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ABSTRACT 

 

Study on Sequential Batch Reactor (SBR) Treating Raw Tannery Wastewater for Nutrient 

Removal: Pilot Scale Studies 

 

Eshetu Lemma Adera 

Addis Ababa University, 2020 

This dissertation reports on developing and optimizing processes for SBR technologies for treating 

tannery wastewater, with special reference to degradation/removal of nutrients from tanning 

industries and to identify the most efficient nitrifying and denitrifying organisms in tannery 

wastewaters laden with toxic substances. Tannery wastewater is one of the most hazardous 

wastewater for the environment when discharged without any treatment. Biological treatment 

technologies have shown encouraging results in the treatment of toxic compounds containing 

wastewaters. In this study, real tannery wastewater (RTW) was treated in a pilot scale aerobic 

sequencing batch reactor (SBR).The main aim of this study was to investigate the effect of cycle 

time length, organic loading rate and sludge retention time on the performance of Sequential 

Batch Reactor for treating a high strength tannery wastewater. For this purpose, pilot-scale 

sequencing batch reactor of 50m3 volume was operated under different phases with the same 

conditions at different four cycle time length i.e.,6,12,24 and 48 days, five organic loading 

ratei.e.,0.5,1.04,2.1,3.1 and 4.2 kg COD /m3.day and five sludge retention times (SRT) i.e., 

5,10,20,25 and 30 days for treating tannery wastewater.  For single aerobic time SBR processes, 

the maximum COD (82.26%) and TKN (71.59%) removal efficiencies were obtained at the cycle 

time and aerobic time of 24 h and 12h, respectively. While the maximum TN (68.18%) and 
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phosphorus (58.29%) removal efficiencies were obtained at a cycle time of 24 h and aeration 

time of 12 h/cycle.  

Considering biochemical processes the volumetric loading rate for tannery wastewater should 

be higher than 1.5 kgCOD/ (m3*d). Higher COD input load with a COD-based volumetric 

loading rate of 3.1 kgCOD/(m3*d) nearly led to complete nitrogen removal. Under different 

operational conditions average nitrification rates up to 5.2 gNH/(m3*h) and denitrification rates 

up to 3.4 gNO/(m3*h) was achieved. Cycle time is another parameter that shows the effect on 

concentration profiles. The increasing of reacting time provides more time for biomass to react 

and makes the BOD effluent and ammonium concentration decrease. When cycle period decreases, 

nitrate has less time to transform to nitrogen gas. Total SBR-cycle times should be in between 20-

24 hours. Reduction of the cycle time from 24h to 360 minutes resulted in an increase of peak 

nitrogen effluent concentrations by 88 %.The results at optimum cycle length, OLR and SRT 

showed that over the experimental feeding phases ranged from 82-98% for the total nitrogen, 95-

98% for COD, 96-98% for BOD5, 46-95% for ammonia nitrogen, 95-99% for sulphide and 93-

99% for trivalent chromium. As a result, high cycle time (24 h), moderate aeration time as 

intermittently aerated SBR (12h/cycle), 3.1 kgCOD/(m3*d)  and 25 -day SRT were found to be 

the optimal region for maximum tannery waste water carbon and nitrogen removal efficiencies 

using SBR. Nitrogen removal in an aerobic SBR through simultaneous nitrification-–

denitrification could be a good option for tannery wastewater. SBR is a viable option for tannery 

wastewater compared to the conventional aerobic systems provided pollution control measures 

are conducted at the source level through the use of eco-friendly chemicals and cleaner 

processing methods to avoid nitrification inhibiting compounds in the effluent. Ammonia of the 

influent and effluent and MLSS of aeration tank were determined at various detention times to 
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generate data for kinetic coefficients. The kinetic coefficients k (maximum substrate utilization 

rate), Ks (half velocity constant), Y (cell yield coefficient) and Kd (decay coefficient) were found to 

be 29.41 12.24, day-1, 0.298 mg/L, and 0.058 day-1, respectively.  These coefficients may be 

utilized for the design of activated sludge process facilities for tannery wastewater. Overall 

ammonia removal rate constant ‘K’ was found to be 29.41 day-1.The result of pilot scale study on 

the structure and diversity of microbial community in the sludges of SBR-wetland system revealed 

that most dominant phylum, class, order, family, genuses and species in SBR were proteobacteria 

(40.11%),Gammaproteobacteria (39.07), Pseudomonadales (39.04), Moraxellaceae (39.03), 

Psychrobacter (32.98) and pulmonis(31.89). while the most dominant phylum, class, order, family, 

genuses and species in wetland  were proteobacteria (35.72), Gammaproteobacteria (31.81), 

Pseudomonadales (30.60), Pseudomonadaceae (15.58),Pseudomonas (15.55) and unclassified 

species from Pseudomonas genus (15.55) respectively.  Therefore the prototype is now not only 

turning the industrial wastes into value-added products (clean water) but is also serving for 

university- industry linkage in developing scalable innovations for the sustainable management of 

all other agro-processing wastewaters in the country. 
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1. Introduction 

1.1 General 

The tanning industry represents an important sector in the economy of many countries. The 

Ethiopian leather and leather products industry is relatively an older industry with more than 85 

years of involvement in processing lather and producing leather products. The modern industry 

begins after the first tannery was established in 1925 G.C. around Addis Ababa which is still 

known by name Addis Ababa Tannery. With the use of industrial development strategy (EIDS) 

which prioritizes the leather industry together with other sectors, Ethiopia obtained commendable 

levels of economic growth between the years 2007 – 2011 (ELIA, 2011).    

Currently, Ethiopia’s leather industry and its leather sector, in general, enjoy significant 

international comparative advantages owing to its abundant and available raw materials, highly 

disciplined workforce and cheap prices. Indeed Ethiopia has one of the world largest livestock 

populations of which are 52 million Cattle populations that makes the country ranking 1st in 

Africa and 6th in the world, 27 million Sheep population which makes 3rd in Africa and 10th in 

the world, and 23 million Goat population which makes 3rd in Africa and 8th in the world (LIDI, 

2014). The Off-take rate for cow hides 13.87%, Goat skin 27.34% and Sheep skins 40.29%. The 

hides and skins supplied to the tanneries are reached 1.4 million cow hides, 6.7 million Goat skins 

and 13.2 million Sheep skins. Ethiopia's leather industry has been recognized as the second foreign 

exchange earner with a total value of export of leather and leather products ranging between 66.9 

million to 98.4 million USD in the years 2005– 2007 (MoI, 2014).     Currently, 30 tanning 

industries are present in the country producing semi-finished and finished hides and skins (ELIA, 

2011).  
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On the other hand, depending on the leather process, tanneries  generates large quantities of 

wastewater with ammonium, sulphates, surfactants, acids, dyes, sulphonated oils and organic 

substances, heavy metals Cr, Pb and natural or synthetic tannins (Schranket al., 2004; 2005; Kurt 

et al., 2007; Preethiet al., 2009). 

However, in Ethiopia, most of the tanneries discharge their wastes without proper treatment 

resulting in surface and potential ground- water pollution (Fisseha Itana, 1998; Seyoum Leta et al., 

2003), which needs to be addressed by establishing and maintaining cost-effective wastewater 

treatment option. 

The process of conversion of hides and skins into a stable material known as leather generates 

large amount of liquid wastes of about 30- 35 liters per Kg of raw material processed (Suresh et 

al., 2001), constituting high salt content, organic load with very high chemical and biological 

oxygen demands (COD and BOD), inorganic matter, dissolved and suspended solids, ammonia, 

organic nitrogen, and specific pollutants such as sulfides and chromium (Reemtsma & Jekel, 1997; 

SeyoumLeta, 2004).  According to UNIDO report (Bosnic, 2000), among the annual pollution 

loads of the then 15 tanneries of Ethiopia, total dissolved solids (TDS) takes the lion’s share 

(18,000 ton) followed by COD (12,000 ton), chloride (10,000 ton) and suspended solids (9,000 

ton).  Likewise, characterization of the wastewater of Modjo Tannery, one of the tanneries in 

Ethiopia, showed high levels of total dissolved solids (TDS) and chemical oxygen demand (COD), 

which was found at persistently high level in the discharged river (SeyoumLeta, 2004). 

Accordingly, water pollution remains a serious problem worldwide due to the threat posed to 

ecology and human health (Zhanget al., 2014). A major source of organic compounds, especially 

nitrogen and phosphorus, in surface waters is discharge of untreated or improperly treated 
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wastewater from municipal and industrial sources (Horan, 2003). Main sources of these nutrients 

in municipal and industrial wastewaters are fecal and waste materials, industrial and commercial 

uses, synthetic detergents and household cleaning products (Sedlak, 1991; Bermúdez-Cousoet al., 

2013). They constitute the most prominent macronutrients in aquatic systems which can act as 

limiting nutrients (Statham, 2014). Soluble forms in which phosphorus occurs in wastewater can 

be categorized chemically into orthophosphate, condensed phosphate and organic phosphate, with 

nitrogen occurring mainly in organic and ammonium forms (Sedlak, 1991). 

The presence of nitrogen and phosphorus in a wastewater discharge can be undesirable for several 

reasons (Douagui, 2012; Schram, 2014). Nitrogen as free ammonia is toxic to fish and many others 

aquatic organisms; as ammonium ion or ammonia it is an oxygen-consuming compound which 

will deplete the dissolved oxygen in receiving water; in all forms, nitrogen can be available as a 

nutrient to aquatic plants and consequently contribute to eutrophication; as the nitrate ion it is a 

potential public health hazard in water consumed by infants (Sedlak, 1991). Thyroid dysfunction 

and formation of carcinogenic compounds have also been linked to nitrates in drinking water 

(WHO, 2007;Fan, 2011; Gatseva, 2008). According to the World Health Organization 2013 

Updates on Sanitation and Drinking-water sources, Sub-Saharan African has one of the lowest 

drinking-water coverage with 24% depending on unimproved drinking water sources and 13% on 

surface water as at 2011 (WHO,2012) .  

Additionally overall water demand in Africa is expected to more than double in the first half of 

21st century, increasing water stress populations i.e. there is less than1000m3/yr/capita available 

and hence more wastewater reuse  (Tadesse,2010; Vorosmarty,2005). About 25% of Africa’s 

population (about 200 million people) currently experience water stress (Vorosmarty, 2005). Even 

in the absence of climate change, present population trends and patterns of water use indicate that 
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more African countries will exceed the limits of their “economically usable, land-based water 

resources before 2025” (Muller, 2009).  

Several methods have been described in the literature such as chemical and/or biological methods 

have long been applied to tannery wastewater as a whole, or to individual process streams.  

Physico-chemical (Song et al., 2000; Tiglyene et al., 2008), oxidation- based (Paschoal et al., 

2009; Preeti et al., 2009), biological and physiological (Durai and Rajasimman, 2011) systems 

have been used for the treatment of wastewater from tanning industries. The hit her to approaches 

have given more emphasis to physico- chemical and oxidation systems than to biological treatment 

methods owing to the high BOD and complex, nature of the tannery wastewater (Espinoza- 

Quinones et al., 2009). The employment of these methods, however, is costly because of their 

chemical and energy demanding characters. (Khan et al., 2013; Song et al., 2004). 

Sequential batch reactors (SBR) are among the different biological systems designed and 

implemented for the removal of carbon and nitrogen from high- strength industry effluents, with 

the advantage of using minimum space and performing in an all-in-one manner.   SBR is also 

characterized by its ability to favor particular microbial groups capable of performing biological 

processes including nitrification, denitrification and utilization of aromatic compounds in the 

presence of toxic pressure (Artan et al., 2003; Hafida, 2005).  The SBR has been used since the 

early 1970´s for the biological treatment of wastewater (Irvine and Davis, 1971). Owing to the 

nature of the process, and advances in the process control technology, there is renewed interest in 

the SBR for the treatment of recalcitrant industrial wastewaters. 

In wastewater treatment plants, bacteria and other microbes are important agents in transforming 

and/or degrading most of the compounds.  Stable performance of a biological wastewater 
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treatment system can be achieved by comprehending the microbial communities residing in the 

system in addition to the management of conventional process parameters (Günther et al., 2012).  

Investigation of microorganisms responsible for efficient reduction of pollutants in various 

biological wastewater treatment plants have been conducted since decades (Amann et al., 1998; 

Blackall et al., 2001; Dabert et al., 2001).  Microbial studies in tannery wastewater treatment 

plants have been successfully conducted towards the detection, isolation and characterization of 

bacteria involved in processes such as  sulphur oxidation  (Aguilar et al., 2008), denitrification ( 

Seyoum Leta et al., 2005) and phenol degradation (Paisio et al., 2012).   A variety of 

microorganisms of different genera capable of removing nutrients have been isolated from 

activated sludge and aerobic component of tannery wastewater treatment plants (Song et al., 2005; 

Hafida, 2005).  

In Ethiopia, culture- based studies in pilot-scale continuous- flow treatment systems for tannery 

wastewater have been carried out by isolating and characterizing efficient bacteria involved in 

nitrification and denitrification processes (SeyoumLeta, 2004) and sulfide oxidation under 

denitrifying conditions (Dereje, 2007).  The role of bioaugmentation of isolated bacteria and 

consortia from alkaline soda lakes into the pilot- scale systems have also been studied with respect 

to improvement in the overall process parameters and nitrogen removal (Tesfaye Minuta, 2006; 

Yemiserach Mulugeta, 2008).   Optimization of the process parameters such as BOD, COD, 

nitrogen, sulfides and chromium for an efficient treatment of tannery wastewater using lab- scale 

sequencing batch reactor was performed by Andualem (2011).  So far, no study has been 

performed concerning the biological degradation of nutrients at pilot scale with regarding 

optimization of operational parameters like OLR, Cycle time and sludge retention time using SBR 

for treating tannery wastewater. The current study reports on optimization of operational 
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parameters and microbial communities involved in nutrient removal while attempting to focus on 

the objectives mentioned below. 

1.2 Statement of the Problem  

 

The operation of tannery industries in Ethiopia is causing severe environmental degradation due to 

the disposal of untreated effluent on land and in water bodies. Many people in rift valley basin 

could face shortages of clean water and many of them are depend on river water for a variety of 

purpose such as drinking, fishing, livestock watering, irrigation, and recreational purposes face a 

series problem (Seyoum Leta, 2004). Tannery industry expansion along Modjo River discharge 

untreated wastewater which worsens the situation. These put the downstream users at a greater 

health risks and ecological degradation. Any farming activity using water from this river is 

expected to produces food crops containing high levels of toxic compounds, further exacerbating 

the problem. With this level of pollution, Modjo River and Lake Koka, receiving Modjo River, in 

the near future will be an environmental catastrophe.  

Therefore, there is urgent need for the proper treatment of tannery effluent prior to their disposal 

(Seyoum Leta, 2004; Tadesse Alemu et al., 2016). About 130 different types of chemicals are 

applied in leather manufacturing (Ateset al., 1997). Wastewater from leather production is known 

to be heavily loaded with numerous contaminants, which cause diseases for aquatic organisms, 

hazardous public health, and a serious threat to the environment (Kiruthu, 2002). The problem now 

forces government to set discharge limit standards which demands the industries to treat their 

wastewater. This calls up the development of efficient treatment methods. The waste treatment 

pilot project at Modjo tannery can be a one of the promising solution for this problem.   Therefore 

this study sought to characterize wastewater generated  in the processing of the skins in modjo 
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tannery located in modjo town, developing and optimizing SBR for the removal of nutrient from 

wastewater and identification of efficient nutrient degrading consortia of bacteria from Anaerobic 

digestor-SBR-wetland system sediments, Nutrient and heavy metal petitioning. 

Such a leather industry can cause immense effects not only to the environment but also to the 

inhabitants of the area including memory loss, increased allergic reactions, high blood pressure, 

depression, mood swings, irritability, poor concentration, aggressive behavior, sleep disabilities, 

fatigue, speech disorders, high blood pressure, vascular occlusion, neuropathy, auto-immune 

diseases, and chronic fatigue are just some of the many conditions resulting from exposure to such 

toxins (Tunayet al., 2006).  

 

1.3 Research Gap 

 

Our knowledge of the effectiveness of SBR in promoting removal and in tropical climate treating 

tannery wastewater is limited. A better knowledge is required to improve the design of SBR for the 

remediation of nutrient rich tannery wastewater. The information on microbial dynamics, heavy 

metals and nutrient species partitioning in SBR sediment is also limited. Therefore this study can 

fill these gaps. 

Research Question 

1. What are the optimum conditions for  the optimum removal efficiency of SBR 

2. What are the different nitrogen compounds in different phases of the SBR treating tannery 

wastewater? 

3. Which groups (species) of microbes are dominant and/or responsible for nutrient 

biodegradation in SBRs? 
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4. What is the fate of heavy metals and nitrogen compounds in SBRs treating tannery 

wastewater?  

 

1.4 Objectives of the study 

 

1.4.1 General Objects 

The main objective of this research is to develop and optimization SBR for nitrogen removal in 

treating tannery wastewater and to investigate the major nitrogen species transformation and 

microbial dynamics occurring in SBRs receiving tannery wastewater, and their role in the 

treatment process.  

1.4.2 Specific objectives 

1. To asses and characterize the physic-chemical tannery industry wastewater  

2. Assess the extent of trace metals in Modjo tannery wastewater and their levels of 

contamination in the vicinity of Modjo river water and agricultural soil 

 

3. Evaluation of tannery waste water nitrogen and other pollutants removal efficiency using SBRs 

4. Optimization of the nitrification and denitrification processes by controlling operating 

conditions (cycle time, OLR and sludge retention time) within the reactor. 

5. To determine the kinetic coefficients for the biological reactor used to treat waste from tannery 

ww such as maximum substrate utilization rate ( k ), half velocity constant (Ks), cell yield 

coefficient ( Y) and decay coefficients (Kd). 

6. Investigation of microbial diversity and dynamics in SBR-wetland treating tannery wastewater 
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1.5 Scope of the study 

The study will be limited to determination of nitrogen species removal, heavy metal partitioning, 

and microbial dynamics in SBR systems. 

1.6 Expected outcomes  

 The result obtained from the study is expected to provide 

 Information on nitrogen fate and heavy metal partitioning in SBR are available. 

  The SBR treatment performance efficiency for nitrogen compounds will be available. 

 Information on the role of microbes in SBRs –wetland treatment systems 

 Pollution levels in water discharges to rivers from Modjo tannery reduced by up to 80%. 

1.7 Beneficiaries 

The Possible beneficiaries from this study are: 

 Tannery industries in different parts of the country,  

 Environmentalists, policy makers and researchers. 

 The flora and fauna in the nearby rivers. 

Additionally, the data from the study may benefit: Addis Ababa University (AAU) other concerned 

universities, the Federal Environmental Protection Authority (EPA) and communities around the factory 

environmentalists,  

 The findings will be used by environmental scientists, Environmental Protection Authority 

(EPA), tannery industries, and other interested parties all over the World for environmental 

pollution control. 
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2. LITERATURE REVIEW 

2.1 Agro-industrial Development and Environmental Challenges in Ethiopia 
 

Ethiopia is the second largest country in Sub- Saharan Africa (91 million in 2014). Most (84%) 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%. In 2013/14 the shares of agriculture and industry stand at 

46 %, 40 % and 14 %, respectively (UNIDO, 2012).  Agro-processing industrial expansion coupled 

with weak regulatory mechanisms in developing countries has led to widespread degradation of 

environmental resources. Many industries failed to afford investments cost in pollution 

remediation equipment and technologies, because of their low profit margin (EEPA, 1997) and 

lack of governmental commitments.  Only 10% of industries have treatment facilities and can treat 

their wastewater to a certain degree, the rest discharge the wastewater in to nearby water bodies 

without any form of treatment (EEPA, 2003; Seyoum Leta, 2004). 

2.2 Tanning Sector in Ethiopia 

According to CSA (2011), Ethiopia has 53.4 million cattle, 25.5 million sheep and 22.7 million 

goats. This puts the country as one of the richly endowed countries in livestock resources. It is 

estimated that the country can collect 3.7 million cattles hides, 8.4 million sheep skin 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.  
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Leather tanning has been ranked as one of the most polluting activities in Ethiopia due to its high 

growth rate associated with high-strength wastewater effluents (EEPA, 2003, Tadesse and seyoum, 

2015).At present there are more than twenty nine fully operating tanning companies in Ethiopia; 

eleven of them are found in Modjo town on the Shore of Modjo River (LIDI, 2012; LIDI, 2015).  

These tanneries have soaking capacities more than163, 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 3,178 m3/day wastewater per day in to the river. 

