in tannery wastewater using electro 



155 

 

coagulation technique. Korean Journal of Chemical Engineering, 25 (4): 703-

709 

Konnwerup, D., Koottatep, T., Brix, H. (2009). Treatment of domestic wastewater in 

tropical, subsurface flow constructed wetlands planted with canna and 

Heliconia. Ecol. Eng. 35, pp 248-257. 

Kotaś, J. and Stasicka, Z. (2000). Chromium occurrence in the environment and 

methods of its speciation. Environ Pollu. 107: 263–283. 

Kuk, Y. I., Shin, J. S., Burgos, N. R., Hwang, T. E., Han, O., Cho, B. H., ... & Guh, J. 

O. (2003). Antioxidative enzymes offer protection from chilling damage in 

rice plants. Crop Science, 43(6), 2109-2117. 

Kyambadde, J., Kansiime, F., Gumaelius, L. and Dalhammar, G. (2004). A 

comparative study of Cyperus papyrus and Miscanthidium violaceum-based 

constructed wetlands for wastewater treatment in a tropical country. Water 

Research, 38: 475-485. 

Labanda, J., Vichi, S., Llorens, J., & López-Tamames, E. (2009). Membrane 

separation technology for the reduction of alcoholic degree of a white model 

wine. LWT-Food Science and Technology, 42(8), 1390-1395. 

Laginestra M., & Van-Oorschot, R. (n.d.). Wastewater Treatment Pond Systems – An 

Australian Experience. 

Lawson, G.J. (1995). Cultivating reeds (Phragmites australis) for root zone treatment of 

sewage. Contract Report ITE, 965th ed. Water Research Center. Cumbria. 

Lazarova, V., & Bahri, A. (Eds.). (2004). Water reuse for irrigation: agriculture, 

landscapes, and turf grass. CRC Press. 



156 

 

Le Faou, A., Rajagopal, B. S., Daniels, L., & Fauque, G. (1990). Thiosulfate, 

polythionates and elemental sulfur assimilation and reduction in the bacterial 

world. FEMS Microbiology Letters, 75(4), 351-382. 

 Leather Industry Development Institute (LIDI) (2013). Assessment on the waste 

water treatment and the solid waste management of Tanneries in Ethiopia. 

Addis Ababa: Ethiopia 

Leather Industry Development Institute (LIDI) (2013). Ethiopian Leather Industry 

Development Institute annual report, Addis Ababa: Ethiopia 

Li, W.X. (2005). The Treatment of Tannery Pollutants and the Utilization for 

Resources against Castoffs. Press of Chemical Industry, Beijing, China. 

Liamleam, W., & Annachhatre, A. P. (2007). Electron donors for biological sulfate 

reduction. Biotechnology advances, 25(5), 452-463. 

Liehr, S.K., Kozub, D.D., Rash, J.K. and Sloop, G.M. (2000). Constructed wetlands 

treatment of high nitrogen landfill leachate, Project Number 94-IRM-U, 

Water Environment Research Foundation: Alexandria, Virginia. 

Lin, Y.F., Jing, S.R., Lee, D.Y. and Wang, T.W. (2002) Nutrient removal from 

aquaculture wastewater using a constructed wetlands system. Aquaculture, 

209, 169–184. 

Liu, X., Song, Q., Tang, Y., Li, W., Xu, J., Wu, J., ... & Brookes, P. C. (2013). 

Human health risk assessment of heavy metals in soil–vegetable system: a 

multi-medium analysis. Science of the Total Environment, 463, 530-540. 

Lofrano, G., Belgiorno, V., Gallo, M., Raimo, A., & Meric, S. (2006). Toxicity 

reduction in leather tanning wastewater by improved coagulation flocculation 

process. Glob Nest J, 8(2), 151-158. 



157 

 

Lofrano, G., Meriç, S., Zengin, G. E., & Orhon, D. (2013). Chemical and biological 

treatment technologies for leather tannery chemicals and wastewaters: A 

review. Science of the Total Environment, 461, 265-281. 

