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AN ABSTRACT OF THE THESIS OF 

 
 
 
Abeer Samir Hamzeh     for Master of Science in Environmental Sciences 

Major: Environmental Technology 
 
 
 
Title: Efficacy of Multivariate Process Sequences in Treating Tannery Wastewater 
 
 
 
 

The increase in water consumption, for both industrial and domestic purposes, is 
exacerbating water shortages throughout the world. Water is increasingly perceived as a 
limited resource of environmental and economic values. Accordingly, it becomes 
crucial to introduce techniques to purify industrial effluents and to recycle process 
water. 

 
Leather tanning is considered amongst the most “environmentally unfriendly” 

industrial activities with major pollution impacts on water bodies. This industry uses 
large quantities of water; it requires about 30–40 L of water per kilogram of hide and in 
turn, it produces large quantities of liquid effluents. It is also recognized as a serious 
environmental threat all over the world especially in developing countries where, as a 
matter of common practice, the effluents are discharged from the leather processing 
units to surface water bodies and on land without undergoing any treatment. This 
practice leads to the pollution of surface water and consequently to the ground water 
and the infiltration of dissolved chemicals into the surrounding soil rendering the soil 
unfit for cultivation. 

  
Tannery wastewater has a strong color and is heavily polluted; it contains high 

organic (COD, BOD) and inorganic loadings (ammonia, sulfide, chloride), dissolved 
and suspended solids and specific pollutants such as vegetable and/or synthetic tannins, 
sulfonated oils, chromium, arsenic and surfactants.    

The objective of this study was to apply a series of treatment processes 
separately and in combination to determine their efficiencies on pollutant removals from 
the generated wastewater collected from the largest operating tannery in Lebanon. The 
aim was to establish a treatment train that can effectively and optimally reduce the 
concentration of pollutants to environmentally acceptable levels or for further treatment 
techniques.  Simplicity and cost effectiveness were targeted in the selection of the 
processes.  



vii 

A total of 25 samples were collected and analyzed for the following parameters: 
TSS, TDS, COD, conductivity, pH, apparent color, turbidity, total phosphorous, total 
nitrogen, BOD5, sulfide, arsenic and chromium. The experimental study comprised 
coagulation/ flocculation, oxidation (through ozone or Fenton reaction) and adsorption 
treatment techniques. 

 
This study showed that the sequence consisting of Jar test using liquid bittern as 

coagulant followed by ozone oxidation and then adsorption onto AC recorded the 
highest removal efficiencies: 80% for TSS, 89% for apparent color, 92% for turbidity, 
61% for COD, 55% for BOD5, 91% for TP, 60% for TN, 99% for Cr and 94 % for As. 
Though Fenton oxidation needs to be optimized, it showed promising removal 
efficiencies. 
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CHAPTER 1 

INTRODUCTION 
 

   The increase in water consumption, for both industrial and domestic purposes, 

is exacerbating water shortages throughout the world.  The discharge, on a daily basis, 

of two million tons of industrial /chemicals, agricultural and human wastes to receiving 

waters (United Nations World Water Development Report, 2003), is on the other hand, 

leading to a rapid increase in pollution of water bodies. 

   Water is increasingly perceived as a limited resource of environmental and 

economic values. Accordingly, the UN policy on sustainable development, established 

in 1992 by Agenda 21 and the Rio Declaration on Environment and Development, is 

based on the synergy between socio-economic development and environmental 

protection in order to reach sustainable development. Hence, expanding the activities 

aimed at improving the integrated management of the available resources makes a 

significant contribution towards achieving the objectives of Agenda 21 and the Rio 

Declaration. With industrial and socio-economic growth, the demand for water has 

greatly increased resulting in the generation of large amounts of wastewater so that 

clean water is becoming a scarce resource. Accordingly, it becomes crucial to introduce 

techniques to purify industrial effluents and to recycle process water.  

Leather tanning is considered amongst the most “environmentally unfriendly” 

industrial activities with major pollution  impacts on water bodies to the extent that 

some authorities consider  tannery wastewater as one of the ten most harmful threats to 

the environment (Aber et al., 2010). It has been reported that the total global quantity of 
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bovine hides, sheep, goat and pigskins generated yearly amounts to nearly 8×106 t as 

wet salted weight. The tanning industry worldwide used 4×106 t of chemicals and 

produced over 3×108 t of wastewater and about 8×106 t of solid waste and dewatered 

sludge (Şengil et al., 2009). 

Tannery operations consist of transforming the raw hides, a highly putrescible 

material, into leather, a stable product with a significant commercial value (Suresh et 

al., 2001). Raw hides undergo a sequence of mechanical and chemical processes to 

obtain its final leather form. This conversion takes place in an aqueous medium where 

acids, alkalis, chromium salts, tannins, solvents, auxiliaries, surfactants,  tanning agents 

(natural or synthetic), sulfonated oils and salts are mixed together (Vidal et al., 2004; 

Suresh et al., 2001). This industry uses large quantities of water; it requires about      

30–40 L of water per kilogram of hide (Rodrigues et al., 2008). In turn, it produces 

large quantities of liquid effluents (Bódalo et al., 2005). Tannery wastewater has a 

strong color and is heavily polluted; it contains high organic (COD, BOD) and 

inorganic loadings (ammonia, sulfide, chloride), dissolved and suspended solids and 

specific pollutants such as vegetable and/or synthetic tannins, sulfonated oils, 

chromium, arsenic and surfactants (Szpyrkowicz et al., 1995; Rajalo et al., 1996). These 

substances are derived from the hides and skins themselves and from the addition of 

reagents during the processing of these materials (Schrank et al., 2005; Song et al., 

2004; Naumczyk et al., 2005; Şengil et al., 2009). The effluent has a broadly fluctuating 

pH and high temperatures (Aber et al., 2010). 