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 level in the country (Seyoum Leta, 2004). 
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Table 1:  Daily processing capacity of tannery industries in Ethiopia 

No Factory Name Location  Socking capacity/ day WW Discharge 

m3/day 

treatment 

status  Sheep and 

goat skin 

Cow hides 

1 Ethiopia tannery Mojo Modjo (Oromiya) 12,00 1200  Primary 

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

3 Gelan tannery Modjo (Oromiya) 3000 0 200 Primary 

4 Mesako Global tannery Modjo (Oromiya) 3000 0 93 Oxid. pond 

5 East Africa tannery Modjo (Oromiya) 8,000 0 200 Under 

construction 

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

7 Friendship tannery Modjo (Oromiya) 10,000 1,000 60 Primary 

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

9 United Vasen tannery Modjo (Oromiya) 5,000 0  Primary 

10 Dx-Tannery Modjo (Oromiya)   400 Secondary 
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11 Bale tannery Debre zeit (Oromiya) 2,000 400   

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

13 Ethio leather industry Addis Ababa 15,500 1,050   

14 Dire tannery Addis Ababa 6000 600   

15 Walia tannery Addis Ababa 5000 1000   

16 Batu factory Addis Ababa 8000 1000   

17 Addis Ababa tannery Addis Ababa 2400 1200   

18 Christal tannery Addis Ababa 1750 100   

19 China Africa tannery Sululata 10,000 0   

20 Debreberhan tannery DebreBerhan 

(Amhara) 

6,000 0   

21 Hafde tannery Sebeta (Oromiya) 6,000 250   

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

23 Kombolcha tannery Komoblcha 

(Amhara) 

6,000 0   
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24 Mersa tannery Mersa (Amhara) 6,500 325   

25 Sheba tannery Wukro (Tigray) 6,000 600   

26 Bahirdar tannery Bahirdar (Amhara) 4,000 0   

27 Habesah tannery Bahirdar (Amhara) 4,000 0   

28 (Lucy) Ayele Kereso Modjo (Oromia) ND ND  Under 

construction 

29 Jiaxin Zhang Leather  Modjo (Oromia) ND ND   

 Total = 165, 650 9,725   

Note: ND- No data available 

Source: Leather industry development institute (LIDI), marketing department unpublished.
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2.3 Leather Production and Chemicals used in Tanning Process 

 

The tanning process used to convert the hide/skins (a highly putrescible material) into stable and 

imputrescible products termed as leather, which is used for various purposes (Dixit et al., 2015). 

Tanning processes is classified into vegetable or chrome tanning depending on the type of tanning 

reagent (tannins or chromium) applied (Ram et al., 1999; Mannucci et al., 2010) The 

manufacturing of leather can be divided into two parts (Fig. 1); beam house operations and tanning 

process. In beam house operations, the removal of dirt and blood by washing is the first step after 

which the hides are then soaked in water for softening and removal of salts. After the removal of 

salts, fatty tissue is removed by fleshing. Liming is done to swell the hides for the better 

penetration of tanning agents and hair removal. 

Chemical dissolution of the hair and epidermis with an alkaline medium of sulfide and lime takes 

place. During liming, a high concentration of sodium sulfide, lime and organic matter is delivered 

to the effluent. Hides are then neutralized with acid ammonium salts and treated with enzymes to 

remove the hair remnants and to degrade proteins. This results in a major part of the ammonium 

load in the effluent. Pickling is usually done to prepare the hides for tanning. The pH value of 

hides is adjusted by addition of acids (mainly sulfuric acid). Salts are added to prevent the hides 

from swelling. Tanning is the reaction of the collagen fibers in the hides with tannins, chromium, 

alum or other chemical agents. Alums, syntans, formaldehyde, glutaraldehyde and heavy oils are 

used as tanning agents. The tanning process involves different steps and chemicals for different 

end products and the kind and amount of waste generated may vary in a wide range of quantity and 

nature (Lofrano et al., 2013). During the tanning process, a large  
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Figure 1: Manufacturing of leather (Liu et al., 2013) 
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amount of chemicals such as acids, alkalis, chromium salts, tannins, sulfates, phenolics, 

surfactants, dyes, auxiliaries, sulphonated oils and biocide etc. are used to convert the semi-soluble 

protein “collagen” present in hide/skins into highly durable commercial forms of leather, and the 

chemicals used are not completely fixed by the hide/skins and end up in wastewater (Lofrano et 

al.,2008; Mannucci et al., 2010). The poor uptake of chromium salt (50–70 %) during the tanning 

process results in the material wastage on one hand and disturbance of the ecological balance on 

the other hand (Saravanbahavan et al., 2004; Dixit et al., 2015). Moreover, the sulfonated oils and 

synthetic tannins or syntans (STs) (an extended set of chemicals such as phenol, naphthalene, 

formaldehyde, melamine and acrylic resins) are also used in tanning/ retanning process to make 

the leather more softer (Lofrano et al., 2008, 2003). 

Chrome tanning is done at a higher pH using chromium salts. After tanning, tanned leather is piled 

down, wrung and graded for thickness and quality, split into flesh and grain layers and shaved to 

desired thickness. In chrome tanning, retanning, dyeing and fatliquoring are the additional steps as 

compared to the vegetable tanning. Fatliquoring is the process of introducing oil into the skin 

before the leather is dried to replace the natural oils lost in beam house and tan yard processes. 

After drying, a number of finishing operations like buffing, plating and embossing are carried out 

to make the leather softer and aesthetic. 

Many regulations have been passed to avoid the use of hazardous chemicals in industrial processes 

such as Integrated Pollution Prevention and Control Directive. The Directive (REACH) ( EC 

1907/2006) for European Regulatory Framework on chemicals namely Registration, Evaluation, 

Authorization and Restriction of Chemical substances directed the LIs to avoid the use of those 

leather auxiliaries and basic chemicals, which are not registered and listed in the Safety Data Sheet 

(Lofrano et al., 2013). Moreover, the Directive (2003/53/EC) restricted the marketing and use of 
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products/product formulations containing >0.1 % of nonyl ethoxyphenol (NPE) or nonylphenol 

(NP) and their use in making of the leather products in Europe (Lofrano et al., 2008). In addition, 

the Directive (1999/815/EC) has directed the industries to label the products if they contain >0.5% 

phthalates (benzyl butyl phthalate, di-butyl phthalate and di-ethyl hexyl phthalate) due to the 

reproductive toxic potential of the phthalates (EU, 2003). The use of o-phenyl phenol is restricted 

for leather finishing due to its carcinogenic potential (EPA, 2007) and the use of formaldehyde (a 

cross liker casein top coats) due to its carcinogenic potential has been also restricted (EU, 1998).  

The inorganic compounds such as cadmium sulfate and lead chromate (fastening agents) are 

highly toxic in nature (IARC, 2004; ATSDR, 2008). Further, the EU Azo Colorants Directive 

(2002) has prioritized several azo dyes and restricted their use in LIs due to higher toxicity but 

there is no any particular restriction to use STs yet in LIs worldwide (Dixit et al., 2015). 

2.4 Tannery Wastewater: Nature and Characteristics 

Water is crucial for life and also used in many industrial processes. In the tanning process, a large 

quantity of water and chemicals are used to treat raw hide/skins and approximately 30–35 m3 of 

wastewater is generated per ton of raw hide/skins processed (Lofrano et al.,2008; Islam et 

al.,2014). However, the wastewater generation depends on the nature of raw material, finishing 

product and production processes applied (Tunay et al., 1995; Lofrano et al., 2013). This presents 

two major problems for LIs: First, the availability of good quality of water and second is the 

adequate treatment of such a large volume of highly contaminated wastewater. Tannery 

wastewater (TWW) is a basic, dark brown coloured waste having COD, BOD, TDS, chromium 

(III) and phenolics with high pH and strong odor (Durai and Rajasimmam,2011; Suganthi et 

al.,2013; Dixit et al.,2015). However, the characteristics of TWW may vary from industry to 
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industry, raw materials and chemicals used, type of final product and the production processes 

adopted by LIs (Apaydin et al.,2009; Rameshraja and Suresh, 2011; Lofrano et al., 2013). 

During leather production, the beamhouse and tanning operation are the high pollution causing 

steps because beamhouse operation contributes high organic and sulfide content whereas tanning 

operation contributes high salts (of chloride, ammonium, chromium and sulfate) concentrations in 

TWW (Cooman et al., 2003; Rameshraja and Suresh, 2011). Hence, the beamhouse wastewater is 

characterized by an alkaline pH and tanning wastewater by a very acidic pH as well as a high COD 

value (Lofrano et al., 2013). Generally, TWW is highly rich in nitrogen, especially organic 

nitrogen, but very poor in phosphorous (Durai and Rajasimmam, 2011). The retanning streams 

relatively have a low BOD and TSS (Total suspended solids), but high COD and contain trivalent 

chromium (III), tannins, sulfonated oils and spent dyes whereas the wet finishing, retanning, 

dyeing and fat liquoring processes contribute low fractions of salt in TWW that is predominantly 

originating from the hide/ skins in the soak liquor (USEPA, 1986; Lofrano et al., 2013).  

Further, BOD5/COD (due to inhibitors) or BOD5/TOC (due to high sulfide and chloride 

concentration) ratio is used for the biodegradation study of TWW (Lofrano et al., 2013). The data 

on wastewater generation and pollution load of each step during the processing of raw hide/skins 

are presented in Table 2.



35 
 

Table 2:  Pollution load and quantity of wastewater generated during the processing of per ton raw hide/skins. 

 Processing operation (load kg/ton of raw hide/skins) 

Pollution load  Soaking  Unhhairing/liming Deliming & bating  Chrome tanning  Post-tanning  Finishing  

Wastewater generated (m3) 9.0-12.0 4.0-6.0 1.5-2.0 1.0-2.0 1.0-1.5 1.0-2.0 

TSS 11-17 53-97 8-12 5-10 6-11 0-2 

COD 22-33 79-122 13-20 7-11 24-40 0-5 

BOD 7-11 28-45 5-9- 2-4 8-15 0-2 

Cr - - - 2-5 1-2 - 

Sulphide - 3.9-8.7 0.1-0.3 - - - 

NH3-N 0.1-0.2 0.4-0.5 2.6-3.9 0.6-0.9 0.3-0.5 - 

TKN 1-2 6-8 3-5 0.6-0.9 1-2 - 

Chlorides 85-113 5-15 2-4 40-60 5-10 - 

Sulphate  1-2 1-2 10-26 30-55 10-25 - 

Adapted from Dixit et al. (2015)
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2.5 Environmental Challenges of Tannery Industry 

Due to its rapid expansion, in Ethiopia, tanning Industry is 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, discoloration and toxic chemical constituents (such as sulfide, ammonia, 

chromium) (Song et al., 2000).  

The conversion of raw hides and skins in to finished leather requires three distinct processes; beam 

house (pre tanning), tanning (chrome tanning) and finished steps (post tanning).  Each has its own 

wastewater characteristics. Beam house process generate high BOD (80%), COD, salt, pesticides, 

flesh, hair, suspended solids, sulfate, ammonia, base (pH of 11-12.5) and chloride. Tanning 

process generate chromium, BOD, COD, salt, acid, suspended solids and finishing process 

generate BOD, COD, salt, chromium, oils (seyoum et al., 2003; UNIDO, 2011).  

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 (Mwnyihija 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, resulting in 

cellular hypoxia or anoxia (Nicholson et al., 1998; Reiffenstien et al., 1992). 
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2.6 Treatment Approaches for Tannery Wastewater 

TWW is a major source of soil and water pollution and it is therefore essential to adequately treat 

the TWW prior to its safe disposal into the environment. This can be achieved by using physical, 

chemical and biological methods either alone or in combination. 

2.6.1 Physico-Chemical Treatment Approaches 

Coagulation is the destabilization of colloids by neutralizing the forces that keep them apart. 

Cationic coagulants provide positive charge to reduce the negative 40 G. Saxena et al. (2006) 

charge (zeta potential) of the colloids. As a result, the particles collide to form larger particles 

(flocs) whereas flocculation is the action of polymers to form bridges between the flocs, and bind 

the particles to form large agglomerates or clumps. There are a number of coagulants such as 

aluminium sulfate (AlSO4), ferric chloride (FeCl3), ferrous sulfate (FeSO4) etc. that are used to 

reduce the organic load (COD) and suspended solids (SS) as well as to remove toxic metals mainly 

chromium from TWW (Lofrano et al., 2013).  

However, coagulants are pH specific and their effectiveness largely depends on their type and 

concentration and characteristics of the wastewater to be treated (Song et al., 2004). Ates et al. 

(1997) reported>70%removal of COD and<5mg/l of total chromium from TWW using alum and 

FeCl3 based-CF. Song et al. (2004) also reported 30–37 % removal of total COD, 74–99 % of 

chromium and 38–46 % of SS by using 800 mg/l of alum at pH 7.5 from TWW containing 260 

mg/l of suspended solids, 16.8 mg/l of chromium, 3300 mg  L–1  of COD at pH 9.2 and finally 

concluded that FeCl3 based CF proved better results than alum based-CF. Chowdhury et al. (2013) 

have reported 92 % removal of COD and 96 % of chromium from TWW using FeCl3 at the 
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concentration of 150 mg/l  at pH 7 followed by sand-stone filtration process. In addition, Shegani 

(2014) also reported 81.60 %, 98.34 %, 92 %, 75.00 %, 70.00 %, 69.20 % and 50 % removal of 

COD, ammonia, nitrate, hexavalent chromium, phosphate, chloride and H2S, respectively by using 

coagulants Ca(OH)2 and FeSO4 · 7H2O, but a low reduction in sulfate (19.00 %) and TSS (13.00 

%) and an increase in TDS (15.60 %) were observed. 

Moreover, some coagulants such as poly-aluminium chloride (PAC), polyaluminium silicate 

(PASiC) and poly-aluminium ferric chloride (PAFC) ([Al2(OH)nCl6-n]m.[Fe2(OH)nCl6-n]m) have 

been developed with improved coagulation efficiency to minimize the residual coagulants in 

treated wastewater (Gao et al., 2004; Lofrano et al., 2013). Lofrano et al. (2006) reported >75 % 

removal of COD and >95 % of TSS from TWW at all doses of alum (800–900– 1000–1200 mg/l) 

using PAFC (900 mg/l) at pH 8.5. Yoganand and Umapathy (2005) have also applied a green 

methodology for the recovery of chromium (VI) from TWW using newly synthesized quaternary 

ammonium salt and reported 99.99 % removal of chromium (VI) from TWW. 

Adsorption is also typically used for the removal of toxic metals especially chromium from TWW. 

There are a number of studies available on the use of adsorbents such as bentonite clay, cement 

kiln dust, activated carbon etc. for the treatment of TWW (Fadali et al., 2004; Fahim et al., 2006; 

Tahir and Naseem, 2007). Further, the use of chitin-humic acid based hybrid and ground shrimp 

shells as adsorbent for the significant removal of Cr(III) from TWW has been reported (Santosa et 

al., 2008; Fabbricino et al., 2013). Moreover, the use of lime/bitten based coagulants and activated 

carbon as a post treatment of TWW is also suggested (Ayoub et al., 2011). 

2.6.2 Biological Treatment Approaches 
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Biological approaches are the eco-friendly methods for the treatment of industrial wastewaters and 

involve the stabilization of waste by decomposing them into harmless inorganic solids either by 

aerobic or anaerobic processes. The most commonly used processes for the biological treatment of 

TWW are the Activated sludge process (ASP) and Upflow Anaerobic Sludge Blanket (UASB) 

process (Durai and Rajasimmam, 2001). 

 

Aerobic treatment  

In an aerobic treatment process, the waste decomposition rate is fast and also not characterized by 

unpleasant odours but a large amount of sludge is generated. There are several studies on the 

aerobic treatment of TWW using ASP as has been reported earlier by many workers (Jawahar et 

al., 1998; Eckenfelder, 2002; Tare et al., 2003; Vidal et al.,2004; Hayder et al., 2007; Ramteke et 

al., 2010) and some of the important findings are summarized in Table 3. 

 

Tannery wastewater is highly saline in nature due to high load of salts, which are used for the 

preservation of raw hides/skins (Sundarapandiyan et al., 2010) and therefore, causes some serious 

problems in the biological treatment of TWW. The major problems include (Sivaprakasam et al., 

2008): (a) limited adaptation of conventional cultures due to higher salt concentration (>3–5 % 

w/v), that therefore could not effectively treat TWW(b) salt adaptation of cultures is easily lost 

when subjected to salt freemedium, and (c) changes in the ionic strength (salt concentration 

from0.5 to 2%w/v) cause cell disruption even with the acclimatized cultures and finally lead to 

system failure. H 

owever, the high concentration of poorly biodegradable compounds such as tannins and other toxic 

metals inhibit the biological treatment processes (Schrank et al., 2004). Cr (VI) is reported to 

inhibit the growth of heterotrophs as well as nitrifying/denitrifying bacteria (Stasinakis et al., 
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2002; Farabegoli et al., 2004). To overcome this problem, a Sequencing Batch Reactor (SBR) is 

highly efficient to carry out the biological treatment and nitrogen removal from TWW in the 

presence of inhibitors due to its low cost, flexible operation and selection and enrichment of a 

particular microbial species (Farabegoli et al., 2004; Ganesh et al., 2006; Murat et al., 2006; Durai 

and Rajasimmam, 2011; Rameshraja and Suresh, 2011; Faouzi et al., 2013; Lofrano et al., 2013). 

Moreover, the fluctuation in temperature range also has adverse effects on the nitrification process. 

The fluctuation in the temperature range significantly affects the removal of organic carbon and 

nitrogen from TWW whereas it has a minor influence on COD removal efficiency (4–5 %) that has 

been studied for a full-scale activated sludge process based treatment plant used for TWW 

(Gorgun et al., 2007). Further, the improvement in the performance of the nitrification process 

through increased aeration and total nitrogen removal efficiency (up to 60 %) at a temperature 

range between 21 and 35 oC during an intermittent aeration type of operation has been reported 

(Insel et al., 2009)
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Table 3:  Microorganisms reported in the degradation of tannery wastewater. 

References  Microorganisms  COD removal % BOD 

removal 

% 

Cr removal % 

Kim etal.(2014) Brachymonas denitrificans 98.3 - 88.5 

Noorjahan(2014) E. coli 90 90 63.8 

Bacillus sp. 95.4 95.4 73.5 

Elmagd and 

Mahmoud (2014) 

Mixed culture 98.3 98.4 98.3 

Sharma and 

Malaviya (2013) 

Fusarium chlamydosporium SPFS2-g 71.80 - - 

Yusuf et al. (2013) B. subtilis 87.6 - - 

P. fragi 85.2 

El-Bestawy 

et al. (2013) 

Providencia vermicola W9B-11, 

Escherichia coli O7:K1 CE10, Bacillus sp. 

58, Bacillus amyloliquefaciens T004, 

Pseudomonas stutzeri M15-10-3, Bacillus 

sp. PL47 

79.16 94.14 93.66 

Mandal 

et al. (2010) 

Thiobacillus ferrooxidans 69 72 5 

Nanda Nostoc sp. 37.8 48.6 - 
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et al. (2010) 

Lefebvre 

et al. (2005) 

Halophiles 95 - - 

Shakoori 

et al. (2000) 

Bacterial strain - - 87 

Wang 

et al. (2007) 

A. Thiooxidans - - 99.7 
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Anaerobic Treatment 

The use of anaerobic treatment processes to treat TWW is an interesting option as compared to 

aerobic treatment process because of low energy consumption and sludge production. However, its 

full scale application has several drawbacks (Mannucci et al., 2010): i) continuous production of 

sulfide (from sulfate reduction) in absence of alternative electron acceptors such as oxygen and 

nitrate; ii) high protein content affects the selection of biomass, slow down the kinetics of 

hydrolysis and also inhibit the sludge formation, and iii) requirement of an additional aerobic 

treatment to meet the high COD removal.  

The sulfide mainly inhibits the methanogenesis process during the anaerobic treatment of TWW 

and this might be due to the direct toxicity of sulfide, substrate competition between the sulfate 

reducing bacteria and methanogenic bacteria and precipitation of trace elements (Midha and 

Dey,2008; Rameshraja and Suresh, 2011; Mannucci et al., 2014). However, the mechanisms of 

sulfide toxicity are not well understood. The anaerobic treatment of TWW is mainly performed by 

using either the anaerobic filters (AF) composed of both upflow anaerobic filters (UAF) and down-

flow anaerobic filters (DAF) or Upflow Anaerobic Sludge Blanket (UASB) reactors (Lefebvre et 

al., 2006; Rajasimman et al.,2007; El-Sheikh et al., 2011; Dixit et al., 2015). Beside these, the use 

of expanded granular sludge bed (EGSB) and anaerobic baffled reactor (ABR) for the treatment of 

TWW is also suggested (Zupancic and Jemec, 2010).  