Lyytikäinen, M. (2004). Transport, bioavailability and effects of Ky-5 and CCA wood 

preservative components in aquatic environment. University of Joensuu, Ph.D. 

Dissertations in Biology, No 26. ISSN 1457-2486, ISBN 952-458-524-3, pp. 

53. 

Mace, S. and  Mata-Alvarez J. (2002). Utilization of SBR Technology for Wastewater 

Treatment:  An Overview. Ind. Eng. Chem. Res., 2002, 41 (23), pp 5539–

5553; DOI: 10.1021/ie0201821 

Mani, D. Kumar, C. (2014). Biotechnological advances in bioremediation of heavy 

metals contaminated ecosystems: an overview with special reference to 

phytoremediation. Int. J. Environ. Sci. Technol.; 11:843–872. DOI 

10.1007/s13762-013-0299-8 

Mannucci, A., Munz, G., Mori, G., & Lubello, C. (2010). Anaerobic treatment of 

vegetable tannery wastewaters: a review. Desalination, 264(1), 1-8. 

Marrs, K. A. and Walbot, V. (1997). Expression and RNA splicing of the maize 

glutathione S-transferase Bronze2 gene is regulated by cadmium and other 

stresses. Plant Physiol, 113: 93– 102. 

Mburu, N., Sanchez-ramos, D., Rousseau, D.P.L., Bruggen, J.J.A., Van Thumbi, G., 

Stein, O.R., and Lens, P.N.L. (2012a). Simulation of carbon, nitrogen and 

sulphur conversion in batch-operated experimental wetland mesocosms. 

Ecological Engineering 42: 304–315 



158 

 

Mburu, N., Tebitendwa, S. M., Rousseau, D. P., Van Bruggen, J. J. A., & Lens, P. N. 

(2012b). Performance evaluation of horizontal subsurface flow–constructed 

wetlands for the treatment of domestic wastewater in the tropics. Journal of 

Environmental Engineering, 139(3), 358-367. 

Mengesha Dagne (2010). Performance evaluation of kality wastewater Stabilization 

ponds for the treatment of Municipal sewage, from the city of Addis Ababa, 

Ethiopia.  Unpublished Master‘s thesis  

Minhas, P. S., & Samra, J. S. (2004). Wastewater use in peri-urban agriculture: 

impacts and opportunities. Wastewater use in peri-urban agriculture: 

impacts and opportunities. 

Minnesota Department of Agriculture (MDA) (2017).The Nitrogen Cycle in Soil from 

the Ohio State University Extension Fact Sheet AEX-463-96. Available at 

http://www.mda.state.mn.us/chemicals/spills/ammoniaspills/ecoeffects.aspx 

Mitsch, W.J. and Gosselink, J.G. ( 1993).  Wetlands, 2
nd 

Edition. New York: Van 

Nostr and Reinhold Company. PP. 920. 

Mitsch, W.J. and Gosselink, J.G. (2002). Wetlands. 3rd ed, John Wiley and Sons, Inc. 

U.S.A. 

MOI (2014). Ministry of Industry; Annual manufacturing industry export 

performance report. 

Molleda, P., Blanco, I., Ansola, G., and Luis, E. De. (2008). Removal of wastewater 

pathogen indicators in a constructed wetland in Leo. Ecological engineering; 

Spain, 3, 252–257. http://doi.org/10.1016/j.ecoleng.2008.05.001 

Mueller, B. ; Payer, F. ; Goswami, D. ; Kastury, S.; et al. (2003). Interstate 

Technology and Regulatory Council. Technical and Regulatory Guidance 

http://doi.org/10.1016/j.ecoleng.2008.05.001


159 

 

Document for Constructed Treatment Wetlands, USA. Available at: 

http://www.dtic.mil/get-tr-doc/pdf?AD=ADA486441 

Munz, G., Gori, R., Cammilli, L., & Lubello, C. (2008). Characterization of tannery 

wastewater and biomass in a membrane bioreactor using respirometric 

analysis. Bioresource technology, 99(18), 8612-8618. 

Murat, S., Insel, G., Artan, N., & Orhon, D. (2006). Performance evaluation of SBR 

treatment for nitrogen removal from tannery wastewater. Water science and 

technology, 53(12), 275-284. 