Tannery effluent varies from one plant to another based on its size, the quantity 

of final leather products, the kind of tanning, the types of chemicals used, the 

production processes and the treatment technologies adopted for the removal of 
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aforementioned pollutants (Table1.1). Furthermore, it is reported that variations under 

the same manufacturing conditions may occur due to the quality of the raw hides/skins 

processed (Kurt et al., 2007). 

Based on their specific characteristics, tannery wastewaters are treated using 

appropriate technologies which may be physical and/or chemical and/or biological. 

Since most pollutants in tannery wastewaters appear to be either in particulate form or 

associated with particulates, physico-chemical treatment remains to be the most 

commonly used process in addition to other techniques such as ozonation, reverse 

osmosis, ion exchange and activated carbon adsorption (Song et al., 2004; Tiravanti et 

al.,1997; Szpyrkowicz et al.,2005; Tahir et al.,2007; Arvanitoyannis et al., 1989).  

Recent literature related to tannery wastewater treatment techniques reports that 

many processes have been investigated. Of these processes, chemical treatment 

including coagulation/ flocculation through the application of alum or ferric chloride as 

coagulants has shown reasonable removals in terms of TSS, Cr, COD and turbidity, 

however, with additional sludge formation (Song et al., 2004). Despite the good 

removals achieved when colloidal particles are flocculated  by the application of alum 

and ferric chloride, some studies indicate that with, the use of ferric chloride as a 

coagulant, a blackish color develops once it comes in contact with the tannery 

wastewater and this was attributed to the formation of soluble FeS generated by iron 

complexes of tannin-like materials present in the wastewater (Ryu et al., 2007; Ates et 

al., 1997; Haydar and Aziz 2009). 
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Table 1.1 Physico-chemical characteristics of tannery wastewater derived from different studies 

Parameter Koteswari et 
al., 2003 

Leta et al., 
2004 

Szpyrkowicz et 
al., 2005 

Ganesh et al., 
2006 

Feng et al., 
2007 

Deepali et al., 
2009 

Apaydin et al., 
2009 

Haydar et al., 
2009 

pH - 10.72 7.7 7.08 7-8.5 4.74 7.4 7.5-9.6 

TDS (mg/L) 15152 6810 - - - 33231.39 - 4466-14572 

TSS (mg/L) 2005 - - 2820 - 9485.22 2690 568-2132 

COD (mg/L) 8000 11153.67 2426 4800 2400-2600 38166.66 3700 1760-3320 

BOD (mg/L) 930 2906 - - 850-950 1500 1470 390-1320 

Ammonical 
nitrogen 
(mg/L) 
 

- 162.15 335 128 200-230 - 180 - 

Chromium 
(mg/L) 
 

11.2 32.87 29.3 99 - - - 22.9-122.4 

Sulfide (mg/L) 228 507.5 286 - 100-120 - 440 - 
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   Electro-oxidation of organic compounds using different types of anodes has 

also been tested in treating tannery wastewater leading to COD reductions of about 50% 

(Sundarapandiyan et al., 2010; Vlyssides and Israilides 1997). Although biological 

treatment methods are generally cheap and simple, their application to tannery 

wastewater treatment may result in some difficulties, mainly due to the presence of 

inhibiting and/or biorecalcitrant compounds, like high molecular weight proteins. It has 

been reported that refractory pollutants caused by textile industries cannot easily be 

degraded by traditional biological process and remain in the effluent (Vidal et al. 2004; 

Kim et al. 2002). Since the effluent is presumed to be very resistant to microbial 

degradation, a combined process of biological treatment and chemical oxidation is 

commonly used in order to meet water quality standards (Bae et al., 2004).  

For the aforementioned reasons, tanning industry is recognized as a serious 

environmental threat all over the world especially in developing countries where, as a 

matter of common practice, the effluents are discharged from the leather processing 

units to surface water bodies and on land without undergoing any treatment (Scholz et 

al., 2003; More et al., 2001). This practice leads to the pollution of surface water and 

consequently to the ground water and the infiltration of dissolved chemicals into the 

surrounding soil rendering the soil unfit for cultivation (Herawati et al., 2000; Ma et al., 

2003; Tariq et al., 2005). 

   In this study, collected wastewater from a local tannery was characterized in 

terms of the following parameters: TSS, apparent color, turbidity, BOD5, COD, TN, TP, 

Cr and As. A series of treatment processes applied separately and in combination were 

investigated to determine their efficiencies on pollutant removal from the generated 

wastewater. Chemical treatment through coagulation/ flocculation using bittern as 
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coagulant was compared to removals achieved with other coagulants such as alum and 

ferric chloride. The contribution in reduction of pollutants through oxidation processes 

using ozone and Fenton reaction, and adsorption by granular activated carbon was also 

investigated. The aim is to establish a treatment train that can effectively and optimally 

reduce the concentration of pollutants in tannery wastewater to environmentally 

acceptable levels or for further treatment techniques. In doing so, simplicity and cost 

effectiveness are targeted in the selection of processes that will minimize the serious 

risk to the ecosystem and human health in the event that wastewater is left to be 

discharged untreated.         
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CHAPTER 2 

LITERATURE REVIEW 
 
 

Tannery wastewater is known to be one of the most toxic industrial effluents. To 

convert a raw hide into a finished leather product, the procedure involves a complex 

series of mechanical and chemical processes where a variety of chemicals are integrated 

into the manufacturing matrix as depicted in figure 2.1. The resulting effluent is 

normally laden with a variety of pollutants that require removal so as to render the 

wastewater fit for discharge with minimal impact on the environment. Many studies 

have been conducted with the objective of alleviating the serious problem of discharge 

of tannery waste effluents.        