In addition, the anaerobic treatment of TWW is more favorable in tropical countries having higher 

temperatures such as India, Pakistan, China, and Brazil etc. as compared to European countries 

(Durai and Rajasimmam, 2011; Mannucci et al., 2014). In these countries, the spread of new and 

large industrial areas to establish the LIs favor the development of centralized WWTPs. However, 
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the application of anaerobic treatment processes at large scale makes it possible to balance the high 

operation and management costs with energy saving over the traditional aerobic treatment 

processes. 

 

2.6.3 Sequencing Batch Reactor Technology 

Sequential batch reactor is a modification of activated sludge process. Whereas successfully used 

to treat municipal and industrial wastewater (Mahvi, 2008). The difference is that the SBR 

performs equalization, biological treatment, and secondary clarification in a single tank/reactor 

using a timed control sequence. Sequencing batch reactors have been used to manipulate both the 

organisms’ distribution established in the reactor and the physiological state of the organisms 

developed (Morgenroth et al., 1998). Physically, the SBR system is a set of tanks that operate on a 

fill-and draw basis. Each tank is filled during a discrete period of time and then operated as a batch 

reactor. After treatment of the target compounds, the mixed liquor is allowed to settle and clarified 

supernatant is drawn from the tank. 

The complete SBR cycle consist in four discrete steps: (1) reactor filling; (2) reaction; (3) biomass 

settling; and (4) effluent decanting and discharge. During the fill period, the influent wastewater 

containing the target compounds is added to biomass retained in the system after the previous 

cycle. The influent volume added can be as little as 25% of the total volume of the reservoir or as 

great as 70% of it (Irvine et al., 1989). Degradation of the target compounds, which may be 

initiated during the fill period, is completed during the react stage. The duration of this period is 

usually dictated by the time where the target compound reaches a desire concentration. Time 

dedicated to react can vary from a low of zero to more than 50% of the total cycle time (Irvine et 

al., 1989). 
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The removal of nitrogen can be achieved by alternating aerobic and anoxic periods during the 

reaction (Rodríguez, Pino, et al., 2011). The duration of each cycle and the number of stages of 

operation depends on the type of wastewater to be treated (Rodríguez, Ramírez, et al., 2011). The 

advantages of operation in SBR are single-tank configuration, small foot print, easily expandable, 

simple operation and low capital costs (Mahvi, 2008). 

 

Figure 2: Typical cycles in Sequential Batch Reactor  Source: (Mahvi, 2008) 

Many studies have been done with the different operational sequences as shown in Table 4 and 

generally the objectives were to optimize nitrogen removal.  

Table 4: Boundaries for operational parameters in SBR process (Based on different literature 

focuses on SBR). 

    Parameter                                                                       Values                                         

                                                                                    Minimum       Maximum 

 Cycle time (h) 3.53                       24 

Typical cycle time (h) 6 8 

Fill time (h) 0.02 3 

React time (h) 3  22.5 
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Settle time (h)                                                       0.17  2.84 

Decant time (h)                                                                      0.08                             1 

Aeration rate(l/min)                                                         0.2                             11.9 

Treated volume/ working volume (%) 8.3 90 

DO concentration during react (mg/l) >2 

Nitrification process occur when DO (mg/l) >1 

Denitrification process occur when DO (mg/l) <1 

HRT (d) 0.44                               12 

SRT (d)                                                                         9                                  52   

MLSS (mg/l) 500                            5650 

SVI (ml/g) 15                                 150 

OLR (kgCOD/m3.d)       0.15                             9.4 

Source :(Windraswara, 2013) 
 

Irvine and Bush (1979) reported that SBR is an effective biological treatment method for removing 

organic matter and nutrients. It could be done by distributing the influent injection and aeration 

periods variably and appropriately. In particular, a higher efficiency of denitrification can be 

achieved in the SBR method by varying the proportional distribution of the durations of the anoxic 

and aerobic periods during one-cycle operation. Lee et al., (2007) indicated that increasing the 

duration of the anoxic (II) period, which is conducive to denitrification, increases the efficiency of 

nitrogen removal by denitrification. 

2.6.3.1 Removal of Organic Carbon and TSS 

Irvine et al. (1985) showed that a full-scale SBR operating at Culver, Indiana for treating 

municipal wastewater attained effluent limits of 10 mg/lBOD5, and 10 mg/lTSS , 1 mg/lbiological 

phosphorus and 14 mg/lammoniacal nitrogen corresponding to 98% BOD5 removal , 97% TSS 

removal , 92% TP removal and 70% NH4-N removal. Surampalli et al. (1997) studied the nitrification, 
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de-nitrification and phosphorus removal in SBR in three fullscale SBR plants treating municipal 

wastewater. The typical SBR design could meet effluent BOD5 and TSS concentrations of less than 10 

mg/l. With some additional design modifications including combining anaerobic, anoxic and aerobic 

conditions in treatment process, SBR achieved nitrification of ammonia to the required limits of 1-2 

mg/l  NH3-N. The BOD5 removal varied between 96 and 97% prior to discharge. Approximately, 76% 

of the phosphorus in the influent was removed during the treatment. Surampalli et al.(2000) found that 

the average removal efficiency was in the range 88.9 -98.1% for BOD5; 84.7- 97.2% for TSS; 90.8-

96.8% for ammonia; 56% for total nitrogen and 57-83% for phosphorus in 19 municipal and private 

SBR wastewater treatment plants in USA. 

2.6.3.2 Nutrient (Nitrogen and Phosphorus) Removal 

In their studies to remove ammoniacal nitrogen and phenol from refinery wastewater using SBR 

systems, Silva et al. (2001) observed reductions of 95% for different concentrations of NH4+ and 

phenol, providing an effluent acceptable by Brazilian environmental legislation. An 

anaerobic/aerobic (or anoxic) sequence was necessary to promote biological phosphorus removal; 

phosphorus release occurred in the anaerobic stage followed by an excess of phosphorus uptake in 

the aerobic stage. When wastewater enters the anaerobic phase, specialized organisms, called poly-

phosphate accumulating bacteria, accumulate carbon sources as internal polymer called 

polyhydroxyalkanoates whose main form is polyhydroxybutyrate.  

The energy to store this polymer is obtained from breakdown of glycogen and hydrolysis of an 

energy-rich internal phosphorus chain called poly-phosphate. This chain is broken down to ortho-

phosphate and results in increase of phosphate concentration. During the aerobic (or anoxic) phase 

the stored polyhydroxybutyrate is consumed, generating energy and carbon for replenishment of 

the glycogen and phosphorus. Phosphorus in wastewater is assimilated by biomass (sludge), and 
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finally removed from the process through the wastage of sludge (Smolder etal., 1994; Baetens, 

2001). 

Ketchum et al. (1987) found that SBR can provide the proper balance of anoxic, anaerobic and 

aerobic conditions to allow biological removal of phosphorus by the bio-phosphorus removal 

organisms. Combined biological and chemical addition for phosphorus removal is sometimes used, 

especially when the effluent permit limitations are 2.0 mg/lor less (Surampalli et al., 1997). 

Nitrogen and phosphorus removal in addition to BOD is possible in SBR if operation conditions 

are modified to introduce anoxic, anaerobic and aerobic reactions into a time schedule of batch 

cycles, without any addition of separate tank or recycling lines.  

Simultaneous nitrogen (nitrification and denitrification) and biological phosphorus removal have 

been achieved by anaerobic/anoxic process in SBR system (Kuba et al., 1993, 1997; Merzouki et al., 

2001). Vlekke et al. (1988) investigated the feasibility of using nitrate as sole electron acceptor for 

bio-phosphorus removal from wastewater. Two SBRs, one with supply of nitrate and the other 

with air (oxygen) to act as terminal electron acceptor, were used to develop two sets of acclimated 

biomass. The authors showed that it was possible to induce bio-phosphorus removal with nitrate 

alone, confirming the ability of denitrifying bacteria for this process. 

Kuba et al. (1997) evaluated the aerobic or anoxic phosphorus uptake tests for sludge 

characterization in SBR. They found that the use of nitrate rather than oxygen in biological 

phosphorus removal avoids nitrate inhibition in dephosphatation and utilizes nitrate actively as 

sole electron acceptor for dephosphatation and the anoxic phosphorus removal occurs 

simultaneously with denitrification in the same reactor (Kuba et al., 1993, 1997; Merzouki etal., 

2001). 
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3. MATERIALS AND METHODS 

3.1 Description of the Study Site 
 

The study was conducted using integrated innovative pilot-scale biological wastewater treatment 

for treating tannery waste water which is found in the vicinity of Modjo tannery in Modjo town.  

Modjo town is located 75 km south of the capital Addis Ababa, located at 8° 35` North and 39° 

10`East with an altitude of 1825 m above sea level (EMA, 1988).  The mean annual rainfall was 

within the range of 680 and 2000 mm and mean annual temperature was between 15 and 30°C 

(Tadesse et al., 2004)(Fig.1).    

 

Figure 3: Map of the study area. 

(Asaye Ketema, 2009) 

Modjo Tannery manufactures various types of leather from sheep and goat skin and cattle hide.  

During the study period, the unit processed an average of 3399 goat skin, 2564 sheep skin and 255 

cattle hide every day (Mulatu Kebede, personal communication).  According to a data provided by 

the factory, the tannery processes an average of 25 – 30 ton of skin to wet blue and crust leather 

and generates about 300 m3 effluent daily.  Previously, all wastewater streams were diverted into a 

soiled channel for screening and were then directly discharged into the nearby Modjo river that 
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ends up in Koka reservoir.   Currently, a chemical treatment plant is installed by the production 

company to treat its effluent through flocculation and coagulation.  

In addition, a pilot anaerobic- aerobic reactor integrated with constructed wetland system was 

established by the BIO-EARN project which treats about 20% of the effluent coming out from the 

factory.  For the sake of simplicity, the studies described in this dissertation are divided into three 

phases: phase I deal with pollution statues of modjo river and soil heavy metal contamination 

around modjo factory phase II dealing with the optimizing of cycle time, phase III dealing with 

optimizing organic loading rate in SBR reactor and phase IV dealing with studies of effect of SRT 

on removal efficiency conducted on pilot- scale reactor. 

3.2 Pilot plants SBR 

The pilot integrated biological wastewater treatment system installed at Modjo Tannery for 

treating tannery waster is schematically shown in Figure 2. The integrated treatment system has a 

capacity of treating 50m3 tannery 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 6m diameter; 4m height a sequence batch reactor (SBR) with a maximum working volume of 

50 m3; and a sedimentation tank with a volume of 50 m3. 

The reactor was continuously mixed during both the anoxic and aerobic phases. The oxygen was 

supplied during the aerobic phase by blowing air from the bottom through a pore stone.  
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Figure 4: Pilot scale treatment system setup. 

The SBR reactor was first inoculated and acclimatized to increase the mixed liquor suspended 

solids (MLSS) concentration, for which the reactor was initially feed with sludge collected from 

the municipality wastewater treatment plant mixed with raw tannery waste water and aerated for 

24h continuously, 10% of the supernatant was decanted and replaced with equal amount of tannery 

waste water and again aerated another 24h. At the end of second 24h, 20% of the supernatant was 

decanted and replaced with equal amount of tannery wastewater and again aerated for 24h. At the 

end of 24h, 30% of the supernatant was decanted and replaced with equal amount of raw tannery 

waste water. At the end of fourth times feeding the sludge was acclimatized to steady state MLSS 

concentration of 4300 mg/l . 
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The biomass was acclimated to the wastewater characteristic and SBR conditions for a period of 

40 days. After the acclimation period, the biomass exhibited stable nitrification (>70%) and good 

settling characteristics (<30 min), which is an important requirement for SBR process. 

3.3 Optimization of operational Parameters 

The economics of wastewater treatment plant based on SBR technology depends on the optimum 

operating parameters like cycle time, organic loading rates and sludge retention time and hence 

considering the strength of wastewater four cycle times, five OLR and five SRT involving five 

phases of anoxic fill, aerobic reaction, anoxic reaction, settling and decanting at the specified 

duration for each phase. The equalized wastewater from the tannery industry was used as feed 

wastewater to the reactors in this study. During anoxic fill and anoxic reaction the aeration was 

switched off and the liquor was stirred with electrical stirrer at a speed of 30 to 40 rpm. The MLSS 

concentration in the reactor during aerobic reaction phase was maintained at about 4200 mg/l. 

After filling, aeration was carried out for the specified time, followed by anoxic react period to 

facilitate denitrification to take place. Then the mixed liquor was allowed to settle for the specified 

time and the supernatant was decanted. 

3.3.1 Cycle Time Optimization 

The study was started with optimize cycle time for the tannery waste water i.e 6hr, 8hrs, 12hrs, 

24hrs and 48hrs was used as specified on Table 5. The after   optimization of cycle time 24 hrs was 

the selected since highest removal efficiency of COD, ammonia and nitrate was observed.  Then 

studying of OLR and SRT were continued. 
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Table 5: SBR Reaction Sequence for Nutrient Removal. 

Phase  Purpose  Length-

min-6 hr 

Length-

min-12 hr 

Length-

min-24 hr 

Length-

min-4 8hr 

Air  

supply  

Anae 

+filling 

P release  60 60 60 60 off 

Aerobic 1 P uptake, 

nitrification, 

COD removal 

135 315 675 1410 on 

Anoxic-1 Denitrification 90 225 495 1050 off 

Settling  Settling  45 90 180 360 off 

Decanting  Decanting  30 30 30 30 off 

 

 

3.3.2 Organic Loading Rate Optimization 

The effect of OLR was investigated by varying hydraulic retention time (HRT) while 

maintaining the concentration of the influent constant. Initially an OLR of 0.52 kg COD/m3 day 

was applied for 30 days with a HRT of 16 days. Then the OLR was increased to 1.04 kg 

COD/m3 by reducing the HRT from 16 to 8 days on 31th day. After 61th day OLR is increased 

from 1.04 kg COD/m3 to 2.1 kg COD/m3 by reducing HRT from 8 days to 4 days. After reaching 

the steady state, the organic loading rate was increased from 2.1 to 3.1 kg COD/m3 day by 

reducing the hydraulic retention time to 2.7 days. Finally the HRT was reduced to 2 days and an 

OLR of 4.2 kg COD/m3 was applied until the end of the experiment. The reactor performance 

was monitored regularly by measuring effluent COD, nutrients and biosludge properties from the 

reactor. The operational strategies used during the study were given in table 6 below.
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Table 6: The operational strategies used during OLR/SRT optimization.  

Cycle  HRT 

(day) 

OLR 

COD/m3.day 

SRT(day) Vo/ 

Vf 

Filling 

time 

(min) 

Aeration 

time(hrs) 

Anoxic 

time 

(hrs) 

Settling 

time (hrs) 

Withdrawer 

time (hrs) 

Idle 

(min) 

1 16 0.52 5/10/15/20/25/30 15 7.5 12 8 2 7.5 105 

2 8 1.04 7 15 12 8 2 15 90 

3 4 2.1 3 30 12 8 2 30 60 

4 2.7 3.1 1.67 45 12 8 2 45 30 

5 2 4.2 1 60 12 8 2 60 20 
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3.3.3 SRT Optimization 

During optimization of SRT, the SBRs were operated one cycle per day as specified in 

Table 6 above. The OLR used was 3.1kg COD /m3.day. The reactor was well mixed 

during the fill and anaerobic/anoxic phase. During the aerobic phase, air was supplied 

with an air diffuser located at the bottom of the reactor. The dissolved oxygen (DO) 

concentration was above 3 mg/lduring the aerobic phase. The SRT of each phase was 

controlled by wasting activated sludge at the end of the aerobic phase and SRTs were 

controlled at 5 d, 10 d, 15 d, 20d, 25d and 30 d, respectively. At the end  SBR reactor was 

operated for 140 days (70days for SBR+70days for IASBR) to compare the removal 

efficiency of Sequential batch reactor (SBR) and intermittent aerobic Sequential batch 

reactor (IASBR)  as specified on Table 7. 

Table 7:  SBR and IASBR reaction sequence for nutrient removal. 

Phase (total length-

24 hr) 

Purpose  SBR IASBR 

Anaerobic + filling P release  60 60 

Aerobic1 P uptake, nitrification, COD removal 675 337.5 

Anoxic1 Denitrification 495 247.5 

Aeobic 2 Excess COD removal, nitrification - 337.5 

Anoxic 2 Denitrification - 247.5 

Settling Settling 180 180 

Decanting Decanting 30 30 
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3.3.4 Experimental for optimization of SRT 

Different phases of SBRs were operated under similar experimental conditions but at 

different SRT. The acclimation of the biomass to tannery wastewater other than the one 

on which it is already acclimated necessitates 5 to 6 months of operation to obtain 

efficient and stable nutrient removal. The addition of already acclimated sludge from the 

municipality wastewater treatment plant accelerated the acclimation of microorganisms 

in the SBR. The nutrient removal in the SBR was efficient after a few weeks. After 56 

days of operation, a second inoculation was necessary following a failure of the air pump. 

After the SBR stabilization, experiments of SRT variation were started. 

Varying Solids Residence Times 

 

To determine the relationship between SRT and biological nutrient removal, the SRT of 

the was varied from 5 to 30 days i.e. 5-,10-, 20-, 25- and 30 days. For each variation, the 

reactor was operated until steady state conditions were achieved. Steady state conditions 

were assumed to be achieved when the most recent three measurements of chemical 

oxygen demand (COD) and nutrient (nitrogen and phosphorus) concentrations were 

within 10%. Wastewater samples were collected, on a regular basis, from various 

sampling points in the reactor. Change in physical and chemical parameters were 

recorded at a frequency of once per week.  

Anaerobic, anoxic, and oxic (permeate) effluents as well as influent wastewaters were 

analyzed. The different SRTs were maintained by wasting a quantity of ML (mixed 

liquor) on a daily basis at the end of the aerobic phase, and was determined by the 

relation XV/(QpX + XeQe), where X = mg VSS/L (volatile/suspended solids) in reactor; V 
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= working volume (L); Xe = mg VSS/L in treated effluent; Qe = treated effluent flow rate 

(L/d); Qp = mixed liquor wasting flow rate (L/d). In order to achieve a steady state, the 

reactors at each SRT were operated for a period of at least one and a half SRT. 

3.4 Waste Water 

The wastewater used for the study was from a Modjo Tannery factory whose effluents 

were previously treated by primary clarification. The treatment included homogenization, 

equalization and SBR. The samples were stored in dark at 4 ºC immediately after 

reception from the tannery factory. Table 8 shows the average value number 

characteristics taken from Mojo tannery industry (Ethiopia). 

Table 8: Characteristics of tannery wastewater (Concentrations are in mg/l, except pH 

and EC). 

Parameters  Influent Mean Value Range 

pH 8.67 ± 3.56 7.25 –10.3 

COD 7273.8 ± 536 4440–12200 

Ammonium-N  261.5 ± 68  48-385 

Nitrate-N  112.2 ± 24  46 – 685 

Total nitrogen  545 ± 12.7 320 –770 

TDS 7035.52 ± 42 6990– 8077 

TSS  2215.38 ± 61 1203 – 3216 

Sulfate  483.7 ± 71 170 – 754 

Sulfide  268.5 ± 76 33 – 360 

Phosphate 12.4  ±  1 10.5–14.3 

Total chromium  28.47 ±  5 19 – 37 

EC(ms/cm) 15.5 ± 2 8.5 – 17 
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3.5  Analytical Methods 

3.5.1 Wastewater and Soil Sampling and Analysis 

3.5.1.1 Wastewater sampling and analysis  

Composite samples were collected from SBR system which is constructed in the premises 

of Modjo tannery.  Triplicate samples from SBR are collected using sterilized plastic 

bottle. Triplicate samples from the influent, supernatant at the end of each reactor and 

final effluent of SBRS were collected for three years and detailed tannery wastewater 

characterization was performed using standard methods (APHA) for selected parameters 

that are considered to be harmful to the receiving environment.  

The pH of samples and reactors was measured using a Orion Model 230 A pH meter. The 

pH meter was calibrated before use with a two point calibration procedure using pH 7 

and pH4 or pH 10 colour key buffer solutions. Chemical oxygen demand (COD), total 

nitrogen (TN), ammonium-nitrogen (NH4
+-N), nitrate-nitrogen (NO3-), sulphides (S2-), 

sulphate (SO42-), total Nitrogen (TN), Nitrate-N (NO3
-) and Ammonia-N (NH4-N) were 

all measured using spectrophotometer (DR/2010 HACH, Loveland, USA) according to 

HACH instructions and APHA (1998). Total chromium, total suspended solids (TSS) 

Total dissolved solids (TDS) were also be measured according to the methods described 

in standard methods (APHA, 1998). pH were measured using a pH meter (Model HI 

9024 HANNA). TDS and Conductivity were measured using conductivity meter (CC-

401, ELMETRON). The Cr containing wastewater sample was digested using Mixed 

Nitric Acid Digestion (5 ml conc. HNO3) and analyzed using flame Atomic Absorption 

Spectrophotometer (model: analyticjena nova AA 400P, Germany). 
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Removal Efficiency (%) of parameters was calculated by:   

 

 Where, Ci = Initial conc.andCf = Final conc. 