Murtaza, G., Ghafoor, A., Qadir, M., & Rashid, M. K. (2003). Accumulation and 

bioavailability of Cd, Co and Mn in soils and vegetables irrigated with city 

effluent. Pak. J. Agri. Sci, 40(1-2), 18-24. 

Mwinyihija, M. (2007). Assessment of anaerobic lagoons efficiency in reducing 

toxicity levels of tannery effluent in Kenya. Res J Environ Toxicol. 1(4): 167–

175. 

Mwinyihija, M., Strachan, N.J.C., Dawson, J., Meharg, A. and Killham, K. (2006). 

An ecotoxicological approach to assessing the impact of tanning industry 

effluent on river health. Arch Environ Contam Toxicol. 50: 316–324.  

Neue, H.U., Gaunt, J.L. Wang, Z.P., Becker-Heidmann, P., Quijano, C. (1997). 

Carbon in tropical wetlands. Geoderma 79(1-4), 163-185. 

Nguyen, L. (2001). Accumulation of organic matter fractions in a gravel-bed 

constructed wetland. Wat. Sci. Tech. 44:281-287. 

Nicholson, R.A., Roth, S.H., Zhang, A., Zheng J., Brookes, J., Skrajny, B. and 

Benninghton, R. (1998). Inhibition of respiratory and bioenergetic 

http://www.dtic.mil/get-tr-doc/pdf?AD=ADA486441


160 

 

mechanisms by hydrogen sulfide in mammalian brain. J. Toxicol Environ 

Health, 54: 461–507. 

Nishizaki, H., Okubo, K., Aoyama, I., and Mori, I. C. (2010). Ecotoxicological 

characterization of tannery wastewater in Dhaka, Bangladesh. Journal of 

Environmental Biology: 475(July), 471–475. 

Noller, B. N., Woods, P. H., & Ross, B. J. (1994). Case studies of wetland filtration of 

mine waste water in constructed and naturally occurring systems in Northern 

Australia. Water Science and Technology, 29(4), 257-265. 

Nolte and Associates (1998). Sacramento Regional Wastewater Treatment Plant 

Demonstration Wetlands Project: Five Year Summary Report 1994–1998, 

Report to Sacramento Regional County Sanitation District, http://www.srcsd.  

Okeyode, I. C., & Moshood, I. A. (2010). Elemental compositions of the soil of 

Ogun-Osun river basins development authority headquaters, Ogun-state, 

Nigeria. Indian Journal of Science and Technology, 3(3), 335-337. 

Padma, P.M., Anuradha,  K.,Reddy, G. (2011). Pectinolytic yeasts isolates for cold-

active polygalacturonase production. Innovative Food Science & Emerging 

Technologies, Vol.12, pp. 178-181  

Palese, A. M., Pasquale, V., Celano, G., Figliuolo, G., Masi, S., & Xiloyannis, C. 

(2009). Irrigation of olive groves in Southern Italy with treated municipal 

wastewater: effects on microbiological quality of soil and fruits. Agriculture, 

ecosystems & environment, 129(1), 43-51. 

Panda, S. K.., Choudhury, S. (2005). Chromium stress in plants. Brazilian Journal of 

Plant Physiology 17, 131- 36. 

http://www.srcsd/


161 

 

Parker, W. D., Boyson, S. J., & Parks, J. K. (1989). Abnormalities of the electron 

transport chain in idiopathic Parkinson's disease. Annals of neurology, 26(6), 

719-723. 

Pasco, N., Hay, J. and Webber, J. (2000). Biosensors: MICREDOX – a new biosensor 

technique for rapid measurement of BOD and toxicity. Biomarkers, 6: 83–89. 

Paul, E.A. and Clark, F.E. (1996). Soil microbiology and biochemistry. 2nd ed. San 

Diego, California: Academic Press. Pp 340.  

Persson, J., Somes, N.L.G. and Wong, T.H.F. (1999). Hydraulics efficiency of 

constructed wetlands and ponds. Water Science and Technology,  40(3): 291–

300. 