    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 General flow diagram for leather process steps (Rameshraja et al., 2011)  
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Elsheikh et al. (2009) reported that tanneries emit three types of wastewater 

1. Unhairing and liming wastewater                                                                                                    

2. Tanning wastewater                                                                                                                         

3. Retanning, dyeing and fat liquoring wastewater   (Figure 2.2)    

      
   During the first stage belonging to beamhouse processes, raw hides and skins 

are cleaned and prepared for further processing; the hair, the epidermis and the flesh 

layers are separated from the hide (Vidal et al., 2004; Konrad et al., 2002; Cooman et 

al., 2003; Rivela et al., 2004). The skin is further rehydrated and globular proteins are 

removed at relatively high pH values. Pickling is also performed at this stage. The 

corresponding wastewater is highly loaded with sulfide and lime (leading to relatively 

high pH values) and in some cases arsenic is also present. The stage that follows 

involves the addition of synthetic/vegetable tanning agents in an acidic medium (pH 

ranging between 2.5 to 3.5) as well as washing, trimming and shaving. At this stage the 

bulk of the chromium is applied. The last stage includes retanning and wet finishing 

where the tanned hides are given their final features from added colors to bleached 

appearance (Barredo-Damas et al., 2010). The effluents resulting from the three stages 

are combined to form the final tannery effluent, a wastewater laden with a complex 

array of impurities that require treatment. 
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temperatures (Fahim et al., 2006; Kowalski et al., 1994; Covarrubias et al., 2005; 

GilPavas et al., 2011). 

Tanneries generate high strength wastewaters which vary widely in quality 

depending on the process technology adopted. In fact, the characteristics of tannery 

wastewater depend on the size of the tannery, the chemicals used in each process, the 

amount of water used and the type of the final product to be produced (Durai et al., 

2011). Deepali et al. (2009) concluded in their comparative study, concerning the 

physico-chemical properties of tannery effluent discharged from tannery industry, that 

this effluent is highly contaminated with fluctuating pH and high temperatures and 

notoriously exceeding the values prescribed by the Standards of Environmental 

Protection Act. Therefore, treating tannery wastewater to meet discharge standards prior 

to disposal is a major challenge. 

Treatment of tannery wastewater is carried out by physical or chemical or 

biological or combination of these methods. The performance of a given treatment 

process depends on the effluent composition while the selection of the appropriate 

process depends on the quality and requirements of the effluent, cost and environmental 

capabilities (Costa et al., 2009). 

Novotny et al. (1989) and Eckenfelder (1989) reported that tannery wastewater 

cannot be discharged into public sewers without pretreatment, which should include 

screening and sedimentation supported by chemical coagulants. Song et al. (2000) 

proved that plain settling can greatly reduce the cost of discharging the effluent. They 

reported removal efficiency of 41.5% for COD, of 83.2% for chromium and of 76.1% 

for SS after three hours of plain settling. Tannery wastewater is typically characterized 

by deep color content; however, its toxicity is not limited to the aesthetic nature of 
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receiving streams, but mainly to the aquatic life. Therefore, considerable work has been 

carried out in the removal of color from tanning industry and adsorption seems to offer 

the best prospects and moreover, activated carbon is the most popular adsorbent even 

though it is expensive (Kadirvelu et al., 2000). 

Physico-chemical processes are commonly used as pretreatment to or refining 

steps for biologically treated wastewater, or are used to treat a specific pollutant. 

Coagulation/flocculation is widely used in removing a wide range of impurities. The 

most commonly used coagulants are aluminum and iron-based salts. However, there is a 

discrepancy in affirming the best coagulant to be used. This can be referred to the fact 

that tanneries generate complexes that are widely varying depending on the process 

technology used. For instance, Song et al. (2004) reported that ferric chloride was a 

more efficient coagulant than alum in removing COD (30-37%), SS (38-46%) and color 

(86%). However, Haydar and Aziz (2009) reported that alum was the most suitable in 

reducing turbidity, TSS, COD and Cr with 98.7-99.8%, 94.3-97.1%, 53.3-60.9% and 

98.9-99.7% respectively. They tested the efficiency removals achieved in treating 

tannery effluent with various metal salts; alum, ferric chloride and ferric sulfate. Ferric 

chloride and ferric sulfate generated blackish color when used as coagulant. 

Since there is a consensus about the large sludge volume obtained with the 

application of metal salts, Haydar and Aziz (2009) presented an attempt to replace the 

latter with cationic polymers as alternatives. They showed that, at optimum dose of the 

suitable polymer and for pre-settled effluent, the percentage removals for turbidity, 

TSS, COD, and chromium were in the range of 94-96%, 69-83%, 25-29%, and 96-97% 

respectively. Moreover, the produced sludge was reported to be 60% less than that 

obtained when alum is used as coagulant. Haydar and Aziz (2009) investigated the 
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performance of cationic and anionic polymers as coagulant aids with alum as coagulant. 

The combination of cationic polymer with alum resulted in effluent turbidity removal of 

97%, TSS removal of 93.5%, total COD of 36.2% and chromium removal of 98.4% 

versus turbidity removal of 99.7%, TSS removal of 96.3%, TCOD of 48.3% and Cr 

removal of 99.7% when anionic polymer is added to Alum. They achieved removal 

efficiencies of 64.3 %, 52.5%, 81.1%, 94.6%, and 98.5% for COD, BOD5, SS, Cr and 

S2- respectively using aluminum sulfate and anionic polyelectrolyte. 

Conventional biological processes are based on the biodegradation, carried out 

by microorganisms, of organic matter resulting in additional biomass and carbon 

dioxide under aerobic conditions and a biogas under anaerobic conditions (Ryu et al., 

2007a). Anaerobic biodegradation, though a slower process that is accompanied by 

unpleasant odors when compared to aerobic treatment, exhibits better performance in 

treating high strength tannery effluent (Duray et al., 2011). Moreover, anaerobic 

treatment is more preferable because it is less energy intensive (Durai et al., 2011; 

Mannucci A., 2010). However, both processes are employed in treating tannery 

wastewaters.  