Sludge volume index  

The sludge volume index(SVI) is used to measure the settling characteristics of the 

reactor mixed liquor and is the volume in millimeters occupied by 1g of sludge after 

30minutes settling. The SVI was measured according to section 2710D of standard 

methods (APHA, 1998). Mixed liquor (1000ml) was collected from the final aerated zone 

in a 1000ml measuring cylinder and inverted several times.  The contents were the left to 

settle for 30minutes and the volume occupied by the sludge was recorded. The SVI was 

then calculated as in Equation below: 

SVI     =   

settled sludge volume (
ml

L
)x 1000

TSS (mg/l)
 

3.5.1.2 Soil Sampling and Analysis  
 

A composite soil samples was collected from agricultural area in the vicinity of tannery 

from the depth of 0-15cm. in a similar way another soil sample was collected from 

remote areas of the tannery which served as control (background). After the soil samples 

were transferred to polyethylene plastic bags the samples were stored in icebox until they 

were transported to the Fitche Soil Laboratory Research Center. 

 Digestion of samples  

Digestion of wastewater and water samples: 100ml of each sample was transferred into 

separate beakers and 2ml of conc HNO3 and 5 ml of conc HCl were added to each beaker 
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and covered with a ribbed watch glass. The beaker was heated on a hot plate at 90 to 

95Co until the volume has been reduced to 15-20 ml. after cooling the beaker wall and 

watch glass were washed with distilled water and the samples  was filtered to remove  

any insoluble materials that could clog the atomizer. Finally the volume was adjusted to 

100ml with reagent water and measurement was done using AAS for metal analysis. 

Digestion of soil sample: The soil samples was air-dried, homogenized and ground into 

fine powder using pestle and mortar and passed through 1mm sieve. Finally, 1.0g of soil 

sample was transferred to 250 ml Griffin beaker and 10 ml of 1:1HNO3 was added and 

heated to 95 oC and refluxed for 15minutes. After cooling, 5ml conc HNO3 was added 

and then heated to 95oC, and reflux for 30minutes until no brown fumes was given off by 

the sample. The mixture was refluxed again to approximately 5 ml at 95 oC without 

boiling for two hrs. After cooling, 2 ml of water and 3 ml of 30%H2O2 were added heated 

until effervescence subsides. Further, 1ml of 30%H2O2 was added until the general 

sample appearance was unchanged and digested until the volume has been reduced to 

approximately 5 ml without boiling for 2 hr. Finally, 10ml conc HCl was added and 

refluxed at 95 oC for 15 minutes and then the samples was filtered and diluted to 100ml 

volumetric flask. Measurement for the trace metal was done using AAS. 

Chemical oxygen demand (COD), total nitrogen (TN), ammonium-nitrogen (NH4
+-N), 

nitrate-nitrogen (NO3-), sulphides (S2-), sulphate (SO42-), total Nitrogen (TN), Nitrate-N 

(NO3
-) and Ammonia-N (NH4-N) were all measured using spectrophotometer (DR/2010 

HACH, Loveland, USA) according to HACH instructions and APHA (1998). Total 

chromium, total suspended solids (TSS) Total dissolved solids (TDS) were also be 

measured according to the methods described in standard methods (APHA, 1998). pH 
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were measured using a pH meter (Model HI 9024 HANNA). TDS and Conductivity were 

measured using conductivity meter (CC-401, ELMETRON). The Cr containing 

wastewater sample was digested using Mixed Nitric Acid Digestion (5 ml conc. HNO3) 

and analyzed using flame Atomic Absorption Spectrophotometer (model: analyticjena 

nova AA 400P, Germany). 

3.5.1.3 Tannery sludge composition analysis 
 

The tannery sludge samples were collected from integrated biological wastewater system 

of Modjo tannery industry.  Aliquots of these representative samples the following 

physico-chemical analyses were made: the pH was determined on a suspension of sample 

in water (10 g/15 ml), the total organic carbon (TOC) was measured according to the 

ANNE method (Aubert, 1978), the total nitrogen (Kjeldahl method), inorganic nitrogen 

(Bremner, 1965), the humic carbon extracted by 0.1 M NaOH solution was measured 

after oxidation by KMnO4 (Bernal et.al., 1996). The rate of decomposition was 

calculated after ignition of the dry sample at 5500C (16 h). For the available P the Olsen 

method was used (Hafidi et.al., 1994). Available Ca, Na, K, Mg were determined using 

ammonium acetate. Total P, Ca, Na, K, Mg, Fe and Mn were determined after ashing. P 

was measured colorimetrically and other elements were analysed in the extracts using 

spectrophotometer (De souza, 1998). 

 

According to French association of normalizations (AFNOR,1993), to obtain the total Cr, 

Zn, Cu, Pb, and Cd content; 1 g of each sample was mineralized for 4 h at 550oC, and 

then dissolved in 5 ml of hydrofluoric acid. The solution obtained was evaporated to 

dryness, the residue was then dissolved with concentrated HNO3/HCl (1:1) solution and 

the acid solution was diluted to analysis. Heavy metal fractionation was carried out 
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according to Sposito’s procedure, which is widely applied in various studies of sludge-

amended soil (Pichtel and Anderson, 1997; Petruzzelli, 1994).  All filtered supernatants 

were directly analyzed by atomic absorption spectrophotometer (USEPA. Method 3051, 

1998). 

3.5.2 Microbial Diversity Analysis 

3.5.2.1 Metagenomics DNA Isolation, Qualitative and Quantitative analysis 

 

Metagenomics DNA was isolated from the sludge samples by commercially available kit 

(Nucleospin soil). The final DNA concentration and purification were determined by 

NanoDrop 2000 UV-vis spectrophotometer, whereas DNA quality was checked by 1.2 % 

agarose gel electrophoresis. 

 Preparation of 2x300MiSeq library 

The amplicon libraries were prepared using Nextera XT Index (Illumina inc.) as per the 

16S Metagenomics Sequencing Library preparation protocol (Part#15044223 Rev.B). 

Primers for the amplification of the bacteria 16S V3-V4 region were designed and 

synthesized at Eurofins Genomics Lab. Amplification of the 16sgene was carried out.3ul 

of PCR product was resolved on 1.2% Agarose gel at 120V for approximately 60minor 

till the samples reached 3/4th of the gel. 

 

 

The QC passed amplicon with the illumine adapter was amplified using i5 and i7 primers 

that add multiplexing index sequences as well as common adapters required for cluster 

generation (P5 and P7) as per the standard illumine protocol. The amplicon libraries were 

purified by AMPureXP beads and quantified using Qubit Fluorometer. 

3.5.2.2 Quantity and Quality Check (QC) of Library on Agilent 4200 Tape Station 

16S rRNA F GCCTACGGGNGGCWGCAG 

16S rRNA R ACTACHVGGGTATCTAATCC 



63 
 

The amplified libraries were analyzed on 4200 tape station system (Agilent 

Technologies) using D1000 Screen tape as per manufacturer instructions. 

3.5.2.3 Cluster Generation and Sequencing  

After obtaining the mean peak size from Tape Station profile, libraries were loaded onto 

MiSeq at appropriate concentration (10-20pM) for cluster generation and sequencing. 

Paired-end sequencing allows the template fragments to be sequenced in both the forward 

and reverse directions on MiSeq. The kit reagents were used in binding of samples to 

complementary adapter oligoes on paired-end flow cell. The adapter was designed to 

allow selective cleavage of the forwarded strands after re-sythesis of the reverse strand 

during sequencing. The copies reverse strands was then used to sequence from the 

opposite end of the fragment. 

3.6 Kinetic Modeling for Biological Nutrient Removal in SBR 

In the present study, the performance evaluation of the SBR system was determined from 

the view point of reaction kinetics determination for treating tannery wastewater. The  

value for the reciprocal of specific substrate utilization rate (1/𝑈) were plotted against the 

reciprocal of effluent COD (1/𝑆) and substrate removal kinetics was evaluated from the 

Lawrence and McCarty’s modified Monod equation (Lawrence and McCarty, 1970) 

given below. 

1

𝑈
= (

𝐾𝑠

𝑘
) (

1

𝑆
) +  1/𝑘 

𝑆= Substrate (COD and NH4+-N) concentration at any time in reactor (mg/l), 𝑈= 

Specific substrate utilization rate= (𝑆0− 𝑆)/𝜃𝑋(mg of COD or mg of NH4+-N/day/mg of 

MLVSS), 𝜃= Contact time (day), 𝑋= MLVSS at any time in the reactor (mg/l), 𝑆0 = 

Substrate (CODandNH4+-N) concentration of the influent (mg/l).The plots made 

between 1/𝑈and 1/𝑆develops into a straight line with 𝐾𝑠/𝑘as its slope and 1/𝑘 as its 

intercept. 

 

Sludge Growth Kinetics.  
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The sludge growth kinetic constants namely the yield coefficient (𝑌) and the endogenous 

decay coefficient (𝐾𝑑), were determined from the Lawrence and McCarty’s modified 

Monod equation (Lawrence and McCarty’s, 1970) given below: 

 

                                             1/𝜃= 𝑌𝑈−𝐾𝑑 
4.  

Where 𝑈 = Specific substrate utilization rate (mg of COD or mg of NH4+-N/day/mg of 

MLVSS), 𝜃 = Contact time (day), 𝑘𝑑= Endogenous decay coefficient (day−1), and 𝑌 = 

Yield coefficient (mg of MLVSS produced/mg of COD or NH4+-N). A graph drawn 

between 1/𝜃 and 𝑈 gives a straight line, with (yield coefficient) as its slope and 

(endogenous decay coefficient)as its intercept.  

3.7  Data 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 SBR for different operational parametrs 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 SBRs were calculated. 

Microbial software was also used for microbial analysis. Data analysis was conducted 

using the  

Sequences were trimmed using CLC main workbench version 6.6.2 (CLC Bio, Aarhus, 

Denmark). Sequence alignment, chimeras checking, distance calculation, clustering and 

selection of non- redundant sequences were performed using MOTHUR version 1.25.0 

(Schloss et al., 2009). Sequences identification was performed using The Ribosomal 

Database Project (RDP) Classifier, a naive Bayesian classification method (Wang et al. 

2007). OTU assignment and search for shared OTUs, Rarefaction analysis, chaoI, 

Unifrac and the Shannon-Wiener (H) and Simpson’s (D) diversity indices were 

calculated using MOTHUR. Data of the bacterial composition of each site was presented 

using GraphPad Prism version 5.03 for Windows, (GraphPad Software, San Diego, 

California, USA), (www.graphpad.com).  For estimating community differences in the 

five sampling sites, Sequence data were analyzed by non- metric multi-dimensional 

file:///C:/Users/fstomeo/AppData/Local/Microsoft/Windows/Temporary%20Internet%20Files/Content.Outlook/9RZP9MXC/www.graphpad.com
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scaling (n-MDS) based on Bray- Curtis similarity using PAST (V 2.08).   Representative 

sequences were deposited in Genbank under the accession numbers KC110157 to 

KC110593. 
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4 Results and Discussion 

4.1 Tannery Wastewater characteristics, pollution status of Modjo River and 

heavy metal contamination of soil around the factory 

4.1.1 Tannery Wastewater characteristics 

 

Modjo tannery has a capacity of 2.5 million pieces of sheep and goat skins and 147,000 

thousands hides per annum, producing semi-processed hides and skins and finished 

leather for domestic and export market with a discharge of wastewater of 400 m3/day. 

The tanning process generates three waste streams discharged in separate lines: general 

wastewater, chromium containing wastewater and sulfide containing wastewater. The 

tannery industry waste water process also consists of pollution of varying parameters like 

pH, COD,BOD sulphide, nutrients, etc and these variation in values are depend upon  the 

size of tannery, chemical used for specific process, quantity  of water used for the process 

and types of final product made by tannery. 

 

Results of the analysis of the physicochemical parameters of untreated tannery industrial 

effluent collected over a 6 months period is depicted in Table 9, demonstrating its 

variability and levels of COD, TN, TDS, TSS, S2- , SO4
2-, NO3

--N and NH4
+-N.   

Table 9: Representative analysis of the in-plant pre-treated tannery wastewater 

(Concentrations are in mg/l, except pH) 

Parameters  Influent Mean Value Range  

Colour    Dark brown Absent 
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Odour 

Temperature (oC)   

pH 

BOD                

Fowl smell  

 18.90 ± 0.06  

8.67±0.56 

3188±148 

absent 

40 

8.11-9.23 

2906.00-  4241 

COD 9275±548.70 8726.30-9823.70 

Ammonia-N 261.50±68.51  192.99-330 

Total nitrogen  640 ± 46.10 473.90-686.10 

Sulfate  483.70±71  412.7-554.70 

Sulfide  268.50±6.18                      262.32-274.68 

Phosphate 12.40 ± 1.90  10.5 -14.30 

Total chromium  18.67± 4.31           14.36-22.98 

EC(ms/cm) 

TDS 

SS 

 

15.50±1.99   

6992.50  ±  124 

6840 ±2940 

 

13.51-17.49 

6868.5-7116.5 

3900-9780 

 

 

 

The potential environmental impacts of Modjo tannery wastewater effluent are high. 

Great variability was observed with respect to the influent, depending on the type of 

hides and skins and at the time of the sampling (Lefebvre et al., 2005). 

 

The result of the study revealed that colour of composite untreated wastewater effluent 

was blackish with offensive odour. Similar results were reported by Noorjaham (2014) 

for the untreated tannery effluent. The odour may be due to putrification of the organic 

residues from the processed skin and hides (Smrithi and Usha, 2012). The colour of the 
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effluent might be due to the presence of biodegradable and non- biodegradable high 

molecular weight organic compound and high amount of inorganic chemicals like sodium 

and chromium used during the processing (Smrithi and Usha, 2012). 

 

Total Dissolved Solids (TDS) is the measure of total inorganic salts and other dissolved 

substances in water. In this study, TDS ranged from 6868.5 mg/l to 7116.5 mg/l which 

surpassed the Federal Environmental Protection Authority of Ethiopia (EEPA, 2003) 

permissible limits. Higher values of TDS are due to the presence of dissolved organic and 

inorganic impurities. Patel et al. (2009) notified that if the TDS level of water exceeded 

500 mg/l, it becomes unsuitable for bathing and drinking purposes for animals as it could 

cause distress in cattle and livestock.  

The results of present study revealed that TSS level ranged from 3900 mg/l to 9780 mg/l 

which was found to be beyond the permissible limits (50mg/l) of Federal Environmental 

Protection Authority of Ethiopia (EEPA, 2003). The solid in wastewater cause turbidity in 

the receiving water bodies and have detrimental effects on aquatic flora and fauna and 

reduce the diversity of life in aquatic system and promote depletion of oxygen and slitting 

in ponds during rainy season. The composition of solids present in tannery effluent mainly 

depends upon the nature and quality of hides and skills processes in the tannery (Goel PK, 2000; 

Karthikeyan K, Chandran C, Kulothungan S, 2010). Similar were given by Noorjaham 

(2014) were the values were 5174-6908mg/l.  
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Electrical conductivity is a measure of its ability to conduct electricity and also an 

indirect measurement of salt contents in wastewater. In the present study, EC of untreated 

effluent has ranged from 13.51ms/cm to 17.49 ms/cm. Elevated level of Electrical 

conductivity is due to the presence of organic and inorganic substances and salts that 

would have increased the conductivity and the higher the conductivity alters the chelating 

properties of water bodies and create imbalance of free metal availability for flora and 

fauna (Marwahaet al., 1998; Krishna Priya E, 2010). Murali et al., (2013) reported 

similar results of higher conductivity in untreated and treated tannery effluent indicating 

higher discharge of chemicals as cations and anions in waste water.  

 

The pH of tannery industry waste water ranged from 8.11-9.23 during the period of the 

study are within EEPA  discharge limit values (6-9) and indicating the pH of tannery 

effluent was found to be alkaline due to the various chemicals used in the tanning 

process.  Discharge of untreated effluent with such pH into ponds, rivers, or on lands for 

any purpose maybe detrimental to soil fauna and aquatic biota as the toxicity of certain 

substances present in water may be enhanced due to their interaction with high or low 

levels of pH (Goel PK, 1997; Jerin S, 2011).  

 

BOD is measure of the content of organic substances in the wastewater which are 

biologically degradable with consumption of oxygen. The result of this study revealed 

that BOD has a minimum range of 3040 mg/l ± 148.50 and maximum range of 3336 mg/l 

± 189.60 which was beyond the permissible limit (200mg/l) of EEPA (EEPA, 2003).  

High quantity of BOD is the indicator of microbial oxygen demand depletion because of 

the oxygen that is available in the water is being consumed by the bacteria and leads to 
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less DO in the water which may cause hypoxia conditions with consequent adverse 

effects on aquatic biota (Sukumaran M, et al., 2008).  

 

The result of this study revealed that COD ranged from 8726.3 mg/l ± 18.7 to 9823.7 

mg/l ± 29.08 which are away from permissible limit (500 mg/l) of Ethiopia (EEPA, 

2003). The present study revealed high levels of COD indicating that the effluent is 

unsuitable for the survival of aquatic organisms due to the reduction in DO content  

Seyoum Leta, 2004). This indicated that the discharged effluents were heavily polluted 

and potentially highly dangerous for aquatic life.  

A ratio of BOD5 and COD in wastewater is normally used to express the biodegradability 

of the wastewater. Generally, wastewater is considered biodegradable when the 

BOD5/COD ratio is above 0.25. If the ratio is less than 0.25, the wastewater is difficult to 

be biodegraded (An et al., 1996; Chun and Yizhong, 1999). Present study has 

BOD5/COD ratio was 0.34, which was very low in contrast to domestic wastewater (i.e., 

0.5). But, the biodegradability of the influent was found to be enough, according to the 

criteria of Ahnet al. (1999).  Finally, the COD/N/P ratio averaged 1546/107/2 and 

showed that the waste liquor contained high amounts of nitrogen but lesser amounts of 

phosphorus. Even though the quantity of phosphorus is less in tannery wastewater no 

deficiency could be known and this ratio is more or less similar with that of domestic 

wastewater (Lefebvre et al., 2005). 

Tannery wastewater contains organic and nitrogen compounds, sulfide, chromium, which 

impart high antibacterial activity (Seyoum Leta et al., 2004).  

Because of its high toxicity, several problems have been encountered during the 

biological treatment of tannery wastewater. The inhibition of biodegradation due to the 
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existence of chromium and sulfides establishes the antibacterial activity. The presence of 

these constituents makes the possible discharge of tannery wastewaters into water bodies 

problematic, as they cause eutrophication and other adverse environmental effects 

(Seyoum Leta et al., 2004).  

Heavy metals like, trivalent chromium is a major pollutant of concern.   The presence of 

these pollutants in the tannery effluent produces several adverse effects on living 

organisms as reported by Chukwu (2006). Thus, the physicochemical considerations 

analysis of untreated industrial effluent for the study period settles that the parameters 

exceeded the permissible limits of NEQS (EEPA, 2003) for its disposal, showing sever 

pollution potential of the effluent. 

 

Table 10 shows that the concentration of Zn, Pb, Fe, Cr and Cu in untreated effluent. The 

increase in values might be as a result of accumulation of these metals along the sampling 

points.  

Result of analysis of variance (ANOVA) indicated that variations among points were 

statistically significant in all metals except Cu and Fe (p<0.05)  

Table 10: Average conc (Mean±SD, n=3, mg/l) of heavy metals in modjo tannery waste water 

                Code          Cu                Co                    Zn              Pb                   Fe                     Cr______ 

                PS (gate)   0.11±0.01     0.13±0.07      0.99±0.24     0.25±0.02     2.7±0.13           13.20±3.22 

               10m             0.13±0.02     0.19±0.02      1.30±0.07     0.28±0.01     3.22±0.56        17.46±2.56 

               40m            0.17±0.01      0.21±0.06     1.81±0.01     0.31±0.01        3.12±0.41       28.26±5.42 
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The mean concentration of Fe, Zn and Cr at all three sampling points along the 

wastewater channel were higher than the standards limits for industrial effluent 

emanating from the use of chromium salt.  

Chromium is the important metals in tannery wastewater. The range of chromium for this 

study is 13.20±3.22mg/l (PS) to28.26±5.42 mg/l (40m distance sample). 

According to Zhu et al. (2001) many of the heavy metals in the effluent are removed 

from the liquid phase within a short period of time, mainly through precipitation and 

adsorptions. 

Continues discharge of these heavy metals in low concentration has been reported to be 

toxic to aquatic life and has been shown to disrupt the aquatic food chain (Bazja and 

Vrcek, 2001). 