Potter, C.L. and Karathanasis, A.D. (2001). Vegetation effects on the performance of 

constructed wetlands treating domestic wastewater. Proceedings of Ninth 

National Symposium on Individual and Small Community Sewage Systems, 

ASAE, Fort Worth, TX, March 2001, pp. 663_/673. 

Rattan, R. K., Datta, S. P., Chhonkar, P. K.., Suribabu, K., Singh, A. K. (2005). Long-

term impact of irrigation with sewage effluents on heavy metal content in soils, 

crops and groundwater—a case study. Agriculture, Ecosystems & Environment, 

109(3) 310-322. 

Reddy, K.R. and Patrick, W.H. (1984). Nitrogen transformations and loss in flooded 

soils and sediments. CRC Crit Rev Environ Control, 13:273–309. 

Reddy, K.R., Kadlec, R.H., Flaig, E. and Gale, P.M. (1999). Phosphorus retention in 

streams and wetlands: a review. Crit. Rev. Env. Sci. Tec. 29, 83–146. 



162 

 

Reddy, K.R., Patrick, W.H. and Lindau, C.W. (1989). Nitrification-denitrification at 

the plant root-sediment interface in wetlands. Limnol. Oceanogr. 34, 1004-

1013. 

Reed S.C., Crites R. and Middlebrooks E.J. (1995). Natural Systems for Waste 

Management and Treatment. Second Edition, McGraw-Hill: New York. 

 Reed, S.C., Crites, R.W. and Middlebrooks, E.J. (1995). Natural Systems for Waste 

Management and Treatment. 2nd ed. MC Graw Hill. 

Reemtsma, T. and Jekel, M. (1997). Dissolved organics in tannery wastewaters and 

their alteration by a combined anaerobic and aerobic treatment. Water Res. 31: 

1035–1046 

Reiffenstien, R.J., Hubert, W.C. and Roth, S.H. (1992). Toxicology of Hydrogen 

Sulphide. Annu Rev Pharmacol Toxicol. 32: 109–134. 

Ribeiro, O.C.A., Vollaire, Y., Sanchez-Chardi, A. and Roche, H. (2005). 

Bioaccumulation and the effects of organochlorine pesticides, PAH and heavy 

metals in the Eel (Anguilla anguilla) at the Camargue Nature Reserve, France. 

Aquat Toxicol. 74: 53–69. 

Rittiruk, U., Kangpanich, C. and Rakseree, S. (2011). Design and operation of a 

biological integrated system for wastewater of cattle farm treatment and 

utilization in circulated water fish culture. J Agri Technol. 7: 215–224 

Ros, M. and Ganter, A. (1998). Possibilities of reduction of recipient loading of 

tannery waste Slovenia. Water Sci Tech. 37: 145–152. 

Rossmann, M., Teixeira de Matos, A., Carneiro Abreu, E., Fonseca e Silva, F. and 

Carraro Borges, A. (2012). Performance of constructed wetlands in the 

treatment of aerated coffee processing wastewater: Removal of nutrients and 

phenolic compounds. Ecol. Eng. 49, 264–269. 



163 

 

Ruel, M. T., Minot, N., & Smith, L. (2005). Patterns and determinants of fruit and 

vegetable consumption in sub-Saharan Africa: a multicountry comparison. 

Geneva: WHO. 

Ruth, J.H. (1986). Odor thresholds and irritation levels of several chemical 

substances: A review. Am. Ind. Hyg. Assoc. J. 47(3):A142-A151.  

Sanford, W.E., Steenhuis, T.S., Surface, J.M., Peverly, J.H. (1995). Flow 

characteristics of rock-reed filters for treatment of landfill leachate. Ecological 

Engineering, (5): 37–50. 

Sangeetha, R., Kamalahasan, B. and Karthi, N. (2012). Use of tannery effluent for 

irrigation: an evaluative study on the response of antioxidant defenses in maize 

(Zea mays. International Food Research Journal, 19(2): 607-610 (2012). 

Savant, N.K. and DeDatta, S.K. (1982). Nitrogen transformations in wetland rice 

soils. Adv Agron. 35:241–302. 