Lin et al. (1996) demonstrated that conventional aerobic biological processes 

such as activated sludge are unable to treat textile effluent. They reported that sludge 

bulking occurs when dyes, present in the effluent, come in contact with the 

microorganisms used in the process. Ates et al. (1997) showed in their study that only 

20% of the total COD is biodegradable and that tannery effluents have a very low 

BOD5/COD ratio. All these findings demonstrate that the biodegradability of the 

wastewater is low. However, the application of the activated sludge process (ASP) 

operated at a MLVSS concentration of 3500mg/L and aeration time of 12hrs to settled 
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tannery effluent resulted in 90% and 80% removal efficiencies for BOD and COD 

respectively. Application of conventional activated sludge treatment to physico-

chemically pretreated wastewater recorded BOD5 values of less than 25mg/L at 

volumetric loading of less than 2 g BOD5/L/day, however nitrogen and sulfates 

concentrations remained high in the effluent (Roš M.et al., 1998). They also showed 

that the application of conventional activated sludge treatment to a mechanically 

pretreated wastewater is efficient when a long retention time (several days) is adopted. 

This combination results in BOD5 removals ranging between 88% and 97%. The 

treatment of mechanically pretreated wastewater in a combined anaerobic-anoxic-

aerobic reactor registered reductions in BOD5 >99%, COD>93% and total N> 95% 

under conditions of long retention time in the reactor. Song et al. (2001) reported that 

conventional aerobic treatment carried out on supernatants from a coagulation process is 

effective but the volume of the sludge formed is about 5 times more than that from 

anaerobic treatment. Many researchers studied the treatment efficiency of the ASP and 

reported BOD5 removals ranging between 90% and 97% for aerated and settled tannery 

effluents (Jawahar et al., 1998; Murugesan et al., 1994; Eckenfelder et al., 2002; Tare et 

al., 2003). 

Anaerobic treatment processes do not require oxygen, produce biogas during the 

degradation of organic compounds and generate less sludge (Vijayaraghavan et 

al.,1997).  Anaerobic treatments are mainly performed by anaerobic filter (AF) and 

upflow anaerobic sludge blanket (UASB) reactors (Mannucci et al., 2010). Reported 

data show that the removal of organic matter in anaerobic processes highly depends on 

(1) organic load rate, (2) hydraulic retention time (HRT), (3) inlet sulfate concentration, 

(4) operating temperature and (5) filling material (Mannucci et al., 2010). Rajasimman 
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et al., (2007) studied the effect of variations in organic loading rates on the achieved 

COD and BOD5 removals. They reported COD and BOD5 removal efficiencies ranging 

between 46-85% and 65-93% respectively for organic loadings ranging between 5-12 

Kg/m3/d. They also reported gas production varying between 2-15 L for the given 

organic load. 

Literature review shows that biological processes are often considered 

inadequate in treating tannery effluents due the presence of toxic and recalcitrant 

compounds namely sodium sulphide, used in the dehairing stage, and chromium, used 

in the tanning stage (Tunay et al., 1994), and to deficiencies in nutrient elements 

essential for bacterial activity (Song et al., 2001; Chiesa et al., 1985). 

Treatments of tannery wastewater that is normally highly loaded with organic 

and inorganic impurities have been effected thorough both conventional and advanced 

treatment processes, however, biological processes have not proved to be effective in 

reducing total dissolved solids (TDS). Advanced treatment techniques (ATT) include 

membrane separation processes, advanced oxidation processes (AOPs) and membrane 

bioreactors (Pophali et al., 2011). Amongst ATPs, the membrane separation processes 

are implemented to ensure complete removal of organic matter and dissolved solids so 

as to render the treated effluent suitable for reuse. Membrane technology comprises 

microfiltration, ultrafiltration, nanofiltration, and reverses osmosis. However, the major 

drawback of this technology is rapid scaling and fouling of membranes resulting in a 

reduction in flux rate and performance of the system. This is due to the organic 

pollutants present in tannery wastewater. De Gisi et al. (2009) tested on a pilot scale the 

removal efficiencies achieved by a combined system consisting of  a conventional 

activated sludge process being a pre-treatment phase and a subsequent reverse osmosis 
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system. The reported removals included COD: 97.4%, ammonia and nitrate: 96.1% and 

98.5% respectively, chloride: 98.8% and sulphate: 99.8%.   

AOPs are gaining increased interest in light of the failure of conventional 

biological and chemical treatment processes in treating toxic and non-biodegradable 

materials present in tannery effluent (Schrank et al., 2005). They aim at mineralizing 

contaminant materials. Oxidation is mainly performed by ozone, hydrogen peroxide, 

Fenton, oxygen and air (Rameshraja et al., 2011; Song et al., 2001). Almost all AOPs 

are based on the generation of the strong and non selective hydroxyl radicals. Among 

these, ozone (O3), being a powerful oxidant, has been extensively used in process 

industries. Many researchers published the improvements achieved in removing 

pollutants by integrating an ozonation stage to pre-existing conventional processes. 

Lopez et al. (1999) reported the efficiency of ozone in improving the biotreatability of 

recalcitrant effluents; their results indicated that during ozonation, COD decreases by 

about 50% however BOD5 increases. They also reported that ozonation is distinguished 

by its no sludge generation and efficacy in improving the performance of a subsequent 

biological process. 

Preethi et al. (2009) examined the potential of ozone for both color removal and 

organic reduction. They reported that the achievable COD removals varied between 20-

70% depending on the initial COD effluent concentration. They also found that color 

removal efficiencies varied between 30-90% for the same aforementioned reason. 

Dogruel et al. (2004) investigated the impact of ozonation before, during and after 

biological treatment. They measured the reduction in COD for preliminary ozonated 

raw tannery sample to be in a range of 4 -10%. The highest COD removal efficiencies 

achieved were 21-34% when ozone was applied during the phase where it is not 
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competing with the biological treatment in removing biodegradable organic compounds 

(Jochimsen et al., 1997).   