At the end of the day, this wastewater is discharged into adjacent natural water bodies 

like Modjo river (which receive wastewater from almost 50% of leather industries in the 

country) and cultivated lands. The above parameters with high values make Modjo River 

unfitting for any purpose including irrigation (Seyoum Leta, 2004).  A number of farmers 

in rural areas downstream the industry uses polluted Mojo River for different purpose.  

This quality, as well as quantity deviation from NEQS set by the EPA implies discharge 

of huge quantities of toxic wastewater into the water environment, which can have sever 

environment and public health effects. 
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4.1.2 Pollution Profile of Modjo River 

4.1.2.1 Mean Physico-chemical properties concentration in river water  

 

The analytical results corresponding to all samples collected from upper and downstream 

part of Modjo river are presented in Figure 5, the upper stream pollution profile of Modjo 

river course varies from 8.06-8.27 pH, 296.25-382.14 us/cm EC, 36.57-46.88NTU 

Turbidity, 87-229 TDS, 36.6-45 mgO2/L COD, 24.62-27.31 mgO2/LBOD, 8.3-8.4mg/l 

DO, 4-7mg/l S2-, 2.63-3.31mg/l mg/L NO3
—N, 0.2-0.3 mg/L NH4-N, 5.42-7.67 mg/L TN 

and 0.12-0.18 mg/L TP (Table11). 

 

Downstream pollution profile of Modjo river course varies from 6.96-6.66 pH, 61.47-

81.65us/cm EC, 529.11-637.11NTU Turbidity, 3796-3840 TDS,  390-672 mgO2/L COD, 

40.4-44.34 mgO2/LBOD, 3.26-4.15mg/l DO, 17-21.8 mg/l S2-, 14.11-14.29mg/l mg/L 

NO3
—N, 3.13-4.09 mg/L NH4-N, 63.1-78.9 mg/L TN and 1.6-1.8 mg/L TP (Table11). 

The downstream Modjo river pollution profile study by Seyoun (2003) also reported 

higher values of COD (15 to 475 mgO2/L, total N (35 to 100 mg/L), ammonia-N (5 to 50 

mg/L) and sulfide (2 to 30 mg/L). 

Table 11: Mean physic-chemical properties of Modjo rives 

 

R3 R2 R1         WHO 

pH 8.165 6.66 6.96 6.5-9.2 

EC (us/cm) 339.195 529.11 637.11 2500 

Turbidity 

(NTU) 41.725 61.47 81.65 

 TDS(mg/l) 208 3818 1198 1500 

DO(mg/l) 8.35 3.26 4.15 5.5-9.5 

BOD(mg/l) 25.965 40.4 44.34 

 COD(mg/l) 40.8 390 672 

 NO3-N (mg/l) 2.97 14.11 14.29 45 

NH4-N (mg/l) 0.25 3.13 4.09 1.37-2.20 
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TN(mg/l) 6.545 63.1 78.9 

 PO43-(mg/l) 0.15 1.6 1.8 6.1 

S2-(mg/l) 5.5 17 21.8 0 

 

 

From the variation of measured parameters it is possible to note that downstream river 

course is more polluted than upper stream river course. The present study also confirmed 

that Modjo River downstream pollution profile was above the WHO standards for river 

water quality for all measured parameters. Increased in downstream pollution profile in 

terms of organic matter and nutrient concentrations were due to the discharge of high 

strength wastewater from the surrounding clustered tannery industry and slaughterhouse. 

As a result of high concentration of organic and nutrients eutrophication in the river, 

especially in the reservoir Lake Koka is likely to occur; this could adversely affect the 

use of the rivers as well as the lake water for recreational and other purposes.  
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(B) 

Figure 5: River pollution profiles for the three sampling sites along the Modjo River, (A): 

physical parameters (B): Nutrients  

 

All the physicochemical water quality parameters measured in the present study the point 

of discharge of the liquid waste of Modjo Tannery into Modjo River, making it warmest, 

turbid, polluted, saline and alkaline of the current study sites. This should be expected in 

light of the fact that this is the site that receives the unaltered raw liquid waste of the 

tannery, which seemingly enclosed high levels of organic load and inorganic substances 

including metals. All the afore-said physico-chemical parameters showed broadly similar 

spatial variations with their high levels at R1 and decreasing consistently to those of the 

downstream sites (R2). R1 was the only site where a high level of the potentially toxic 

heavy metal-Chromium (Cr) was also observed. A similar study showed that the mean 

concentrations of pollutants along Blue Nile river exhibited a consistent decrease 

downstream from the point where the effluent joins the river to the last downstream site. 
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This is recognized to the dilution capacity of the river, uptake of pollutants by the 

vegetation along the river gradient and some reactions that can change the character of 

the pollutants as the water flows downstream from the point of pollution source (Assefa 

wosine and Ayalew Wondie, 2014). 

The above result gives a picture of trends of pollution of water bodies by tanning 

industries and the urgent need for measures to bring tanning industries to acceptable 

environmental performance in the country. It can also be used as a basis while defining 

limits for discharge of tanning operations in the country. These facts must regularly be 

brought to public awareness in developing countries like Ethiopia where industries in 

general tanneries in particular, discharge their wastes directly into the environment 

without considering the ecological consequences. 

4.1.2.2 Mean heavy metal concentration in Modjo River at the sampling sites 

Characterization of heavy metal in river water samples was done using Atomic 

Absorptoin Spectrophotometers system. Table 11 below shows that the concentrations of 

Cadium (Cd), Copper (Cu), Manganese (Mn), Zinc (Zn), Iron (Fe) and Chromiun (Cr) at 

down and upstream. Table 11 shows the mean heavy metals concentrations of water 

samples collected from the upper, mid and down streams Modjo river course. The heavy 

metal levels were compared with those of WHO (2004, 1993) and EU (1998) drinking 

water standards.  

 

According to the result the average concentration of Cd, Mn, Fe and Cr are above the 

permissible level of drinking water quality standards by WHO (2004) and EU (1998) as 

shown in Table 11. The result shows that the high concentrations of the measured metals 
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in the downstream site of the river are due to the direct discharge of tannery wastewater 

to the river water. 

 Whereas the mean concentration of Cu, Pb and Zn in the downstream sites of the river 

were within the guideline values of water quality set by WHO. Even though the current 

concentration of Cu, Pb and Zinc metals were within the standards values of WHO but 

till there is an increase in concentration of these metals and thus might also increase the 

accumulation of these metals on the sediments and organic matters present in the river. 

The mean concentration of all metals shows decrease in concentration from midstream to 

downstream. This indicated that the distribution metals becomes less as the distance 

increases downstream and thus decrease in concentrations might be due to dilution and 

adsorption of the metal by sediments and organic matters present in the river water. 

Akane et al. (2004) also stated that metal adsorbs strongly to sediments and organic 

matters.  

Table 12: Average concentration of selected heavy metal in river and recommended 

drinking water standards 

Metal  Upstream 

(R3) 

Midstream(R1) Downstream  

(R2) 

WHO2004 

WHO1993 

EU1998 

mg/l 

Cd 0.011±0.001 0.023±0.002             0.021±0.002              0.005 0.005 

Cu                     0.030±0.003 0.12±0.002               0.038±0.003               1 0.5 

Mn  0.04±0.001 0.24±0.002 0.064±0.003               0.1 - 

Pb BDL BDL BDL 0.01 0.5 

Zn 0.20±0.003 1.22±0.002             0.49±0.01                      5 50 

Cr 0.2±0.09 22.14±3.8          9.99±1.89                            0.05 0.5 

Fe  0.2±1.9 23.7±4.3 10.5±2.5 0.3 3 
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One way ANOVA also showed that variations among the different sampling points were 

statistically significant (p<0.05) for all metals except Cu, PB and Zn. But the 

concentration of Pb was below the method detection limit at all the sampling points. 

4.1.3 Pollution Levels of Trace Metals in Surrounding Soil 

 

Composite soil samples were collected from the study area to evaluate the present 

distributions of pollutants coming from the area of tannery industries. As shown in Table 

11, Ss agricultural soil sample has higher values for Cd, Cu, Ni, Pb, Zn and Cr i.e 3.14, 

28.89,31.8, 9.56, 241.6 and 417.24mg/kg respectively because of that they are directly 

affected from tannery effluent. These values of analyzed metals in the agricultural soil in 

the vicinity of the tannery were also above the value obtained from the control soil 

sample Sb which is collected from the remote areas of the tannery (Table 13). 

 

 T-test also showed that mean concentrations of Cd, Ni, Zn and Cr n both Ss and Sb were 

statistically significant (p<0.05). This result indicated that there is a pollution and 

accumulation of these trace metals in the agricultural soil as a result of the river water 

used for irrigation purpose. The concentrations of all metals in Ss were higher as 

compared to the values obtained from the Sb which is used as control t-test also showed 

that mean concentrations of these metals were statistically significant (p<0.05). Thus 

might be due to the gradual accumulation of these trace metals as a result of the river 

water used for irrigation. 

 

Table 13: Average concentrations (mean=SD, n=3, mg/kg) of selected metals in soil 

samples compared with the average of worldwide soil 
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Metal        Sampling sites_______________________ 

 Ss                                  Sb (Control)____ 

 Mean±SD Mean±SD_____   _WSA________CF_____ 

Cd 3.14± 0.06 0.49±0.01 0.5 6.28 

Cu 28.89±0.39 15.51±0.27 25 1.16 

Ni 31.8±1.1 15.03±0.71                 15 2.12 

Pb 9.56±0.43 7.09±0.19 25 1.35 

Zn 241.6±1.1 173.88±1.37 174 1.39 

Cr 417.24±2.01 5.54±1.03_____ 54 7.72 

WSA world soil average (after Kabata-Pendias and Mukherjee 2007) 

One of the factors for pollution risk assessments in soil is soil contamination factor. Soil 

contamination factor (CF) was calculated for each metal to assess the pollution risk. 

CF<1 refers to low contamination: 1≤CF < 3 indicates moderate contamination; 3≤CF ≤ 

6 indicates considerable contamination; CF>6 indicate very high contamination. The Cf 

values of Cd and Cr were 6.28 and 7.72 and this shows that the agricultural soil is very 

high contaminated with Cd and Cr but moderately contaminated with Cu, Ni, Pb and Zn 

with their CF values of 1.16, 2.12, 1.35 and 1.39 respectively. 

 

These results play an important role in order to determine soil quality and it can help the 

local authorities to take an action in term of remediation purposes. High values of CF for 

chromium and cadmium reported from soil samples are mainly responsible for the wide 

band of high contamination category in the study area. Thus, increased contents of 

cadium and chromium in agricultural soils have become a real problem. 
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4.2 Performance of SBR during start-up and SBR Cycle times optimization 

4.2.1 Performance of SBR during start-up 

This study was conducted to evaluate the treatability of TWW by biological processes 

and to analyze the performances of the SBR treatment system. Biological treatment 

process in this study was targeted to remove organic matter and nutrients most notably 

nitrogen (TN and NH3) and sulfide from TWW. The impact of TWW on the alkaliphilic 

nitrifying and denitrifying consortia was evaluated by comparative microbiological and 

biochemical analysis of denitrifying isolates of treatment system. 

4.2.1.1 Characteristics of activated sludge for acclimatization 

The characteristics of activated sludge used as inoculants during acclimatization stages 

are listed in Table 14. The sludge was feebler than the tannery wastewater for all 

parameters except alkalinity. 

Table 14: Characterization of Activated Sludge (Inoculants) from Addis Ababa City 

municipality Wastewater Treatment Plant 

Pollutant Range (mg/L)                          Mean (mg/L)                                 SD 

COD 654-2560 954 ±787 

BOD5  253-1700 976.5 ±965 

NH4-N    2.98-3.63 2.36 ±0.14 
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NO3-N  3.02-3.11 2.06 ±0.04 

TSS 300-1200 750 ±294 

TP                                           12-28 20 ±8 

Total Alkalinity as 

CaCO3     

1514-2000 1757 ±243 

pH 7.40-7.60 7.5 ±_0.08 

 

4.2.1.2 Sludge acclimatization  

The sludge acclimatization phases were carried out for the first five weeks. The seed 

(sewage obtained from municipality oxidation pond) and anaerobically pretreated tannery 

wastewater was introduced gradually into the acclimatized sludge to let microorganisms 

in activated sludge to acclimatize to the stouter and different wastewater. The 

microorganisms in the activated sludge were first maintained by aeration for the first 10 

days. The increasing tannery wastewater were added repeatedly to the activated sludge in 

SBR starting from 6th days at 5days rises of 5m3 to 25m3 agreeing to the volume 

exchange ratio of 10,20,30,40 and 50%. 

Table 15: Influent and effluent COD, TN and NH4-N time profile during 

acclimatization period. 

Days Elapsed          COD (mg/l)          Total Nitrogen (mg/l)          NH4-N (mg/l) 

                         Influent       Effluent     Influent    Effluent        Influent       Effluent____ 

5                    8567           5225.87    640      574.7       261.5 251.4 

10                    8726           5322.86           594       524.12         309 269.12 

15                   8833           5933.2              604        404.27         281 159.24 
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25                  8035             5620.8            619         208.98        306 59.24 

30                  8992            5480.74          639         119.77        281 47.77 

 

The COD of the settled supernatant continue between 1, 500 and 2, 000 mg/L for the first 

ten days mostly because only the acclimatization sludge was added to the SBRs. 

However, as the tannery wastewater was added starting from the eleventh day, the COD 

increased step by step to 5225.87 mg/l. The gentle increase saw in effluent COD on the 

day fifteen was as a result of the start of addition of 10m3 of tannery wastewater. 

At the end of the acclimatization stage the  effluent COD concentrations averaged 

5480.74 ± 141 mg/L (Figure 4.1)  corresponding to average COD removal of 39 ± 1%. 

Statistical analysis using ANOVA revealed that there was no significant difference 

between the five sequencing batch reactors (p < 0.05). This important result suggests that 

at the acclimatization stage the VER was not a major factor in COD removal. 
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Figure 5: Effluent   COD and TN of the SBR for acclimatization stage  

4.2.2 Optimization of SBR operating cycle times for treatment of high strength tannery 

wastewater  

Optimization of SBR cycle time’s length was evaluated after acclimatization period. The 

length of the operating cycle of an SBR is a key parameter which not only affects the 

overall performance of biological system but also the potential to accommodate a large 

volume of wastewater for treatment (Mees et al., 2014). 
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Optimization of SBR cycle time’s length was evaluated after acclimatization period and 

under the sludge growth conditions, the desired MLSS of 6000mg/l was achieved. In this 

experiments several cycle lengths, 6, 12, 24 and 48 h, were tested. In all of them, a 

constant quantity of effluent was feed per day (1/3 of reactor volume). As the number of 

cycles per day was increased and the quantity of substrate fed per day remained constant, 

the total amount of substrate fed was increased and the HRT was decreased. The results 

obtained in these optimization experiments are shown in Table 16.  

Table 16: Performance comparison as a function of the operating cycle  

_______Length of SBR cycle (hr)__ 

Parameters              6                  12               24                            48          standards 

COD                   1246.2            830.3        243.3                    747.25     500 

BOD5                  590.13         370.63         201.5                    401.2       200 

TSS                     1336.6         703.5           492.45                  351.75       50 

TKN                    337.3            262.72        40.36                     40.36          60  

NO3-N                 128               23.3           10.6                      10.6  10 

NH4-N                 184.8            110.5            35.5                     11_______30___ 

Note: All parameters except pH are expressed in mg L–1 

In this study, the concentration of COD,BOD5, TKN, NH4 +-N and NO3- influent were: 

8308 ± 177, 3598.33±148,379 ±5.1, 258±9.6 and 169 ± 1.5 mg/L, which was equal to 

COD loading rate of 3.1 kg/m3/day. The comparison of mean values of the 

concentrations of the effluents from experiments of different cycle times with effluent 

standards is presented in Table 16 and Figures 10 and 11. 
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Figure 6: Performances of SBR of different cycle times for carbon removal 

(Note: I-6h, II-12h, III-24h and IV-48h) 

COD removal under different Operation cyclic modes 

In order to optimize the cycle length, the SBR was operated with different aeration time 

to evaluate the effects on COD removal efficiencies from the influents.  COD describes 

the oxygen requirement to completely oxidize the organic compounds within a 

wastewater. The COD concentration of influent was within the range of 4440-12200mg/l 

for the tannery wastewater. COD removal efficiency was 85 % at 6-h cycle and COD 

concentration decreased from 8308.3 ± 548.7 to 1246.2 ± 177.2 mg/l. In this cycle, the 

COD removal rate per day was the 28,248.4mg/L. The COD concentration was further 

reduced to 830.3 ± 62.8mg/l at 12-h cycle time with removal efficiency and COD 

removal rate per day were 90 % and 14,956.2 mg/L, respectively. When cycle time was 
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24-h, the concentration of COD was reduced to 243.3 ± 24.6 mg/l with removal 

efficiency and COD removal rate of 96 % and 8065 mg/L, respectively. Whereas when 

the cycle time was 48-h, the COD concentration increased to 747.25 ± 17.8 mg/L with 

removal efficiency and mass removal rate of 91% and 7565.05 mg/l. 

 

This result indicated that the COD removal rate per day was highest in the 6-h and lowest 

in 24-h cycle; whereas removal efficiencies was lowest in 6-h and highest in 24-h cycle. 

The 6-h cycle showed residual COD of roughly 15 % from the influent, which needs for 

further treatments. On the other hand both the COD removal rate per day and removal 

efficiencies were higher in the 12-h cycle. The average removal efficiency of 24-h cycle 

was significantly greater than 6-h cycle and significantly different from 12-h cycle 

(p=0.139). In addition, its’ COD removal rate per day was significantly different from 24-

h cycle (p=0.025). 

Nitrogen removal under different Operation cyclic modes 

 

The result indicated that there was also a variation in TKN removal efficiency with cycle 

time. As shown in the Figure 11, Tables 16 the average values of TKN in the final 

effluents at the end of 6-h, 12-h, 24-h and 48-h cycle were: 337.3 ± 39.6, 262.72 ± 30.6, 

40.36 ± 34, 40.36 ± 28mg/L, respectively.   
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Figure 7: Performances of SBR for different cycle times for nutrient removal 

 

The lowest TKN removal efficiencies (10.37%) was obtained at cycle time of 6-h while 

the removal at 12, 24 and 48-h cycle times were 30.68, 89.35 and 89.35%, respectively. 

The removal efficiency of 6-h is much less significantly different than that of 12, 24 and 

48-h cycle (p< 0.001). The 24-h cycle has greater significant removal efficiency than 12-

h (p< 0.001) while the mass removal rate of 12-h was significantly greater than 24-h (p< 

0.001). Ammonium-N removal efficiencies were also affected by cycle time (Figure 11). 

Minimum NH4 +-N removal efficiency (28.37%) was obtained at cycle time of 6-h. The 

removal efficiency obtained at cycle time of 12-h was lower (57.17%).NH4 +-N removal 

efficiencies was increased with increasing cycle time and resulting in 98 % at 48-h cycle 

time. As cycle time increased,  removal effiency of most parametrs was increased with 

strong positive corralationcoefficient (Table:17) 

Table 17: Removal efficiency with correlation cofficient 
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Parametrs  Correlation Coefficient  

COD(mg/l) 0.9958 

TN(mg/l) 0.9960 

NH4+-N(mg/l) 0.9824 

NO3-N(mg/l) 0.816 

 

 

 

The value of the provisional COD discharge limit of tannery effluent to water body set by 

Ethiopian EPA was 500 mg/l. Fig. 10, Tables 14, it could be seen that the satisfying COD 

concentration in the effluent quality was observed when cycle time was 24-h (234.3 

±62.7mg/L). Also concentration of ammonia in the effluent (35.5mg/l) for 24hr was 

almost satisfying the Ethiopian EPA standards which was 30mg/l. Although the 48 cycles 

have good effluent quality, the 24-h cycle could be the best cycle time, as cost, time and 

effluent quality are taken into consideration in the treatment process. 

In a study by Debik and Manav (2010) on biological removal of nutrient from the 

domestic wastewater in SBR, four different cycle times were used and 8h cycle time was 

found to be optimum and removal efficiencies of COD, TKN, NH3-N and TP were 

reported to be 91, 78, 85 and 87% respectively. Obaja et al (2003) tested 4 h, 8 h, 12 h, 

and 24 h cycle time in SBR for treating piggery wastewater and found that the best 

nitrification was obtained in 4 h cycle time. In the study by Obaja et al (2003), out of the 

experiments with four cycle times of 2 h, 4 h, 6 h and 8 h, only experiments with 6 h and 

8 h cycle times the design objectives were met and produced effluents satisfying the 

effluent standards with effluent concentrations and removal efficiencies of COD, TKN, 



89 
 

NH3-N, TP and NO3-N as 245 mg L-1 (93.7%), 24 mg L-1 (82.9%), 23 mg L-1 (81.6%), 

5 mg L-1 (90.9) and 3 mg L-1 (83.3%) and 235 mg L-1 (93%), 18 mg L-1 (87.1%), 16 

mg L-1 (87.2%) and 1 mg L-1 (94.4%) respectively for 6 h and 8 h cycle times. The 

performance of this study is comparable to the earlier study by Obaja et al on piggery 

wastewater and showed better performance than the earlier study on domestic wastewater 

by Debik and Manav. Again the performance of this study also comparable to the study 

by Andualem and Seyoum (2011) which obtained the removal efficiency of a laboratory 

scale anaerobic/aerobic system for tannery wastewater treatment was 95% for COD and 

38% for TN at 8hr cycle time length. 