Schmidt, I., Sliekers, O., Schmid, M., Bock, E., Fuerst, J., Kuenen, J.G., et al. (2003). 

New concepts of microbial treatment process for the nitrogen removal from 

wastewaters. FEMS Microbiol Rev. 27:481–92. 

Scholz, W. and Lucas, M. (2003). Techno-economic evaluation of membrane 

filtration for the recovery and re-use of tanning chemicals. Advanced Journal 

of International Water Association 37: 1859-1867 

Schrank, S. G., Jose, H. J., Moreira, R. F. P. M., & Schröder, H. F. (2004). 

Comparison of different advanced oxidation process to reduce toxicity and 

mineralisation of tannery wastewater. Water Science and Technology, 50(5), 

329-334. 



164 

 

Sebastian L. (2012). Halophytes- utilization on poor saline soils as second generation 

bioenergy crops. 

Seyoum Leta, Fasil Assefa, Gumaelius. L, and Dalhammar, G. (2004). Biological 

nitrogen and organic matter removal from tannery wastewater in pilot plant 

operations in Ethiopia. Appl Microbio  Biotechnology. Springer-Verlag . 

Seyoum Leta, Fassil Assefa and Dalhammar G. (2003). Characterization of tannery 

wastewater and assessment of downstream pollution profiles along Modjo 

River in Ethiopia. Eth J Biol Sci. 2: 157–168. 

Shanker, A. K., Cervantes, C., Loza-Tavera, H., Avudainayagam, S. (2005). 

Chromium toxicity in plants. Environment international, 31(5)  739-753 

Sharma, U.K., Pegu, S. (2011). Ethenobotany of religious and supernatural beliefs of 

the missing tribe of Assam with special reference to the ‗Doubur Uie‘.J. 

Ethinobiol. Ethenomed. 7, 1-13. 

Shelef, O., Gross, A., & Rachmilevitch, S. (2013). Role of plants in a constructed 

Wetland: Current and new perspectives. Water (Switzerland). 

https://doi.org/10.3390/w5020405 

Sheoran, A. S. and Sheoran, V. (2006). Heavy metal removal mechanism of acid mine 

drainage in wetlands : A critical review, 19, 105–116. 

http://doi.org/10.1016/j.mineng.2005.08.006 

Shiu, W.Y., Ma, K.C., Varhanickova, D. and MacKay, D. (1994). Chlorophenols and 

alkylphenols: a review and correlation of environmentally relevant properties 

and fate in an evaluative environment. Chemosphere 29 (6): 1155–1224. 

Sinicrope, T. L., Langis, R., Gersberg, R. M., Busnardo, M. J., & Zedler, J. B. (1992). 

Metal removal by wetland mesocosms subjected to different 

hydroperiods. Ecological Engineering, 1(4), 309-322. 

http://doi.org/10.1016/j.mineng.2005.08.006


165 

 

Skidmore, J.F. & Firth I.C. (1983). Acute sensitivity of selected Australian freshwater 

animals to copper and zinc. Australian Water Resources Council, Technical Paper 

No 81, Australian Government Publishing Service, Canberra. 

Song, Z., Williams, C.J. and Edyvean, R.G.J. (2004). Treatment of tannery 

wastewater by chemical coagulation. Desalination, 164: 249-259 

Song, Z., Williams, C.J. and Edyvean, R.J. (2000). Sedimentation of tannery 

wastewater. Water Res. 34: 2171–2176. 

Sorrell, B.K. (1999). Effect of external oxygen demand on radial oxygen loss by 

Juncus roots in titanium citrate solution. Plant, Cell, and Environment 22: 

1587–1593. 

Stasinakis, A. S., Mamais, D., Thomaidis, N. S., & Lekkas, T. D. (2002). Effect of 

chromium (VI) on bacterial kinetics of heterotrophic biomass of activated 

sludge. Water Research, 36(13), 3341-3349. 