Di Iaconi et al. (2004) treated real tannery wastewater effluent by an integrated 

process combining a biological process to chemical oxidation using ozone in a 

sequencing batch biofilm reactor. They reported high efficiency removals of 97%, 98% 

and 99.9% for COD, ammonia and suspended solids respectively. The ozonation of a 

secondary treated tannery effluent resulted in color reduction of 76.5%, 84.3%, and 

98% at pH values of 3, 7 and 12 respectively (Srinivasan et al., 2011). Also, a removal 

range of 33.9-34.9% was obtained for COD at pH 12and 3 respectively. Moreover, a 

maximum COD removal of 64% was registered in a sequential batch reactor (SBR) 

treating ozonated primary treated tannery effluent. Di Iaconi et al. (2009) reported the 

efficiency of treating tannery effluent by combining a sequencing batch biofilter 

granular reactor to an ozonation unit. This integrated system emitted an effluent that 

meets discharge limits for COD and surfactants and reduced the sludge production by 

30 times. 

Utset et al. (2000) tested the Fenton reaction, a cheap and easy to handle 

method, in wastewater treatment. Bae el al. (2004) showed in their study that the Fenton 

reaction involves two mechanisms; coagulation by ferric ion and oxidation by the OH 

radical. Moreover, Kang et al. (2002) concluded that in Fenton reaction, color removal 

was achieved by Fenton oxidation while COD removal was achieved by ferric 

coagulation. They determined ratios of H2O2/Fe2+ to be 5.6 for maximal color removal 

and 1.2 for maximal COD removal. Schrank et al. (2005) concluded in their study that 

the concentration of H2O2 and Fe2+ affects removal efficiencies; they also reported on a 

complete mineralization of COD and BOD5. Dantas et al. (2003) evaluated the 
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efficiency of Fenton and Photo-Fenton processes in treating tannery effluent. They 

reported a decrease of 90% of organic matter in 4hrs. The Fenton process showed COD 

removal of 83% when1g/L of ferrous ions and 15g/L of H2O2 were added in a 3-hr 

reaction. The electro-Fenton process and electrochemical oxidation process were 

studied by Kurt et al (2007). They reported a 60-70% reduction in COD within 10 min. 

Mandal et al. (2010) reported the removal efficiencies achieved at a pH value of 3.5 and 

30°C at 30 min reaction for COD, BOD5, sulfide, total chromium and color to be 69%, 

72%, 88%, 5% and 100% respectively. Blanco et al. (2012) compared the application of 

Fenton reaction and a combination of Fenton reaction and activated sludge and reported 

a maximal removal of 64% for TOC for the individual process and 92% for the 

combined process. Due to the fact that tanneries generate a wide range of pollutants, the 

optimization on pH, Fe2+ and H2O2 concentrations is critical in reaching maximal 

removal efficiencies. 

Due to the instability of the quality of the raw tannery wastewater, many 

researchers tested the performance of various combinations of biological, physical and 

chemical treatment methods. The application of a combined process of physical or 

chemical with biological process to treat tannery wastewater would give satisfactory 

results compared to individual treatment processes. Song et al. (2001) investigated the 

coupling of coagulation with aluminum sulphate and ferric chloride coagulants to 

anaerobic digestion. The sole treatment with aluminum sulfate or ferric chloride as 

coagulants at pH 7.5 and an optimum dose of 800mg/L reduced COD, SS, chromium 

and color up to 32-36%, 64-69%, 77-99%, 85-86% respectively. Further treatment of 

the supernatant by anaerobic digestion revealed improvements in removal efficiencies 
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where additional removals of 62-64%, 12-19%, 20-31% and >95% for COD, SS, 

chromium and sulphide respectively. 

Electrochemical methods for the treatment of wastewater attracted great 

attention after finding it to be effective in treating dyes/textile wastewater (Kim et al., 

2002). Szpyrkowicz et al. (2005) carried out a study on electrochemical oxidation of 

tannery wastewater in an electrochemical reactor equipped with anodes based on noble 

metals and metal oxides from which they concluded that the rate of pollutant removal is 

significantly influenced by the type of anode material and electrochemical parameters. 

Electro-coagulation globally results in OH- formation, as a consequence of the increase 

in pH during the operation. The EC process uses continuous current in order to form 

flocs of metal hydroxides by the electro-coagulation of soluble anodes. At the same 

time, gaseous H2 is formed on the cathode, which helps the flotation of particles to the 

solution surface. Finally, the colloidal materials are agglomerated and removed by 

flotation or decantation (GilPavas et al., 2011).  Feng et al., (2007) studied the electro-

coagulation of tannery wastewater with soluble electrodes (mild steel electrodes and 

aluminum electrodes) at low cell current (< 1 A). The achieved removal efficiencies for 

COD, ammonia, total organic carbon, sulfide and color were 68%, 43%, 55%, 97% and 

84% respectively. They reported that the type of electrode material used in the treatment 

process affects the removal of sulfides and color where mild steel electrodes removed 

over 90% of sulfide but produced typical black color precipitate versus aluminum 

electrode which resulted in better removals in terms of color but the maximum sulfide 

removal achieved was 12%.  

Babu el al. (2007) and Zaroual et al. (2005) also studied the application of 

electro-coagulation to wastewater using sacrificial electrodes, iron as anode and 
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aluminum as cathode; they reported the removals of COD, BOD5, TDS, Cr to be 40%, 

28%, 43% and 60% respectively. They determined that power consumption and current 

density were the factors dictating the optimal conditions; the increase in flow rate and 

current density significantly increase the reduction of COD, BOD5, TDS and chromium. 