 

The removal efficiencies of COD, TKN, NH3-N and NO3-N were increasing with 

increase in cycle time from 6 h to 24h cycle time. It is evident that increase in cycle time 

increases the pollutant removal efficiency of the SBR process. However increase in cycle 

time from 24h to 48h result in decrease in removal efficiency of all the pollutants. Results 

from the study suggest that the 24 h cycle time is the optimum cycle time for treating 

tannery wastewater for simultaneous removal of carbon and nutrient on environmental 

and economic point of view. 

4.2.3 Process Performance at Optimal cycle time (24 hrs) 

After optimization of cycle times of the SBR studied, process performance at the 

optimum cycle time of 24h was studied. The overall react period taken was 20hrs and 

was divided into aerobic and anoxic react period in the sequences of 10h aerobic and 

10hr anoxic react period, 12h aerobic and 8 h anoxic react period and 8h aerobic and 12 h 

anoxic react period. 
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4.2.3.1 Carbon Oxidation Performance.  

Organic carbon, which is the source of energy for heterogenic and denitrifying 

microorganism, was estimated as chemical oxygen demand (COD). From the result 

presented in the pilot scale operation (Figure 8), in aerobic phase period, major fraction 

of COD has been removed within 11 to 12 hrs. In anoxic phase, further COD removal has 

been noticed as shown in Figure 6. 

It is important to note that, even with high influent COD and TN variations, after the start 

up period (around 15 days), in the stable state the SBR efficiency was always able to 

keep the removal efficiency above 86%. 

 It is revealed from Figures 6 that the rate of organics utilization by the dominant 

heterotrophs during initial aerobic react period was more as compared to its rate of 

removal during anoxic period. The carbon utilization bacteria used up bulk amount COD 

for energy requirement and growth. The removal efficiency of COD in the suspended 

growth reactor system depends on COD: TKN ratio. The mean COD: TKN ratio 

recommended for adequate carbon oxidation and nutrient removal as 10–12 (Fongsatitkul 

et al., 2011). In the present investigation, COD: TKN ratio was approximately 11.14 

which were in agreement in their recommendation. The removal efficiency also depends 

on react time. The carbon utilizing bacteria obviously and is able to degrade more COD 

and produce CO2 with production of new cells due to enhancement of aeration time. A 

marked improvement has been noticed for higher percentage removal of COD during 

increase of aeration time. A similar observation was noticed by Kanimozhi and 

Vasudevan (2013). Due to the increase of time and COD load more cells to be produced 

eventually higher degree of organic removal. When the react period was changed into 12-

hour aerobic followed by a reduced 8.0 hour anoxic, a marginal improvement of COD 

removal in aerobic phase (77.27%) and anoxic phase (96.07%) with an initial COD of 

8308.22mg/L was observed due to enhanced aeration time. On the other hand, when the 

react period was subsequently changed to 8.0 hour, aerobic period followed by 12.0-hour 

anoxic period, a marginal decrease of COD removal in aerobic phase (65.64%) and 
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anoxic phase (86.07%) with an initial COD of 8308.52mg/L was obtained due to lag of 

aeration time. 
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Figure 8: Carbon oxidation profile under different react period combination 

 

4.2.3.2 Nitrification Performance 
 

The effect of the anoxic and/or aerobic sequences on nutrients removal was also studied. 

Fig. 9 shows the N and P removal efficiency at 1 d HRT for all the sequences tested. N 

refers to dissolved N, including N-NH4 
+, N-NO2 - and N-NO3 . As for COD and TOC, 

the absence of anoxic stages gave rise to the lowest removal efficiencies with values of 

55 and 45% for N and P, respectively. 
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Table 18: Ammonia removal efficiency at each reaction period sequences 

Cycle 

Time(hr) 

NH4-N-

Rem.Eff(8+12) NH4-N-Rem.Eff(10+10) NH4-N-% Rem.Eff (12+8) 

    

3.00 28.39 29.40 30.07 

6.00 53.79 63.60 67.70 

9.00 79.18 90.12 96.20 

13.00 79.77 90.04 96.23 

15.00 78.99 91.00 95.78 

18.00 79.97 91.48 95.82 

21.00 79.87 91.64 96.31 

24.00 80.38 92.43 96.84 
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Figure 9: Nitrogen oxidation profile under different react period combination 

However, sequences combining anoxic and aerobic in case of specific cycle period of 10 

hr (aerobic) and 10 hr (anoxic), it was observed that at the end of 20 hr react period of 

reaction, 90.12% nitrification could achieved for an initialNH4+-N was approximately 

587.52mg/L as Fongsatitkul et al. (2011) obtained maximum 93% removal efficiency of 

soluble nitrogen for treatment of abattoir wastewater which was slightly higher than our 

result. The ammonia oxidation occurred in two phases; a fraction of ammonia was 

assimilated by cell-mass for synthesis of new cell during carbon oxidation and, in the 

subsequent phase, dissimilatory ammonia removal took place for converting NH4+-N 

into NO2−-N and NO3−-N under aerobic period. The dissimilatory removal of ammonia 

depends on the population of nitrifiers and oxidation time. The descending trend of 

ammonia removal for higher level of initial concentration of NH4+-N was attributed due 

to limitation of enzymatic metabolism of nitrifiers. When the reactor system was operated 

in 12hr (aerobic) and 8 hr (anoxic) mode of react cycle, an overall performance of 
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ammonia oxidation was improved from 90.12 to 96.20% and 84.41% for initial NH4+-N 

of 561.54mg/L and 3.88mg/L as NO3-N, respectively. 

Higher oxidation period was also recommended by earlier investigators (Kulikowska and 

Klimiuk, 2004; Doyle et al., 2001) for describing similar kind of experiment on landfill 

leachate treatment in SBR. The results reveal the fact that the extension of aeration period 

helped to enhance the oxidation efficiency for the present system. It was also observed 

that when aerobic period was reduced to 8.0 hr, ammonia oxidation reduced to 79.18% 

for initial NH4+-N value of 596.58mg/L, at the end of 8 hr react period. 

 

4.2.3.3 Denitrification Performance 
 

 

There is more variation in nitrate removal efficiencies for different react periods. The 

maximum nitrite level was observed in between 7.5 and 8.0 hr of react period. The peak 

nitrate (NO3−N) level was found to be formed close to 10.0 hr of aeration period for 

(10+10) and (8+12) hr combinations of react period. A time lag of one hour for 

maximum nitrate formation was also noticed after the attainment of the maximum NO2−-

N level in the reactor. For (12+8) hr react period combination, the formation of NO3− 

showed a time-dependent factor as the peak was found at the end of 12.0 hrs. In the 

Figure 13, after 8.0 hr of aeration period (8+12 combination), the NO3−Nlevel was found 

to be 97.21mg/L as N corresponding to initial NH4+-N level of 598.58mg/L as N and 

NO3−Nconcentration of 2.1mg/L as N, respectively. The overall NH4+-N during this 

combination was 80.38%.On the other hand, after 10.0 hour of aerated react period 

(10+10combination), NO3—N concentration in the reactor was found to be 108.21mg/L 

as N for an initial NH4+-N and NO3−-N concentration of 587.52 and 3.88mg/L as N, 
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respectively. The overall NH4+-N was92.43%.The maximum NO3—N concentration for 

(12+8) hour react period combination was found to be 369.24mg/L as N for the initial 

NH4+-N concentration of 593.54mg/L as N and NO3−-N level of 6.35mg/L as N. The 

overall NH4+-N during this combination was 96.84%. The experimental results clearly 

indicate the necessity of longer aeration period for achieving maximum utilization of 

ammonia by the nitrifiers. 

 

In Figure 13, after 12.0 hour of anoxic react period, nitrate(NO3−)was reduced to 8.75 

mg/L as N from its peak concentration of 97.21mg/L as N, which achieved a 91% 

removal of nitrate for initial NH4+-N concentration 598.58mg/L as N. After 10.0 hour of 

anoxic react period, nitrate (NO3−N) was reduced to 11.89mg/L as N from its peak 

concentration of 308.21mg/L as N, which achieved a89.01 % removal of nitrate for initial 

NH4+-N concentration 587.52mg/L as N. During denitrification phase, the residual 

soluble COD concentration as available was found to be more than the stoichiometric 

organic carbon requirement for effective denitrification. When the anoxic react period 

was reduced to 8.0 hr, it was observed that, nitrate concentration after 12 hr of aerobic 

period was found to be maximum (369.24mg/L as N), per cent removal of nitrate 

descended from 91 to 78.12% for initial NH4+-N concentration 593.54mg/L as N, due to 

insufficient of anoxic period. 

Several studies have been reported in the literature on nutrient removal from wastewaters 

by SBR, some of them focused on the use and optimization of different phases 

(anaerobic, anoxic and oxic). Kargi and Uygur (2004) achieved the highest COD, 

ammonium and phosphate removal efficiencies (96, 87 and 90%, respectively), from a 

synthetic wastewater with a COD of 1000 mg/L and a COD: N: P ratio of 100:5:1.5 using 
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an optimized 12 h cycle with Anaer/Anox/Aer/Anox/Aer phases. Recently, Coma et al. 

(2010) have pointed out the necessity of designing the length of the phases and 

optimizing the time-distribution of the feed in order to stabilize the system for long-term 

periods with high organic matter and nutrients removal efficiencies (88, 93 and 99% of 

carbon, nitrogen and phosphorous respectively for a synthetic wastewater with 560 mg/L 

of COD and a COD: N: P ratio around 100:7:1.2). 

Debik and Manav (2010) obtained a COD, N and P removal of 91, 78 and 85%, 

respectively, from a domestic wastewater (average 500 mg/L of COD and COD:N:P ratio 

100:12:1.5) by optimizing the length of Anaer (2h)/Aer (2h)/Anox (1h)/Aer (0.75h) 

phases for the reaction stage in an 8 h cycle. The morphology of the resulting flocs in 

each sequence was characterized by SEM at the end of the long term experiment. 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: SBR system performance at 12h aerobic and 8hr anoxic combination 
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4.2.4 pH, Alkalinity, and DO Profiles in the SBR during Experiment 

 

The pH and alkalinity values of a biological system are vital parameters for microbial 

denitrification. The value of pH increases for ammonification and denitrification, 

decreases for organic carbon oxidation and nitrification. Alkalinity is not only important 

for nitrification and denitrification, but to also be used for indicating the system stability. 

 

Alkalinity was found to have a close correlation with SBR operating conditions, since 

different extents of nitrification (alkalinity consumption) and denitrification (alkalinity 

production) contribute to the variation of alkalinity in the system. During the aerobic 

phase, the minimal value of the pH curve was characterized the end of nitrification (Table 

17). At the beginning of anoxic react phase, when ammonia nitrogen concentration was 

reduced considerably, pH starts to increase. This has occurred between 10.0 and 12.`0 hr 

after the starting of aerobic react period in all experimental sets.  

Table 19 :  Results of the change in pH at each stage of operation of the SBR reactor 

pH variation___________________________________________________________  

Time       Influent      Aeration               Anoxic              Setting               Effluent   

 1 8.47±0.18 8.91±0.43        8.71±0.258.86±0.24    9.12±0.22 

    2 8.75±0.33 8.91±0.42        8.99±0.34    9.67±0.18    9.72±0.06 

 3 9±0.31 8.65±0.32         9.79±0.10        9.82±0.35      9.84±0.5 

 4 9.4±0.24 8.33±0.35          9.75±0.16       9.54±0.4       9.42±0.43 

 5 9.7±0.56 8.01±0.31          10.07±0.46        9.84±0.29     9.51±0.21 

      6           9.71±0.46 7.89±0.48           9.79±0.28            9.91±0.41     9.37±0.25 

      7 9.91±0.51 7.42±0.39           10.21±0.33 9.51±0.32   9.45±0.57 
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Table 17 shows the behaviors of pH and Alkalinity during nitrification/ denitrification 

processes in all the batches. As shown in Table 17 the pH during nitrification in all trial 

ranges from 7.42-8.91. These values are within the range established by Metacalf and 

Eddy (2003) that is between 7.0 and 10.0, considered ideal for maintenance of vital 

functions of nitrifiers bacteria’s. Lower values may lead to nitrification inhibition. In 

almost experiments, the expected pH behavior and a decrease thereof during the process 

was found, given that a H+ ions formation and consequently decrease of pH occur. 

The DO profile exhibited a sharp fall after which DO concentration decreased markedly 

at anoxic phase and reached minimum value. In the present, study the DO level remained 

almost steady during the entire aerobic react period with a marginal increase in DO level, 

but a marked descending trend was observed during the anoxic period in all the reaction 

sets irrespective of initial COD and ammonia concentrations. 

Under strict anaerobic condition the DO should be equal to zero, but anoxic environment 

starts from DO level less than 1.5mg/L. At the start of anoxic react period most of the 

cases, DO was found to be greater than 1.5mg/L and at the end of anoxic react period the 

value becomes less than 1.0mg/L. It can be observed from the result obtained that all 

experiments runs showed a decrease in the alkalinity amount, which was expected since 

during N-NH4+ oxidation alkalinity is consumed. The lower alkalinity was found at the 

end of nitrification. The DO concentration within the system also shown in Figure 14 

below. 
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Figure 11:. Profile of aerobic/ anoxic SBR during this study 

 

From the curves of DO, it is evident that the reactor does not go immediately aerobic 

when aeration begins at hour 1. Anaerobic conditions do develop during the first few 

minutes of the un aerated phase. From hour 13 to approximately hour 21, the reactor is 

anoxic (DO is less than 0.3 mg/L and nitrate/nitrite is present). Finally, truly aerobic 

conditions persist during the final 7 hours of aeration, where the average DO 

concentration was 3.8 mg/L. 

 

Significant nitrification began taking place after hour 8.5 when DO reach 5 mg/L and 

continued through hour 12. It should be noted that since this reactor had not yet reached a 

steady state value for effluent ammonia, nitrification might or might not last the entire 

aeration period in the steady state reactor. Even though a steady state effluent 

concentration had not been reached, the nitrification rate was likely steady on a specific 

basis of oxidized nitrogen species produced per biomass per time. The rate of nitrification 



100 
 

should have been at the maximum specific rate because the ammonia concentrations were 

much higher than the typical half saturation constant for nitrification, 1 mg/L as N. 
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4.3 Effect of OLR on removal performance of carbon and nutrients in SBR 

One of the most important parameters in wastewater treatment system is organic loading 

rate (OLR). The pilot SBR was operated at various OLR (0.5kgCOD/m3.d, 

1.04kgCOD/m3.d, 2.1kgCOD/m3.d 3.1kgCOD/m3.d and 4.2kgCOD/m3.d).The 

concentrations and removal efficiencies of COD and BOD under different OLRs are 

shown in Figure16. The SBR performance was assessed by means of carbon and nitrogen 

removal and operational parameters such as pH, COD, BOD, TKN, NH4+, 

MLSS/MLVSS, sludge volume (SV), sludge volume index (SVI), suspended solids (SS) 

and volatile suspended solids (VSS), which were determined for each OLRs. 

Characteristics of the average influent and effluent wastewater at different organic 

loading rate are shown in Table 20. 
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Table 20: Average characteristics of the influent and effluent tannery wastewater for the five experimental feeds 

(concentrations are in mg/l, except for pH). 

Parameters Feed I 

(0.52kgCOD/m3.d) 

Feed II (1.04 kg 

COD/m3.d) 

Feed III (2.1 kg 

COD/m3.d) 

Feed IV (3.1 kg 

COD/m3.d) 

Feed V (4.2kg 

COD/m3.d) 
Influent  Effluent  Influent  Effluent  Influent  Effluent  Influent  Effluent  Influent  Effluent  

pH 9.88  10.03  10.23  10.06  10.17  10.03  9.94  10.27  10.85  9.97  

COD 8193.33  1229 7709.2  1409.3  9886.67  964  8193.33  454.33  8308.3  1886.67  

BOD 3598.33  794  4620  632.76  3598.33  332.67  4620  173.33  2355  247.33  

TKN 378.96  253.9  279.01  142.3  229.46  110.5  257.66  35.3  398.1  83.2  

NO3-N 231.12  128  476  128  233.86  39.48  168.94  10.5  189.15  43.7  

NH4-N 596  369.46 576  282.13 552  182.33 583  64.01 514  97.76 

S2 214.67  46.74  256.67  546  214.67  38.67  256.67  26.3  222.33  35  

SO4-2 401.33  102  458.67  90  401.33  72  458.67  32.7  564.67  46.33  

TP 16.6  4.2  14.8  3.2  16.6  2.1  19.8  2.3  24.66  4.27  
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Table 21: Removal efficiencies of the treatment system for the selected parameters 

at different OLR in tannery wastewater 

Feed (kg 

COD/m3. 

d) 

Removal efficiencies (%) 

COD BOD5 TKN NH4
+-N S2- SO4

2- TP 

0.52 85.35 59.7 33.00 38.01 78.23 74.58 74.7 

1.04 81.72 87.8 49 51.02 82.08 80.35 78.38 

2.1 90.25 92.5 51.84 66.97 81.99 82.06 87.35 

3.1 94.45 97.3 86.30 89.02 89.75 92.87 88.38 

4.2 89.33 89.9 79.10 80.98 84.26 91.8 82.68 

 

 

4.3.1 Organic Matter Removal 

Pilot SBR was operated in sequential batch mode with a total 24hr cycle period with an 

OLR of 0.5kgCOD/m3.day in trial 1 to assess the suitability of reactor for treating the 

complex tannery wastewater under study.  

During start –up period high fluctuations were observed in removal efficiency of COD 

and BOD. Gradually after 20 days of operation, COD was found to decrease at a steadier 

rate, making the percentage COD removal efficiency more than 80 %. Tiny granules 

were appeared in the reactor after one month of operation. At this stage the settling of the 
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sludge became faster. The SVI of the reactor reached an average of 75ml/l. Mixed liquor 

suspended solids (MLSS) in the SBR remained between 3800–4400 mg/L throughout the 

experimental periods. Hence the reaction was assumed to attain a steady state. Variation 

of COD and BOD removal efficiency with the OLR is shown in Table 21.  
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Figure 12:  Organic matter removal efficiencies vs OLR 

The organic matter removal efficiency at five different OLR were tested and obtained 

85.35, 81.72, 90.25, 94.45 and 89.33% respectively for 0.52, 1.04, 2.1, 3.1 and 4.2kg 

COD/m3.day OLRs (Table 19). 

Generally, the COD and BOD removal efficiency were increased gradually from OLR of 

0.5 kg/m3.day to 3.1 kg/m3.day and decreased at OLR of 4.2 kg/m3.day. The maximum 

COD removal percentage obtained was 94.45% which was observed at OLR of 

3.1kgCOD/m3.day. The COD removal rate was slow during the initial phase of sequence 

operation and with increase of sequence time a relatively rapid removal was obtained 

after 10 hrs and approached 94.4% at the end of reaction phase (23.3hrs) as shown in 

figure 16 B. 

The BOD removal efficiency is also presented in Table 19. BOD profiles during the 

sequence operation (react phase) has shown comparably the same pattern with the COD 

profile. The removal was gradually increased and achieved 97.3% at 3.1 kg COD/m3.d 

OLR from a value of 59.7% removal when the OLR was 0.5kgCOD/m3.d. 

As indicated in the above results the COD and BOD which are commonly used to 

characterize the removal of carbon and organic load on such wastes, showed a significant 

decrease in the effluents concentration. 

The relative good performance of the SBR at higher OLR can be attributed to the ability 

of the biomass to degrade the higher concentration of organic substrate. 

Wang et al. (2004) achieved a similar COD removal efficiency in an aerobic granular 

SBR treating synthetic wastewater at an OLR of 4.8 g COD L-1 d-1 under similar 
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hydrodynamic conditions. COD concentration was periodically tracked in the liquid 

phase during selected operational cycles in order to establish a COD profile. The COD 

measurements showed that organic matter was consumed during the first 1 hr of aeration 

(feast period) at which time the DO concentration was around 4-6 mg O2 L-1 (Figure 

16(b)). 