Stottmeister, U., Wiebner, A., Kuschk, P., Kappelmeyer, U., Kästner, M., Bederski, 

O., Müller R.A. and Moormann, H. (2003). Effects of plants and 

microorganisms in constructed wetlands for wastewater treatment. Biotechnol 

Adv. 22: 93–117 

Stumm, W. and Morgan, J. (1981). Aquatic Chemistry, second ed. John Wiley & 

Sons, New York, pp 780. 

Suganthi, V., Mahalakshmi, M., & Balasubramanian, N. (2013). Development of 

hybrid membrane bioreactor for tannery effluent treatment. Desalination, 

309, 231-236. 

Tadesse Alemu and Seyoum Leta (2015). Evaluation of Selected Wetland Plants for 

the Removal Efficiency of Chromium and Organic Pollutants from Tannery 



166 

 

Wastewater in Constructed Wetlands at Modjo Tannery; Journal of 

Environmental science and Technology, 9(5), pp. 440-447. 

Tadesse Alemu, Eshetu Lemma, Andualem Mekonnen, and Seyoum Leta (2016). 

Performance of Pilot Scale Anaerobic-SBR System Integrated with 

Constructed Wetlands for the Treatment of Tannery Wastewater. 

Environmental Processes, 3(4), 815–827. http://doi.org/10.1007/s40710-016-

0171-1. 

Tadesse, I., Green, F. B., & Puhakka, J. A. (2004). Seasonal and diurnal variations of 

temperature, pH and dissolved oxygen in advanced integrated wastewater 

pond system® treating tannery effluent. Water research, 38(3), 645-654. 

Tanner, C. C. (2001). Plants as ecosystem engineers in subsurface-flow treatment 

wetlands. Water Science and Technology, 44(11-12), 9-17. 

Trepel, M., Palmeri, L. (2002). Quantifying nitrogen retention in surface flow 

wetlands for environmental planning at the landscape scale. Ecological 

Engineering 19(2): 127–140. 

Truu, J., Nurk, K., Juhanson, J., Mander, U. (2005).Variations of Microbiological 

parameters within planted soil filter for domestic wastewater treatment. 

J.Environ Sci Health A Tox hazard subset Environ Eng.  40: 1191-200. 

UN (2015). World Population Prospects; The 2015 Revision. Department of 

Economic and Social Affairs Population Division; New York. 

UNEP (1991). Tannery and the environment: A Techinical Guide to Reducing the 

Environmental Impact of Tannery Operation. Paris: UNEP/IEO, UN 

publication series III.ISSBN 92-807-1276-4. 

http://doi.org/10.1007/s40710-016-0171-1
http://doi.org/10.1007/s40710-016-0171-1


167 

 

UNEP IE/PAC (1994). Tanneries and the Environment – A Technical Guide, 

Technical Report (2nd Print) Series No 4, ISBN 92 807 1276 4. 

UNIDO (2000). Chrome Balance in Leather Processing. Accessed from: 

http://www.unido.org/fileadmin/user_media/Publications/Pub_free/Chrome_b

ala nce_in_leather_processing.pdf on 11 June42014 

UNIDO (2000). Pollutants in tannery effluents: Regional Programme for Pollution 

Control in the Tanning Industry in South-East Asia 

UNIDO (2011). Introduction to Treatment of Tannery Effluents, UNIDO, Austria: 

Vennia, Ausria 

UNIDO (2012).  Independent Evaluation Report-Technical assistance project for the 

upgrading of the Ethiopian leather and leather products industry; Vienna. 

UNIDO (2017). Case Study: Leather Industry Park. Planning, implementation, 

benefits, challenges and Experience. Based on the work of Sauro di Sandro 

and Ivan Kraf; Vennia, Ausria.  

US EPA (1999). Free water surface wetlands for wastewater treatment: A technology 

assessment, EPA 832/R- 99/002, U.S. EPA Office of Water: Washington D.C. 

pp.165  

US EPA. (2000). Manual Constructed Wetlands Treatment of Municipal Wastewaters 

EPA 625/R-99/010, U.S. EPA Office of Research and Development: Washington 

D.C.  