Zongo et al. (2011) reported that the treatment performance depends on current density, 

time of treatment, metal concentration and loaded charge. They concluded that there are 

values beyond which no improvement is added and that the best registered removals 

achieved are 93-99% for color and 45-75% for COD. Murugananthan et al. (2004) 

studied the efficiency of electro-coagulation by testing the performance of soluble 

anodes of iron and aluminum and insoluble anode of titanium. Consumable anodes like 

iron or aluminum are advantageous to stable electrodes like titanium due to their ability 

in removing sulfur species (sulfide, sulfite and sulfate) and suspended solids. 

Sundarapandiyan et al. (2010)  used graphite electrode for the electro-oxidation of 

tannery wastewater. They reported COD removals of 57.57%-59.73% at pH values of 3 

and 5 respectively. 

Apaydin et al. (2009) tested the efficiency of two electrochemical treatment 

processes in treating tannery wastewater; electro-coagulation (EC) and electro-Fenton 

(EF). They reported that the removal efficiency of the pollutants in the EF process was 

10% higher than achieved the EC process accompanied by 20% reduction in energy 

consumption. However, Elsheikh et al. (2009) showed that electrode activity in an 

electro-coagulation process decreases due to the formation of a polymeric film on the 

surface; hence, the application of a physico-chemical pretreatment would be more 

efficient.  
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Naumczyk et al. (2005) investigated the electro-coagulation and coagulation 

with FeCl3 followed by advanced oxidation processes. They reported that electro-

coagulation resulted in slightly better removal than coagulation with 93-94% versus 85-

88% reduction in COD. The combination of advanced oxidation process consisting of 

Fenton reaction to electrochemical treatment was investigated by Kurt et al. (2007). The 

best results achieved by this method were 70% for COD removal at pH 3 and 60% at 

pH 7.  

Traditional methods for dealing with textile wastewater consist of various 

combinations of biological, physical and chemical treatment methods. In this context, 

Kim et al. (2002) studied the performance of a pilot scale plant combined process 

composed of biological pretreatment (fluidized biofilm), chemical coagulation 

(FeCl3.6H2O at pH 6) and electrochemical oxidation (25mM NaCl of electrolyte 

concentration, 2.1mA/cm2 current density and 0.7L/min as flow rate). They reported an 

overall removal of 95.4% and 98.5% for COD and color respectively. Di Iaconi et al. 

(2002) investigated the performance of an integrated process based on combining 

discontinuous biological degradation occurring in a sequencing batch biofilm reactor 

with chemical oxidation, performed by ozone. They reported that this integrated process 

is characterized by a low solids production, with average removal efficiencies of 97%, 

98% and 99.9% for COD, NH4-N and TSS respectively. Moreover, Vidal et al. (2004) 

applied a combined oxidative and biological treatment, using Fenton’s reagent and an 

aerobic activated sludge treatment. Removal efficiencies of organic matter from raw 

unhairing wastewater reach up to 95%. Also, Ryu et al. (2007b) evaluated the 

performance of a biological treatment process consisting of an activated sludge system 

in treating tannery effluent following seawater flocculation. The overall removal for 
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COD was 75% at optimum conditions when pH was adjusted to 7 and PO4-P was added 

according to the balanced ratio of COD to N to P as 100:5:1. The removal efficiencies 

by seawater of TSS, COD, TKN, NH4
+-N, T-P and Cr6+ were higher than those 

achieved by ferric salt when seawater coagulation was used as coagulant. 

De Gisi et al. (2009) carried out a study on the combination of a conventional 

activated sludge as pre-treatment process followed by a physico-chemical process 

(using a polymer as coagulant) and a pilot scale reverse osmosis unit. They obtained 

satisfactory results in terms of wastewater reuse criteria in the tannery production cycle. 

Raghu et al. (2007) concluded that the application of chemical or electrochemical 

techniques followed by ion exchange system was effective in removing COD, color, 

conductivity, alkalinity and total dissolved solids. Chemical coagulation showed a 

maximum COD reduction of 81.3% while electro-coagulation, using iron and aluminum 

electrodes, showed a maximum reduction of 92.31% at current 0.25A/dm2 with energy 

consumption 19.29KWh/kg of COD and 80% at current 1A/dm2 with energy 

consumption 130.095KWh/kg of COD for the electrodes respectively. 

Every tannery wastewater is unique in quality depending on the process 

technology and chemicals added, therefore, the selection of the appropriate treatment 

process presents a major challenge. Each treatment process should be validated 

experimentally prior to be applied to any effluent. In this study, separate and combined 

conventional treatment techniques are investigated. Knowing that chemical treatment 

systems can accommodate variable input loads and flows as well as intermittent and 

complex discharges, coagulation/flocculation using bittern as coagulant was performed 

in this research. The obtained results were compared to the performance of alum and 

ferric chloride as coagulants. And since chemical oxidation is recommended to meet 



 
 
 

22 
 
 
 

stringent effluent limitations especially for wastewaters with high COD and color 

levels, ozonation and Fenton reaction were tested prior and after coagulation. A 

finishing step consisting of adsorption through activated carbon was coupled to the 

whole process. It should be noted that the reviewed literature did not show similar 

studies where comparable wastewater characteristics and treatment sequences were 

investigated. 
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1 Wastewater 

The current research involved sampling and analyzing wastewater effluent 

generated from the largest operating tannery in Lebanon over an average period of two 

years. The tannery is located at Wadi Shahrour, in Mount Lebanon. This tanning factory 

is fully equipped to transform raw hides into leather. The collected effluent used in this 

study had undergone a primary mechanical treatment consisting of a consecutive 

passage through a medium screen followed by a micro-screen (Figure 3.1& Figure 3.2). 