Several works found in the literature indicate that the optimal HRT for organic matter 

removal greatly depends on the composition of the wastewaters treated. Klimiuk and 

Kulikowaska (2005) reported that organic matter removal efficiency from a municipal 

landfill leachate with 1200-1600 mg COD/L a COD:N ratio around 100:8 and a BOD5/ 

COD of 0.38, decreased at HRT below 3 d whereas no differences in the BOD5 removal 

efficiency were found at HRT between 6 and 12 d 

Ling and Lo (2001) analyzed the effect of HRT and analysis of the operating conditions 

in the treatment of cosmetic wastewater by sequencing batch reactors. Organic loading 

rate on the treatment of brewery wastewaters with COD values ranging from 700 to 4500 

mg/L and a COD: N: P ratio close to 100:5:0.8 obtaining a maximum TOC removal of 

97% at a HRT around 1.5 d with a loading rate of 3.1 kg TOC/m3 .d. 

4.3.2 Nitrogen and Phosphate Removal 

Removal of total nitrogen and production of ammonium nitrogen following anaerobic 

treatment for the five experiments feeds was indicated in Figure 17. There was also a 

variation in TKN removal efficiency with OLR like that of COD and BOD. The 

maximum TKN removal efficiency (86.30%) was obtained at 3.1kgCOD/m3.d while the 

removal at 0.5, 1.05, 2.1 and 4.2 kg COD/m3.d were 33, 49, 51. 84 and 79.10%. 
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Ammonia-nitrogen removal efficiencies were also affected by OLR (Table 19). There are 

big changes in removal efficiency for NH3-N and TP after increasing the OLR from 0.5 

to 3.1 kg COD/m3.d. There are no big changes in removal efficiency for NH3-N and TP 

after increasing the OLR from d 3.2 to 4.2 kg COD/m3.d.  Maximum NH4-N removal 

efficiency (89.02%) was obtained at ALR (ammonia loading rate) of 0.14 kg N/m3.d and 

organic loading rate of 3.1 kg COD/m3.d. This result agreed with Bagheri et al. (2015) 

who stated that at high OLR the removal of COD and nitrogen would be decreased. 

However, Alattabi et al. (2015) reached high COD and nitrogen removal rates even under 

high OLR. 

 

 

1 2 3 4

0

20

40

60

80

%
 R

e
m

o
v
a

l 
E

ff
ic

ie
n

c
y

Feed (kg COD/m3.day)

 TKN

 NH4+-N

 TP

 

Figure 13: Nutrient removal efficiency vs OLR 
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4.4 Effect of Sludge Retention Times (SRT) on Nutrient & Carbon Removal 

Efficiency and Bio-solids Property 

One of the important parameter in wastewater treatment is sludge retention time (SRT). 

The pilot SBRs used in this study was operated at five different times for about 6 month’s 

under same conditions and different SRTs in order to determine the optimum SRT for the 

highest organic matter and nutrient removal.  

4.4.1 Influence of Solids Retention Time (SRT) on Organic Removal 

Performance of COD removal in SBR at different SRTs under steady state is summarized 

in Table 22. 

 

 

Table 22: Average removal efficiency (%) Influent Parameters and Effluent quality 

COD (mg/l) at steady state (n=5), at different SRT 

SRT(d)   Influent conc. (mg L-1) Effluent (mg L-1) Removal Efficiency 

(%) 

5 8898.20 ± 130.01 1380.04 ± 3.4 84.50 

10 8685.66 ± 333.12 1127.50 ± 8.2 87.00 

20 9078.20 ± 200.25 879.77 ± 5.5 90.30 

25 8992.80 ± 45.65 632.51 ± 3.6 93.00 

30 8651.00 ± 89.98 687.48 ± 3.9 92.00 

 

Effluent biodegradable COD is decreased with increasing sludge age..  The average COD 

removal for the five phases SBRs were 84.50%, 87.50%, 90.30%, 93.00% and 92.00% , 

illustrating that all the SBRs had good capacity of COD removal (Table 22). In spite of 
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insignificant change of COD removal due to SRT for 20, 25 and 30 days SRT, the 

effluent COD of reactors decreased as the SRT increased (Table 22). SRT of 25 and 5 d 

had the lowest and the highest effluent COD, respectively. From Table 22, when SRT is 

lower than around 5days, then the time is too short for the growth of heterotrophic 

organisms. So, this corresponds to minimum SRT to meet the EEPA standard effluent 

COD. A higher SRT may result in the formation of pinpoint flocs, which do not settle 

rapidly, and thus lead to higher SS concentration in the treated effluent, eventually 

decreasing the treatment efficiency.  

A study conducted by Mines and Sherrard (1999), also found that effluent COD 

decreased with increasing SRT while Bernal-Martinez et al. (2000) found that COD 

treatment efficiency increased with SRT for a reactor treating domestic wastewater. 

 

 

Figure 14: COD removal efficiency vs. SRT 

 

 It should be pointed out that SRT had  a little effect on COD removal efficiencies. As it 

shown in Fig. 18, the overall trend of COD removal efficiency vs. SRT shows an 

increasing rate with the correlation factor (R2) of 1. This is mainly due to a higher 
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biomass concentration for longer SRTs. COD of the reactors in cycle 24hr of operation 

were also examined during the reaction period. According to these results, more than 90 

percent of influent COD were decreased within ten hours of the reaction time. 

4.4.2 Influence of Solids Retention Time (SRT) on nutrient Removal 

4.4.2.1 Nitrogen removal 

 

The solid retention time is a key parameter that influences the extent of nitrification in a 

system. 50 m3 SBR was operated five times under the same conditions and at various 

SRTs. Total nitrogen, ammonia nitrogen and nitrate nitrogen with biosludge in SBR 

reactor were determined for each SRT (Table 23). Samples of the analysis were taken at 

the end of aerobic, anoxic and end of the cycle.  

Table 23: Percent Removal efficiency TN, NH3-N & NO3-N at different SRT 

SRT(days)               TN                           NH3-N                     NO3-N 

5                    75.78                  83.3            84.50 

10                    76.52                  83.7            87.00 

20                     78.54                  88.6            90.30 

25                     87.7                  92.7             93.00 

30                     83.2                  89.5             92.00_________ 

TN concentrations in the effluent, however, varied from one SRT to another and TN 

removal efficiencies were as high as 75.78%, 76.52%, 78.54%,87.7% and 83.2% were 
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achieved for 5 days, 10 days, 20 days, 25 days and 30 days SRT, respectively (Table 23). 

For each SRT, effluents of both anoxic and anaerobic phases contained, on average, 

similar concentrations indicating that there was denitrification in the anaerobic phase at a 

similar rate as that of anoxic phase since the influent were the same. 

The influent ammonia concentration during this time frame was 261.6 ± 68 mg/L as N. 

During the experimental run corresponding to sludge age 25 days nitrification was almost 

complete, noting that ammonium concentration increased during the anaerobic phase in 

hydrolysis reactor above the influent values (Figure19). The corresponding ammonia 

removal efficiencies during the perturbation were 89.5%, 92.7%, 88.6%, 83.7, and 83.3 

percent, for the 30-, 25-, 20-, 10- and 5-day SRTs, respectively. Highest ammonia 

removal was observed at 25-day SRT systems directly after initial startup. Figure 19 

presents the nitrogen speciation plot for the 25-day SRT over the entire duration of this 

study. 
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Figure 15: Ammonia nitrogen speciation plot for the 25-day SRT over the entire 

duration of this study. 

 The 5, 10 and 20 day SRTs reactor, however, did not achieve high ammonia removal. 

The experimentation with the sludge ages of 5, 10 and 20 days shows that nitrification 

was not complete. The results with the three lowest sludge ages indicate that nitrifiers did 

not have adequate conditions for growing. Argaman (1985) indicates that the sludge with 

2 days affect negatively the nitrification processes.  

At the SRT of 5, 10 and 20 days there was less denitrifiers in the system while at the SRT 

of 30 d, the denitrification might decrease due to the high decay rate of denitrifiers. 

Tremblay et al. (1999) reported that the concentration of the oxidized nitrogen was low 
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under SRTs between 10–15 d and increased until the SRT of 30 d. A proper SRT should 

be maintained in a BNR system to achieve effective denitrification. 

Many studies conducted with SRTs between 10 and 20 days (Heduit et al., 1990; Hao and 

Huang, 1996; Chen et al., 2000; Lim et al., 2006).  Lim et al. (2006) found that aeration 

system can achieve almost complete nitrification with a 10 day SRT even at low 

temperatures when nitrification rates decrease.  Another study recommended a minimum 

SRT of 15 days to achieve optimum nitrification (Hao and Huang, 1996).  The nitrogen 

removal efficiencies observed in this study are also in line with the study reported when 

the SRT is higher than 12 days (Sousa et al., 2008). In this study, a SRT of 20 to 30 days 

already reached ammonia removal percentages of around 80%.  According to Metcalf & 

Eddy, 2003 a SRT of at least 10 days is required to achieve nitrification in biological 

treatment systems. 

4.4.2.2 Phosphate removal 

 

The system takes about 45 days to reach stable operation according to phosphate 

behavior. During start-up phase, very high effluent PO4-P values were observed. After 20 

days the phosphate concentration at the end of the anaerobic phase increased regularly to 

reach a stable value after day 45. During the experimental time under a sludge age value 

of 25 days the average phosphate release at the end of anaerobic phase reached a 

concentration over 324% of the influent values. The effluent concentration was measured 

consistently representing an average removal of 95%. 
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Table 24: Average PO4-P concentrations (value in mg/l) at different phase 

Sample Sludge age (Days) 

 

Sample sludge age (ds) 

 5 10  20 25 30 

At t = 0 

(after 

filling) 

12.4 10.8  12.2 11.2 10.3 

End of 

anaerobic 

phase 

23.13 24.36  21.89 28.81 20.33 

End of 

cycle 

6.5 5.3  1.87 0.55 1.4 

Removal 

(%) 

47.58 50.93  84.92 95.48 88.71 

 

 

After the sludge age changed from 25 to 30 days the system needed approximately 10 

days to stabilize. It is important to note that the characteristics of the waste water 

remained unchanged. The highest sludge age produced effluents with lower quality than 

load tested before.  
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Figure 16: PO4-P values after filling, end of anaerobic phase and effluent 

The phosphate values after filling and at the end of the anaerobic phase are lower but the 

concentration at the end of the cycle are not as satisfactory as with the lower previously 

tested sludge age. Figure 20 shows the average phosphate concentrations after filling, end 

of anaerobic phase. From this figure it can be observed that the lowest values were 

obtained with 25 days sludge age, then with 30, then 20, with 5 and the highest 

concentration with 10 days. The result obtained by christensson et al. (1996) are similar 

to the results of this research with 25-day. 

4.4.2.3 Phosphate in sludge 

 

EBPR is achieved with the enrichment of PAOs. PAOs take up carbon sources and 

hydrolyze polyphosphate in the anaerobic phase. During the aerobic phase, PAOs are 

able to accumulate phosphorus in excess, which is then removed through wasting residue 

sludge. Phosphorus release and uptake occurred in all reactors, indicating the presence of 
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PAOs in these systems. The total phosphate was determined in the sludge together with 

TSS. Samples of the activated sludge were taken at the end of the anaerobic phase and at 

the end of the cycle. Figure 21 show that the sludge contains lower amounts of 

phosphates after the anaerobic phases that at the end of the cycle.  
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Figure 17: PO4-P values in sludge at end of anaerobic phase and end of cycle 

With the exception of the 5 days sludge age run, the phosphate concentrations follow a 

pattern: the concentrations are inversely proportional to the sludge age, both after the 

anaerobic phase and at the end of the cycle, and the difference between them is 

proportional to the sludge age.  

Table 25: Sludge concentration at the end of anaerobic phase and end of cycle 

SRT(ds)  End of Anaerobic phase            End of cycle 

5 1.97 2.67 
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10 2.01 3.7 

20 1.65 3.75 

25 1.64 3.8 

30 1.57 2.7 

 

It was reported that the phosphorus uptake in the aerobic phase was about 1.3 times the 

phosphorus released in the anaerobic phase Tremblay, A et al. (1999) which was in line 

with ratios between phosphorus uptake and phosphorus release obtained in this study. 

The result shows that the bioactivity of PAOs was relatively good in the present study. 

Shao et al. (1992) report 1.3 and 2.0% phosphorous content in an activated sludge system 

with 1.5 days sludge age for sludge without the capability of accumulating phosphates. 

According to Li et al. (2014) long sludge retention time (30 days) played a crucial role in 

the accumulation of precipitated phosphate in the core of granules. 

4.4.3 Influence of Solids Retention Time (SRT) on Sludge Settling Properties 

In an activated sludge process, an appropriate concentration of activated sludge is an 

important factor ensuring efficient nutrient removal.  Concentrations of activated sludge 

in systems at different SRTs are shown in Table 26. The measured VSS values for each 

SRT proved to be a consistent fraction of the SS for the entire duration of the experiment. 

For the 30-day SRT, the percentage of VSS to SS was 79% with a standard deviation of 

3%. For the 25-day SRT, the percentage of VSS to SS was 80% with a standard deviation 

of 4%. For the 20-day SRT, the percentage of VSS to SS was 87% of the SS with a 

standard deviation of 6%. For the 10-day SRT, the percentage of VSS to SS was 88% of 

the SS with a standard deviation of 6%. Finally for the 5-day SRT, the percentage of VSS 
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to SS was 88% with a standard deviation of 9%. This analysis shows that lower SRTs had 

similar VSS while higher SRT  VSS values were similar but distinctly different from the 

lower SRTs studied. 
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Figure 18: MLSS & MLVSS concentration at different SRT values 

Also, the steady state SS data for the 30, 25, 20, 10 and 5-day SRTs are found to be 

statistically different by a two sample t-test and a 95% confidence interval of steady state 

data.  Since this work employed actual settled tannery wastewater, fluctuations in 

wastewater strength were thought to have also contributed to the observed variations in 

steady state SS. 

 

 

Table 23 also shows the impact of changing the SRT on the measured SVI values for the 

period under study. At the reduced SRT of 5 days, the average value of SVI was found to 

be 144.9 mL/g. At the increased SRT of 10 days, the average value of SVI was found to 
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be an improved 102 mL/g. Finally, with the reestablishment of the SRT to 25 days, the 

average value of SVI was a very healthy 74.12 mL/g.  

 

Table 26: Average percent VSS, SS, SVI and F/M ratio observations in aerobic SBR 

during defined steady state operation under varying SRT. 

SRT (d)    VSS(mg L-1)   SS(mg L-1)      SVI F/M Sludge 

production(g d-1) 

30SRT  4101 ± 68           5164 ± 72         81.3 ± 8.9       0.29 ± 0.10     6.89 

25SRT  3891 ± 20           4864 ± 152         74.12 ± 6               0.36 ± 0.15

  

    7.78 

20SRT  3662 ± 70             4210 ± 248        94.0 ± 12         0.42 ± 0.18     8.42 

10SRT  3250 ± 72 3694 ± 632          102.4 ± 

5.6       

0.68 ±  0.27

  

    14.78 

5SRT  2486 2824 ± 461 144.9 ± 

13 

0.79 ± 0.15   22.59 

 

 

 

Sludge volume index of 100 mL/g is generally known as the boundary of good settling 

characteristics and bulking problem (Mines et al., 1998; Kargi et al., 2002). All the 

reactors showed acceptable SVI except for day 5 SRT. The highest and the lowest 

average of SVI belonged to the sludge of 5 SRT (144.9 mL/g) and 25 days SRT (74.12 

mL/g), respectively. Table 26 also shows the values of sludge volume index of SBRs 

within the operation period.  
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In Figure 22, F/M ratios were plotted for each SRT to identify periods of relatively 

constant F to M. 
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Figure 19: F/M & SVI values at different SRT values 

 

Figure 23 shows the F/M ratios for each SRT over the duration of the study. The F/M 

ratio maintained in the aeration tank defines the operation of an activated sludge system 

(Viessman and Hammer, 1993). The 30, 25, 20-, 10- and 5-day SRTs had an average F/M 

ratio of 0.29±0.1, 0.36 ± 0.1467, 0.42 ± 0.1773, 0.68± 0.27 and 0.79 ± 0.1543, 

respectively. The 30-, 25- and 20- day SRTs maintained relatively stable F/M ratios with 

limited fluctuation; whereas, the 5- and 10-day SRT F/M ratios were initially more 

variable.  

 

High F/M ratios cause dispersed growth due to high substrate availability causing 

exponential growth; whereas, low F/M ratios are associated with low bacterial 

metabolism rates. Even though bacteria are considered to be in a state of endogenous 

growth, metabolism of organics is nearly complete and microorganisms flocculate rapidly 

and settle out of solution by gravity (Krishna and Loosdrecht, 1999). Hence, a constant 
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F/M ratio would suggest a stable metabolic state and hence stable operation. Using F/M 

ratios as a normalizing parameter, solids steady state time periods were checked against 

F/M ratios to verify periods of steady state. 

 

It is interesting to note that before initiating this control strategy, which adjusted the SRT 

accordingly, the plant’s effluent quality was already meeting the NEQS but in terms of 

overall treatment efficiency its performance was still relatively poor. In fact even the 

sludge settleability proved poor where for the initial pre-trial phase of this study at a SRT 

of five days, the average value of SVI was 152 mL/g for a MLSS average value of 3450 

g/m3 with the wastage sludge pump being operated for 24 h. 

 

During start-up operation, SVI values for each SRT were excellent (below 80 mL/g). 

However, after one week, SVI values increased dramatically for the 10-, 5- and 2- day 

SRTs, however, SVI values for the 20-, 25- and 30 days SRT remained in the moderate 

range. During the initial period of operation, before the perturbation event, the 5- and 2- 

day SRT system SVIs followed similar trends of increase reaching maximum values of 

1212 mL/g (day 15) and 1468 mL/g (day 17), respectively. The 10-day SRT system also 

experienced a similar increase in SVI (maximum 715 mL/g on day 21). The 20 25 and 

30-days reactor reached a maximum SVI of 135, 122, and 105 on day 17,16 and 17 

respectively during initial operation, which proved to be good compared to the other 

maximum SVI values observed during initial operation. After day 40 of operation the 

systems become at steady state and SVI values for the 30-,25-,20-10-, 5- and 2-day SRT 

achieved minimum values of 81.3,74.12,86.1,102 and 144.9 mL/g, respectively. These 

minimum SVI values occurred approximately 17 days after the introduction of high 

strength wastewater. 
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However, improved settling characteristics were not maintained once the wastewater feed 

returned to normal strength. There may be a relationship between increasing SRT and 

improved settling of mixed-liquor during reactor start-up (i.e. biosolids acclimation). The 

increase in wastewater strength was a major factor, which impacted recorded SVI values. 

This impact was observed to increase with decreasing SRT. This increase in wastewater 

strength can be translated into an increase in organic loading or F/M ratio. The F/M ratios 

for each SRT were determined to identify if this may have influenced biosolids settling. 

 

The F/M ratio maintained in the aeration tank can be used to define the operation of an 

activated sludge system (Viessman and Hammer, 1993; Krishna and Loosdrecht, 1999). 

As discussed previously, low SRTs, where microorganisms are in the exponential growth 

phase, the F/M ratio is high. This creates an environment which favors dispersed growth 

and poor biomass settling. Higher organic loading can also lead to higher ESS 

concentrations through the bulking phenomena (Churchwell et al, 1980). However, when 

the F/M ratio is low (high SRTs), metabolic activity is considered to be in the 

endogenous phase of growth. Although the rate of metabolism is low, degradation of 

organic substrate is nearly complete during this stage and microorganisms flocculate 

rapidly and settle out of solution by gravity. Therefore, SRT is considerably an indicator 

for good biosolids settling.  

The F/M ratio (based on solids steady state periods) increased for the 30 and 25-day 

SRTs from 0.29 and 0.36 mg CODT/mg MLVSS/day to values of 0.470 and 0.690 mg 

CODT/mg MLVSS/day during the high strength wastewater(4.2kg CODm3.day) 

perturbation. While the 5 and 2-day SRTs had lower F/M ratios (0.895 and 1.689 mg 



123 
 

CODT/mg MLVSS.day) during the perturbation as compared to steady state operation 

(0.901 and 2.02 mg CODT/mg MLVSS.day) 

This suggests that the low SRTs were already experiencing high organic loading which 

contributed to poor biosolids settling. The F/M values for steady state and the 

perturbation for the 5-day SRT are relatively close, which does not explain the 

improvement in settling between these two periods. Churchwell et al. (1980) prevented 

sludge bulking and associated settling problems by controlling organic loading at an 

approximate level of 0.2 kg COD applied per day per 0.5 kg MLVSS (0.4 mg CODT/mg 

MLVSS . day). 

The study shows that longer SRTs (low F/M ratios) encourage more efficient settling. 

Similar results were found by Parker (2001) when conducting a bench-scale experiment 

on DO and SRT effects on activated sludge performance. 