Vlyssides, A. and Israilides, C.J. (1997). Detoxification of tannery waste liquors with 

an electrolysis system. Environmental Pollution, 97(1-2): 147- 152 



168 

 

Vol, BJ. (2006). International Review for Environmental Strategies Irrigation in 

Developing Countries Using Wastewater: International Review for 

Environmental Strategies 01/2006; 6:229-250. 

Vymazal, J. (2003). Distribution of iron, cadmium, nickel and lead in a constructed 

wetland receiving municipal sewage. Pages 341-363 in J. Vymazal, editor. 

Wetlands 

Vymazal, J. (2005). Horizontal sub-surface flow and hybrid constructed wetlands 

systems for wastewater treatment. Ecol. Eng. 25: 478–490 

Vymazal, J. (2007). Removal of nutrients in various types of constructed wetlands, 

380, 48–65. http://doi.org/10.1016/j.scitotenv.2006.09.014 

Vymazal, J. (2008). The use constructed wetlands with horizontal sub-surface flow 

for various types of wastewater, 5, 1–17. 

http://doi.org/10.1016/j.ecoleng.2008.08.01. 

Vymazal, J. (2010).  Constructed Wetlands for Wastewater Treatment; Review. Water 

2010, 2, 530-549; doi:10.3390/w203053. Avilable at www.mdpi.com. 

Vymazal, J. (2011). Constructed Wetland for Wastewater Treatment: Five decades of 

experience. Environ. Sci. Technol. 45: 61-69 

Vymazal, J., Balcarova, J., Dousova, H. (2001). Bacterial dynamics in the sub-surface 

constructed. Water Sci. Technol. 44 (11-12), pp 207-209. 

Vymazal, J., Dusek, J., Kyet, J. (1999). Nutrient uptake and storage by plants in 

constructed wetlands with horizontal subsurface flow: a comparative study. 

Backhuys publisher, pp 85-100. 

Vymazal, J., Kropfelova, L., 2009. Removal of organics in constructed wetlands with 

horizontal sub-surface flow: a of the field experiences. Sci. Total Environ. 

407, 3911 -3922. 

http://www.researchgate.net/researcher/84819109_Vol/
http://www.researchgate.net/researcher/42789470_Blanca_Jimenez/
http://www.mdpi.com/


169 

 

Wainwright, M. (1984). Sulfur oxidation in soils. Advances in agronomy, 37, 349-

396. 

Wang, B. (1991). Ecological waste treatment and utilization systems on low - cost, 

energy - saving/ generating and resources recoverable technology for water 

pollution control in China. Water Sci Technol. 24: 9-19 

Wang, Q., Xie, H., Zhang, J., Liang, S., Ngo, H. H., Guo, W., ... & Li, H. (2015). 

Effect of plant harvesting on the performance of constructed wetlands during 

winter: radial oxygen loss and microbial characteristics. Environmental 

Science and Pollution Research, 22(10), 7476-7484. 

Wang, X., Sato, T., Xing, B., & Tao, S. (2005). Health risks of heavy metals to the 

general public in Tianjin, China via consumption of vegetables and fish. 

Science of the Total Environment, 350(1), 28-37. 

Warner, D. B. (1997). Africa 2000: Water supply and sanitation. New World Water, 

23-32. 

Wasch, H. H., Estrin, W. J., Yip, P., Bowler, R., & Cone, J. E. (1989). Prolongation of 

the P-300 latency associated with hydrogen sulfide exposure. Archives of 

neurology, 46(8), 902-904. 

Watson. J.T. and Choate, K.D. (2001). Hydraulic conductivity of onsite constructed 

wetlands. Mancl K. (ed.) Proceedings of the Ninth National Symposium on 

Individual and Small Community Sewage Systems; American Society of 

Agricultural Engineers: St. Joseph, Michigan, pp. 632–649. 

Weil, E.D., Sandler, S.R., & Gernon, M. (1997). Sulfur compounds. Kirk-Othmer 

encyclopedia of chemical technology.  

Wetzel, R.G. (2001). Limnology. 3rd ed. San Diego: Academic Press. pp 1006. 



170 

 

WHO (1987). Wastewater stabilization ponds: principles of planning and practice. 