 

 

 Figure 3.1 Medium-sized screen                                   Figure 3.2 Micro-screen    
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A total of 25 samples were collected and analyzed for the following parameters: 

TSS, TDS, COD, conductivity, pH, apparent color, turbidity, total phosphorous, total 

nitrogen, BOD5, sulfide, arsenic and chromium. Table 3.1 depicts the characteristics of 

raw wastewater monitored over the two years and the stated Environmental Limit 

Values. All of the samples were collected at 10:00-11:00 AM while one sample was 

collected throughout a working day (from 8:00AM-5:00PM) then mixed all together 

and reported to characterize the tannery wastewater. 

 

Table 3.1 Characteristics of the tannery wastewater and standards for discharge in a 
body of water 

Parameter Unit Range mean± standard 
deviation 

ELV for 
existing 
facilities

pH  5.42-11.33 8.26± 1.95 6-9 
TDS mg/L 3710-9580 5922±1770 - 
Conductivity µs/cm @ 25°C 7420-19140 11830±355 - 
TSS (mg/L) mg/L 490-4995 2193±1417.25 60 
Apparent color mg/L Pt-Co 4175-33500 17018±9323 - 
Turbidity NTU 355-5800 1856±1544 - 
Total 
phosphorous (P) 

mg/L 4-20.5 8.68±4.24 10 

Total 
phosphorous 
(PO4)3- 

mg/L 12.5-63 26.56±12.52 - 

Total nitrogen mg/L 180-665 322±138.6 30 
Sulfides mg/L 0.443-2.09 0.51±0.06 1 
COD mg/L 1990-8460 4311±1818 125 
BOD5 mg/L 490-2226 1072±497 25 
Cr mg/L 35.42-761.22 306±254 2 
As mg/L 0.004-6.87 1.21±1.83 0.1 
 

Prior to sampling, the appropriate gallons are rinsed two to three times with the 

effluent collected from the disposal drain. A volume of 20 to 40 liters was collected for 

each batch and transported immediately to the lab to avoid any possible deterioration in 

the effluent quality (Figure 3.3). Once the pH and the temperature are recorded, the 
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remaining sample is prepared for further tests and analyses. Sample preparation 

methods include raising/lowering the pH, filtration, digestion and/or oxidation.  

 

 

 

 

 

 

 

Figure 3.3 Sample of collected wastewater 

 

3.2 Coagulant used  
 

The coagulant, bittern, was obtained from the solar evaporation of seawater from 

an initial volume and density of 125 L and 1.027 kg/L, respectively, to a final volume 

and density of approximately 1.3 L and 1.2705 kg/L. The seawater was collected from 

the Eastern Mediterranean Sea from the beach facing the American University of Beirut 

(AUB) campus. The evaporation process was carried out using an array of metallic pans 

installed on the roof of Raymond Ghosson Building (RGB) and in accordance with the 

criteria and critical density indices reported by (Ayoub et al., 2001). In the course of the 

solar evaporation process, deposition of calcium salts (CaCO3 and CaSO4) took place in 

the first pan. Crystallization and settling out of large portions of the NaCl present in the 

seawater occurred in the second pan, thus ending the evaporation process. 
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The produced magnesium-rich liquid bittern was collected and stored in a 1.5-L 

polyethylene container at room temperature to be used later as the source for the 

magnesium hydroxide coagulant. 

Table 3.2 Physico-chemical characteristics of the liquid bittern produced 

Parameter                                                              Measured value 
pH 6.67 
Specific gravity 1.27 
TDS (mg/L) 342x103

Conductivity (ms) 108.6 
Ca2+ (mg/L) 0 
Mg2+ (mg/L) 53.6x103

Cl- (mg/L) 222.5x103

SO4
2- (mg/L) 46.3x103

 
 

The concentration of Mg2+ in the bittern, available for the formation of 

Mg(OH)2, amounted to 53600 mg/L. The use of bittern as a coagulant required raising 

the pH of the wastewater to levels of around 11.3 being the optimal pH around which  

Mg(OH)2 will operate most effectively (Haydar and Aziz 2009; Ayoub et al. 1999). The 

pH was raised using a stock solution of lime [Ca(OH)2], which by itself induces settling 

and which was prepared by dissolving 5 g of CaO powder supplied by PDH Limited, 

Poole, England in 100 mL of distilled water. 

Aluminum sulfate and ferric chloride used in the comparative evaluation with 

bittern were laboratory grade Al2(SO4)3.18H2O supplied by MERCK and FeCl3, Iron III 

chloride anhydrous supplied by BDH Laboratory Supplies.  
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3.3 Adsorbent                    

   The adsorbent used is commercial coconut-shell-based granular activated 

carbon, AquaSorb CS supplied by Jacobi Carbons AB, Sweden, with the following 

characteristics: Iodine number: 1050 mg/g; BET surface area: 1100m2/g; total pore 

volume: 0.62 cm3/g; and apparent density: 510 kg/m3. The AC was packed in columns 

consisting of acrylic plastic tubes (Figure 3.4).  

  

 Figure 3.4 AC packed in acrylic plastic tubes      

3.4 Oxidation processes 

3.4.1 Ozonation 
 
   Ozone is well known to be a powerful oxidant that has been extensively used in 

various industries at various levels to remove the organic and inorganic content present 

in the wastewater through a single step without generating an extra sludge (Preethi et 

al., 2009; Pophali et al., 2011). The ozone generating equipment system used in this 

research involves a “Corona Discharge Ozone Generator Microzone 300” supplied by 
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Clear Water Tech,LLC, California, USA, that generates 300 mg/hr of ozone gas and is 

equipped with a variable supply control. The air supply to the generator was done using 

an air pump model AC-9902 supplying air at a value of 3.5L/min at a pressure of 

0.012Mpa and as supplied by Resun, Shenzhen, China. A diffuser stone coupled to the 

generator through a plastic hose was used to deliver the ozone to the tested sample. A 

batch of 25-30L of raw wastewater was used as the main feed to the individual test 

performed after oxidation for a period of 1:30-2:00 hrs with ozone at a feed rate of 

300mg/hr (Figure 3.5). All experiments were conducted at room temperature (25±1 °C) 

and at the original pH of the effluent.