The amount of excess sludge decreased by SRT as the maximum of 2.01 g/d appeared 

with SRT 5 days and contrary the minimum of 1.06 g/d with SRT 20 days. The total 

produced sludge for SRT 5day was 22.59 g, 3.3 times than that for SRT for 30 day as 

6.89 g. This mainly affects the overall cost of treatment process. As it is shown in Figure 

24, the amount of produced sludge versus SRT, had a decreasing rate of 92 percent (R2= 

0.921). 
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Figure 24: Sludge production & SS values at different SRT values 
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4.5 Kinetic study for Nitrogen removals from tannery waste water 

4.5.1 Kinetic study for Ammonia Nitrogen removals from tannery waste 

water 

 

In the present study, the performance evaluation of the SBR system was carried out from 

the view point of reaction kinetics determination for treating tannery wastewater. The 

steady state biokinetic coefficients data (𝑘, 𝐾𝑠, 𝑌, 𝑘𝑑) obtained in the reactor for 

nitrifications and denitrigfication are shown in Table 26 below. 
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Table 27: Evaluation of biokinetic coefficients for nitrificationd-denitrification from tannery wastewater in SBR (intial-NH4+-N (mg 

L-1 = 258.3mg L-1)) 

A. Evaluation of biokinetic coefficients for nitrification from tannery wastewater 

 (10 + 10) hr react (8 + 12) hr     react (12 + 8) hr     react Std’s values for 

constants (Metcalf and Eddy ,1995) 

Substrate utilization     Y = 0.710x+ 0.046 Y = 0.259x-0.041 Y = 0.295+ 0.034  

Microbial growth       Y = 0.211x-0.058 Y =0. 271x-0.051 Y = 0.298x-0.058  

k(d-1) 17.24 24.39 29.41 1-30 

ks(mg L-1  NH4
+-N) 12.24 6.32 8.68 0.2-5.0 

Y(mgVSS/mgl NH4
+-N)      0.211 0.271 0.298 0.1-0.3 

Kd(d-1) 0.048 0.051 0.058 0.03-0.06 

B. Denitrification rates during anoxic react phase for treatment of tannery wastewater  

in SBR. 

 Specific denitrification rate (𝑞DN) (mg N/gm MLVSS. hr    ) 

Initial  NH4
+-N 

(mg L-1  as N) 

(8 +12) hr     (10 + 10) hr     (12 + 8) hr     

 

252.3 5.70 5.43 4.22 
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In the present study, the performance evaluation of the SBR system was also carried out 

from the view point of reaction kinetics determination for treating tannery wastewater. In 

SBR a portion of biological oxidation was happened to the point that a mixed population 

achieved in the SBR reactor along with nitrifiers. Table 26 clearly shows that an 

increasing trend of higher removal efficiency for ammonia oxidations could be observed 

for extension of the aerobic react period beyond 8 hrs. The kinetic coefficients 𝑌, 𝑘𝑑, and 

𝐾𝑠 were found to be in the range of 0.291 to 0.338, 0.048 to 0.058, and 6.32 to 12.24, 

respectively. The ammonia concentration found in the tannery wastewater was very high 

252.3 ± 10 mg/L as N for an inlet SCOD concentration of 8308.3±250 mg/L, which are 

not usually present in any industrial wastewater stream. For this reason, the 𝐾𝑠 value was 

found to be higher than the standard values (0.2–5.0mg/L) considered for nitrification of 

municipal wastewater stream (Metcalf and Eddy, 1995). 

4.5.2 Denitrification Rates for Treatment of Tannery Wastewater in SBR 

 

The specific denitrification rate (SDNR) for the different phases SBR are summarized in 

Table 27B. The denitrification rates of sludge were determined in terms of the rate of 

NO3−-N removed per unit mass of denitrifying microorganisms, for the conducted three 

different react period combinations, namely, (10+10), (12+8), and (8+12) under the 

respective anoxic environment and the results are listed in Table 25B. The specific 

denitrification rate (𝑞DN) is measured on average basis spanning over respective anoxic 

periods of 8.0, 10.0, and 12.0 hours. The average specific denitrification rate(𝑞DN), in 

(12+8), (10+10), and (8+12) cases was found to increase considerably with the increase 

in average anoxic SCOD utilization rate. Average specific denitrification rate (𝑞DN) 

varied from 4.27 to 5.43 mg of N/gm MLVSS. hr for primary treated tannery wastewater 

for 8hr anoxic period. The average 10.0 hourly specific denitrification rate (𝑞DN) varied 

from 4.90 to 5.70 mg of N/gm MLVSS hr.  The denitrifaction batch reactors, in (10+10) 
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anoxic phase occurred with no nitrate accumulation and the processes was successful. 

The previous rate of specific denitrification rate (𝑞DN) was found to be followed in 

similar results as reported by Barnes and Bliss (1983). 

The estimated values of biokinetic coefficients (𝑘,,,) showed reasonable agreement with 

the literature values. The kinetic data and rate reaction constants could be used for the 

design of afield scale SBR for treating tannery wastewater. 
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4.6  Performance of pilot integrated treatment system 

 

The removal efficiency of the pilot biological treatment system integrated with CWs in 

the removal of priority pollutants of tannery wastewater was high (ranged between 81 

and 99.9 %). The final effluent concentration of organic and inorganic parameters, 

namely; COD, TN, SO4
2−, S2, NO3

−-N, NH4+-N and total Cr, were in line with the 

Ethiopia EPA discharge limit values  set for tannery effluents (EEPA 2003). In this study 

the average over all removal efficiencies of the integrated treatment system were 96.6 % 

for COD , 98.78 % for TSS, 90.4 % for TN, 97 % for NH3-N, 95.98 % for NO3-N, 

81.8 % for SO4
2−, 99 % for S2− and 95.9 % for total Cr (Fig. 25). 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 25. Performance of integrated biological treatment system and CWs treatments 

Comparing the components of the integrated treatment system, the CWs showed the 

highest removal efficiencies for all the measured parameters (ranging from 79.7 to 95 % 

removal). The SBR performed well in terms of TN, S2− and NO3
−-N removal ranging 

from 55.3 to 99 %. In the anaerobic reactor, the S2− and NH4+-N concentrations were 

increased due to an anaerobic microbial processes (sulfate reduction and 

ammonification). As shown in Fig. 5, the NH4+-N and S2− concentrations were varying 

depending on the type of treatment systems. NH4+-N and S2− concentrations were 

increased in anaerobic system due to anaerobic decomposition of NO3
−-N and organic 

matter to NH4
+-N. The highest removals 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 of TN concentration, moving from aerobic reactor to CWs systems, was 

observed. The aerobic SBR effluent contains higher concentrations of SO4
2− due to the 

conversion of S2− and digestion of sulfur containing organic matter in to SO4
2−. However, 
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the concentration of nitrogen species at the end of aerobic SBR effluents were less 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) phase, 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. In this 

study, sufficient HRT (24 h) and aeration (12 h) 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 (97 %) (Fig. 25). 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 98.5 %, respectively, for an influent value of 268.5 ± 6 mg/L and 28.47 ± 5 mg/L, 

respectively. The present study showed that the treatment efficiency of the technology, 

for the treatment of tannery effluent, was higher than the existing conventional 

technology for organic matter, nutrients and total Cr. 
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4.7 Result and discussion on Microbial composition in the sludge and 

rhizosphere 

 

Based on the sequence analysis performed in this SBR study, the phyla Proteobacteria 

,Firmicutes, and Bacteroidetes represented around 90% of the sequences generated, with 

the phylum Proteobacteria comprising 40% of the sequences.  The most abundant phyla 

in constructed wetland were proteobacteria (35.72%), Bacteroidetes (25.18%), 

Firmicutes(13.3%), Chloroflexi (13.11%) and Actinobacteria(5.04%) and others. 

 

(a) 
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(b) 

Figure 26 a and b: Absolute abundance of the sample at phylum level within each 

microbial community 

 

It is possible to infer that members of the class Gammaproteobacteria observed in this 

study may play important roles in degradation of carbon and removal of nitrogen 

compound pollutants coming from the pre- tanning processes of the leather production. 

A closer look into the dominant phylum Proteobacteria indicated that the class Gamma 

Proteobacteria was the most dominant bacterial class across all the sample sites, 

comprising 39% and 32% of the total community of SB and wetland system respectively 

( Table 26). 

 

Table 26:  Most abundant taxonomy identified in the samples at different taxonomic 

levels 
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Sample  SB(%) CW(%) 

Phylum  Proteobacteria (40.11) Proteobacteria (35.72) 

Class Gamma proteobacteria(39.07) Gamma proteobacteria(31.81) 

Order Pseudomonadales (39.04) Pseudomonadales (30.60) 

Family  Moraxellaceae (39.03) Pseudomonadaceae(15.58) 

Genus Psychrobacter(32.98) Pseudomonas(15.55) 

species Pulmonis(31.89) Unclassifiedspecies from Pseudomonas 

genus(15.55) 

 

In a series of studies by Calheiros et al. (2009a, 2010) involving microbial community 

dynamics in constructed wetland vegetated with different plants for treating tannery 

wastewater reported members of bacteria affiliated with Firmicutes as one of the 

dominant members identified, following gamma Proteobacteria.   Generally, members of 

the phylum Firmicutes are spore- forming bacteria that ensure survival in stressful 

environmental conditions such as hypersalinity, pH and high oxygen demand, which are 

typical characteristics of a tannery effluent (Calheiros et al., 2010; Lefebvre et al., 2006; 

Leta et al., 2005).   

A closer look into the dominant phylum Firmicutes indicated that the class Clostridia was 

the most dominant bacterial class across all the sample sites, comprising 33% of the total 

community.  Members of this class are anaerobic bacteria which were first isolated from 

anaerobic sewage sludge and an Up-flow Anaerobic Sludge Blanket (UASB) reactor 

(Castello et al., 2011). In a study that involved tannery wastewater treatment using 

submerged anaerobic membrane bioreactor, it was found that the class Clostridia was 
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dominant in the system (Vyrides and Stuckey, 2011).  Members of Clostridia have been 

reported from constructed wetlands treating tannery effluents (Calheiros et al. 2010).  

Other reports indicated the presence of these groups in constructed wetlands treating 

dairy washwater, which has less pollution load than tannery wastewater (Ibekwe et al., 

2003).  Some of the identified Clostridia genera in this study such as Proteiniclasticum, 

Tissierella, Eubacterium and Acidaminobacter have been implicated in the degradation 

of aromatic hydrocarbons like tetrachloroethylene and sulphate reduction (Dong et al., 

2011; Meijer, 1999; Webster, 2009). 

Betaproteobacteria, the second most abundant bacterial class in the aerobic reactor and 

wetland sites (10%), comprised the genera Azospira, Thauera and Hydrogenophaga spp. 

Although members of these genera have not been reported specifically in tannery 

wastewater , they were identified from oil refineries and wastewater containing 

aminobenzosulfate and found to be involved in reduction of perchlorate, oxidation of 

alkane and 4- aminobenzosulfate degradation (Contzen et al., 2000; Dubbles et al., 2009; 

Kathryne et al., 2012).  Sequences affiliated to the above mentioned genera in the current 

study have the highest similarity BLAST hits sourced from municipal wastewater 

treatment sites, biogas reactors and contaminated aquifers.  It is possible to infer that 

members of the class Betaproteobacteria observed in this study may play important roles 

in degradation of synthetic aromatic pollutants coming from the post- tanning processes 

of the leather production. 

Bacteroidetes, the third abundant phylum in all the sample sites is well known for its 

degradative ability of complex carbon (Burns et al., 2012).  The previous study of this 

dissertation on a bench- scale sequencing batch reactor (SBR) using seed sludge from 
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Modjo Tannery wastewater revealed the key role played by Bacteroidetes in the 

degradation of retanning chemicals.  Therefore, the presence of members of this phylum 

in the current study might strongly be implicated in the degradation of aromatic 

compounds that are used in the post- tanning process. 

Deltaproteobacteria, the class comprising 0.66 % of the SB reactors and 1.24 % for 

wetland community, is represented by members of the genera Desulfococcus, 

Desulfomicrobium, Desulfovibrio and other genera which are exclusively sulfate and 

sulfur- reducing bacteria. Reduced sulfur is one of the characteristics of tannery effluent 

generated from the use of sodium sulfide, sodium hydrosulfide and from the breakdown 

of hair during the liming and dehairing process, which contribute to corrosion and 

malodor (Bosnic et al., 2000).  The presence and abundance of these groups of bacteria is 

less valued because they may play a role in adding up more to the already high 

concentrations of reduced sulfur generated during the production process.   In contrast to 

this scenario, members of the genera Beggiatoa and Sulfurimonas from the class 

Gammaproteobacteria and Epsilonproteobacteria respectively were identified which are 

metabolically well known as sulfur oxidizers (Brüser et al., 2000).  Members of these 

genera may be implicated to involve in oxidation of the excessive sulfides generating 

from both the production process and microbial reduction of sulfur, thus contributing to 

the high removal efficiency (91%) of sulfides in the treatment system.   

In the present study, the class Alphaproteobacteria was found less abundant, comprising 

1.82% of the total sequences.  This is in contrary to previous studies which identified 

Alphaproteobacteria as one of the dominant classes in Chromium and Arsenic 

contaminated soil samples taken from the vicinity of tanning industries as well as a 
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collective tannery effluents treatment facility (Lefebvre et al., 2006, Sheik et al., 2012). 

Environmental factors such as salinity have been shown to exert selective pressures on 

the microbial community (Lozupone and Knight, 2007; Sivaprakasam et al., 2008). In 

this study, salinity of the wastewater (TDS:  9-12 g l-1) was relatively higher than a study 

conducted by Lefebvre et al., (2006).  Therefore, the high salinity might have accounted 

for the rareness of members of the class Alphaproteobacteria.  

The performance of a biological wastewater treatment system has long been evaluated by 

operational parameters such as biochemical oxygen demand (BOD) and chemical oxygen 

demand (COD), which are usually considered to account for the stability of a treatment 

system (Metcalf and Eddy, 1991). It is worthwhile to consider the microorganisms 

responsible for the clarification process as one of the factors affecting treatment plants’ 

performance and stability (Günther et al., 2012).  In the current study, the overall high 

bacterial diversity in the aerobic reactors as well as the wetland sites might contribute to 

the performance of the system, which was expressed in the removal efficiencies of the 

integrated system with regard to the major pollutants studied.  However, in order to come 

up to a solid conclusion about the bacterial populations playing key roles in removal of 

these pollutants, it is important to perform a longitudinal investigation of microbes in 

each component of the treatment system as part of a routine measurement of abiotic 

parameters.   

Coverage of the populations 

As shown in figure 26, the rarefaction curves of these samples from the two sites (SB and 

wetland) are approaching plateaus, indicating that highly diverse microbial communities 
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were present in each sample. The distribution rarefaction curves illustrated a much lower 

microbial diversity in modjo tannery wastewater treatment plant (Figure 26). 

 

Figure 26: Rarefaction curves of observed 16S bacterial phylotypes for the clone 

libraries from aerobic SB reactors and the constructed wetland site 

 

Sequential batch reactor had the lower microbial diversity than constructed wetland 

system which might be due to constructed wetland environmental condition was more 

comfortable for microorganism’s metabolism processes because of the presence of 

wetland plants phragmites australis which provides an open system which more surface 

area for the bacteria. A comparative study by Collins eta al[16] conducted on different 

constructed mesocosm wetland systems, for the remediation of acidic, metal 

contamination from coal pile, indicate that the presence or absence of plants affect the 

bacteria assemblages in a wetland system, eventually affecting water quality. 
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5. Conclusion and Recommendations 

5.1 Conclusion 

The present research investigation was carried out with the objective to evaluate the 

performance of a pilot-scale sequencing batch reactor (SBR) for combined removal of 

biodegradable organics (COD) and nutrients (nitrogen) from real tannery industry 

wastewater. This study proved the efficiency of aerobic SBR-wetland system in treating 

real tannery wastewater then operated at optimized conditions. The characteristics of raw 

tannery wastewater showed low biodegradability, high organic loading and high electric 

conductivity. In addition, this tannery waste water appeared to be highly variable 

depending on production process. The biomass concentration, the organic loading rate, 

sludge age, cycle time length appeared to be the main factors that affected the reactors 

performance during the experiments. The batch study data exhibited that both COD and 

nitrogen removal is possible by the mixed bacterial as developed in the pilot scale under 

aerobic and anoxic conditions and the degradation kinetics follows 1st order. 

Of the five cycle time tested, 24hr cycle time provided with the highest TN and TP 

removals, on average, 89.5 ± 0.4% TKN removal, 96.84 ± 0.7 ammonia removal, 82.4 ± 

1.3% TP removal, and almost complete nitrification (96.84 ± 0.7%) for 25 days SRT and 

12 hrs oxic and 8 hrs anoxic reaction times. The experiment shows that a high removal 

percentage of COD and ammonia can be obtained when a high aeration rate is applied in 

the treatment process. 

Tannery wastewater can also be efficiently treated by SBR technology with alternative 

anoxic/aerobic stages, reaching higher removal efficiencies than that obtained by using an 

entirely aerobic cycle. The sequence including two anoxic steps at the beginning of the 
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cycle and at the end of the reaction stage showed to be the best in terms of COD and 

TOC removal. The use of sequences which include at least an anoxic stage allowed 

achieving N and P removal efficiencies above 90 and 70%, respectively. 

 The COD and ammonia removal increased when higher aeration rate is used. 

Accumulation of PHB is decreasing when higher aeration is applied. The PHB yield in 

process without aeration is higher than those with aeration. Low aeration can gain more 

PHB accumulation although the yield is low. The aerobic treatment is efficient and 

feasible in tannery wastewater treatment but not suitable for accumulation of PHB. 

It was demonstrated that the SBR is a suitable treatment system for the combined 

removal of organic matter and Ammonical nitrogen in tannery wastewater. This 

demonstrates the SBR systems ability to operate with discharges showing strong 

variations in the concentration of organic matter and ammonia. With the SRT of 25 days , 

the removal efficiency of NH4+-N was approximately. The performance of SBR was 

depending on OLR and systems can with stands its performance up to 4.2kgCOD/m3.d. 

OLR values for this study were between 0.52kgCOD/m3.d and 4.2kgCOD/m3.d and for 

the ALR they were between 0.04 and 0.32kgTN/m3.d. The largest removal efficiency 

occurred during OLR of 3.1kgCOD/m3.d, yielding efficiencies of 96.25%, 94.45%, 

86.30%, 89.02% and 88.38% for BOD5, COD, and NH4+-N, respectively.  

Optimum removal efficiencies were attained under medium organic loading rate 3.1kg 

COD/m3.d, 25 days sludge age and 24 hrs cycle time length. COD, NH4-N and SS 

removal efficiencies attained 93.28, 94.4 and 99.1% respectively. In addition, the treated 

effluent almost meets the Ethiopian discharge quality standards.  
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The kinetic coefficients k (maximum substrate utilization rate), Ks (half velocity 

constant), Y (cell yield coefficient) and Kd (decay coefficient) were found to be 

29.4112.24, day-1, 0.298 mg/L, and 0.058 day-1, respectively. The determination of these 

coefficients may be helpful in (1) understanding the kinetics of substrate utilization (2) 

sludge production and (3) design of biological treatment facilities based on activated 

sludge process for settled tannery wastewater. Thus these coefficients have both 

academic value and practical significance. The value of overall ammonia removal rate 

constant „K‟ was found to be 29.41 day-1 and this value may be employed for the design 

of aerobic biological treatment facilities based on aerated SBR. 

This work also assessed biodegradability of organic pollutants and removal of nutrients in 

the tanning industry wastewater, indicating which individual bacteria and bacterial phyla 

play a role in degradation and providing a snapshot of the bacterial community of 

different biological reactors working in concert for efficient treatment of a tannery 

wastewater.   

From the result obtained, the SBR technology appeared to be an adequate solution for the 

removing of organic matter and nutrient from tannery wastewater. Thus, the SBR can be 

applied on the industrial scale to solve the problem of pollution generated by tannery 

industry as part of integrated biological wastewater treatment systems. Therefore, treated 

effluent can be recycled for soaking purpose, saving the huge quantities of wastewater 

discharge without any treatment. Thus, SBR can be considered as a potential alternative 

for the biological treatment of tannery wastewaters. 
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5.2 Recommendation 

Several questions remain unanswered and for this reason, the following points are 

recommended: 

 Detailed study should be conducted to identify the exact chemical structures 

present in the retanning agents to track their exact fate in the biological 

degradation.   

 Microbial community dynamics at different zones of the SBRs should be studied. 

 The author recommends that successive use of tannery sludge might cause heavy 

metal accumulation in the soil leading to health risk to consumers. Thus attention 

is needed to maintain the Cr concentrations below the permissible limits for the 

safe and productive use of tannery effluent sludge’s for agricultural purposes. 

 Health risk assessment should be done  to know the exact  amount of daily 

vegetable intake in the target group and  multiple exposure units  
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