WHO-EMRO Technical Publication No. 10. Alexandria, Egypt.WHO-

EMRO;. 138p. 

WHO (1996). Guidelines for Drinking Water Quality. Vol. 2: Health criteria and 

other supporting information. Geneva. 

World Health Organization. (1998). Guidelines for drinking-water quality. Vol. 2, 

Health criteria and other supporting information: addendum. 

Wu, S., Wallace, S., Brix, H., Kuschk, P., Kirui, W. K., Masi, F., & Dong, R. (2015). 

Treatment of industrial effluents in constructed wetlands: challenges, 

operational strategies and overall performance. Environmental Pollution, 201, 

107-120. 

Xiao-bin, Z., Peng, L. I. U., Yue-suo, Y., & Wen-ren, C. (2007). Phytoremediation of 

urban wastewater by model wetlands with ornamental hydrophytes, 19, 902–

909. 

Young, T. C., Collins, A. G., and Theis, T. L. (2000). Subsurface flow wetland for 

wastewater treatment at Minoa, NY, Report to NYSERDA and USEPA, 

Clarkson University, NY. 

Zalawadia, N. M., Patil, R. G., & Raman, S. (1996). Effect of distillery waste water 

with fertilizer on onion and soil properties. Journal of the Indian Society of 

Soil Science, 44(4), 802-804. 

Zhang, L., Schryver, P. De, Gusseme, B. De, Muynck, W. De, Boon, N., & Ã, W. V. (2008). 

Chemical and biological technologies for hydrogen sulfide emission control in sewer 

systems : A review, 42, 1–12. http://doi.org/10.1016/j.watres.2007.07.013 



171 

 

Zinabu Gebremariam, Nicholas J.G.P. (2003). Concentrations of heavy metals and 

related trace elements in some Ethiopian rift-valley lakes and their in-flow. 

Hydrobiologia, 492:171-178.  

Zupančič, G. D., & Jemec, A. (2010). Anaerobic digestion of tannery waste: semi-

continuous and anaerobic sequencing batch reactor processes. Bioresource 

technology, 101(1), 26-33. 

 

 

 

http://link.springer.com/article/10.1023%2FA%3A1024856207478
http://link.springer.com/article/10.1023%2FA%3A1024856207478
http://link.springer.com/article/10.1023%2FA%3A1024856207478


172 

 

Appendixes 

Appendix 1: Influent Effluent Concentration of CWs  
Sampl
e No 

Samp
le 

BOD COD TN SO4
2- 

NO3
--

N 
NO2

- S2- NH4-N Cl- Alkal TSS Trub Do 

1 1 901 789 122 120 48 0.09 2.05 70.3 50.4 56.6 207 146 1.5 

2 2 360 840 120 160 93 0.2 4.35 65 63.8 63.8 238 135 0.86 

3 3 262 1200 248 360 126 0.01 4.39 150 22.6 70 360 157  

4 4 355 1160 298 220 121 0.03 6.1 89 15.9 83.4 582 222  

5 5 175.7 1410 365 470 185 0.29 13.1 112 43 74.4 382 234  

6 6 400 1198 170 100 76 0.29 10.2 92 2.25 74.4 482 234 0.6 

Influent Effluent Concentration of CWs  

Sampl
e No 

Sample BOD COD TN SO4
2- 

NO3
--

N 
NO2

- S2- NH4-N Cl- Alkal TSS Trub DO 

1 1  - 145 71 139 24 0.13 0.8 35 477 58.4 23 50 1.5 

2 2 75 261 49 10 16 0.01 0.37 22 396.1 63 28 25 1.2 

3 3 37.98 45 40 100 35 0.2 0.15 43.6 432 63 30 212 2.8 

4 4 36 83 20 104 45 0.08 0.6 31.1 490 45 41 49 2.7 

5 5 51 80 68 80 38 0.08 1.88 23.7 442 61.2 34 71 1.3 

6 
6 

 - 104.8 44.25 73.5 33.5 0.09 0.75 35 480 
58.0
5 

33.3 89.25 1.6 
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