   

 Figure 3.5 Ozone generator 
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3.4.2 Fenton Reaction       

 The Fenton process is considered to be one of the most efficient AOPs. It is 

based on an electron transfer between H2O2 at 30% concentration and a catalyst, most 

commonly used is Fe2+ (from ferrous sulfate heptahydrate) as depicted in the following 

equations: 

H2O2 +Fe3+ Fe2+ + .HO2 + H+  

H2O2 +Fe2+ Fe3+ + OH- + .OH    

H2O2 + OH.  H2O + .O2H        

.O2H↔
.O2

- + H+     

OH. + Fe2+ Fe3+ +OH- 

.O2H + Fe3+ Fe2+ + H+ +O2 

.O2H + Fe2+ Fe3+ + HO2
-      

Fe3+ +.O2
-   Fe2+ +O2 

Fe2+ +.O2
-   Fe3+ +H2O2 

.O2H +.O2
-    O2 + H2O2   

PCP + .OH by-products (1)                                                                                                  

by-products (1)+ .OH  byproducts (2)                                                          (Zimbron.A et al., 2009)                                    

The Fenton reactions were carried out over a period of 2 h in jars of 2000 mL capacity. 

The reaction mixture inside the reactor, consisting of 2000 mL of tannery effluent at pH 

3.5, was continuously stirred. The H2O2/Fe2+ and H2O2/COD ratios adopted were 9 and 

4, respectively as recommended by Vidal et al. (2004). 

 

3.5 Experimental Setup        

   The experimental study comprised a series of tests in which coagulation/ 
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flocculation, oxidation (through ozone or Fenton reaction) and adsorption were 

conducted individually or in combination under controlled laboratory conditions using a 

standard six-jar test apparatus (model 300) obtained from Phipps and Bird, Inc, 

Richmond, Virginia (Figure 3.6). As for adsorption, several dimensional acrylic plastic 

columns of 25mm inner diameter were used to receive jar test supernatants from each of 

the jars that underwent coagulation/flocculation/settling. Also, the effect in variation of 

the total AC bed height was also investigated by allowing the flow of 200 mL of the 

adsorbate solution which was obtained after the jar test showing the highest removal in 

terms of TSS (Figure 3.7). Table 3.3 presents the depth of the tested AC beds, the 

corresponding loading rates and the dry mass of required AC.  

Table 3.3 Depth and dry mass of the tested AC beds  
Depth of AC bed 
(cm) 

10cm 15cm 20cm 35cm 40cm 45cm 

Dry mass of AC 
(g) 

25 40 49 91 105 117 

Loading rate 
(WWcm3/ACcm3) 

4.08 2.72 2.04 1.16 1.02 0.91 

 

Before starting the experimental part, the bed in use was rinsed by deionized water up 

through the column and the first 10 mL of the filtered samples were discarded to avoid 

any residual impurity in the AC. 
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Figure 3.6 Jar test apparatus     

 

          Figure 3.7 AC columns 

3.6 Testing Procedure 

   Twenty five sets of experiments were conducted in which an average of 

quintuplicate was performed for each test. All of the tests underwent coagulation/ 

flocculation and/or oxidation as well as adsorption treatment. A separate set was 

conducted for comparison on the coagulation treatability of the wastewater using 

Al2(SO4)3, FeCl3, and bittern. Only two parameters were evaluated for the latter set, 

namely, TSS and BOD. In this set pH adjustments were made to arrive at the optimal 

pH for the different coagulants, where the pH was raised from a value of 7.3 to 7.5 

using lime for both alum and ferric chloride. For the jar experiments, aliquots of 1.0 L 

of the tannery wastewater were transferred in succession to the six jars where the first 

jar was used as a control and the other five jars were alkalized using Ca(OH)2 to a pH of 

11.3±0.1. Bittern doses of 5, 10, 15, 20 and 25 mL/L were added respectively. The jar 

test was then conducted by operating the stirrers for flash mixing at a G of 135 s−1 for 

one minute. The speed of the stirrers was then reduced to impart a G of 23 s−1 for 20 
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min to allow flocculation to take place. The multiple stirrers were then stopped for a 30-

minute quiescent settling period, followed by carefully decanting 500 mL of clarified 

supernatant from each of the six jars to be used for the measurement of the selected 

parameters and to carry out the adsorption tests. The adsorption test was conducted by 

passing 200 to 250 mL of the settled effluent through the column packed with granular 

activated carbon and the effluent collected for re-measurement of the selected 

parameters. Oxidation with Fe2+ and H2O2 were carried out using a standard jar test 

apparatus. The oxidation experiments were conducted in 2000 mL jars. All single and 

combined sequences were tested and all tests were conducted at a temperature of     

25±1 °C as illustrated in the table 3.4
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Table 3.4 Tested sequences 

Tested sequences Experimental conditions 
Sequence No.1:  
Jar test 
Aim: compare efficiency 
removals using Alum,  Ferric 
chloride and bittern 

Jar test No.1 
-Raw sample  (control ) 
-Beaker1 (raw sample 
undergoing jar test) 
-Beaker 2 (raw with adjusted pH 
to 7.5 undergoing jar test) 
Beaker 3, 4, 5 and 6 (raw with 
adjusted pH to 7.5 with different 
Alum doses) 
 
 

Jar test No.2 
-Raw sample  (control ) 
-Beaker1 (raw sample 
undergoing jar test) 
-Beaker 2 (raw with adjusted 
pH to 7.5 undergoing jar test) 
Beaker 3, 4, 5 and 6 (raw 
with adjusted pH to 7.5 with 
different ferric chloride 
doses) 

Jar test No.3 
-Raw sample  (control ) 
-Beaker1 (raw sample 
undergoing jar test) 
-Beaker 2 (raw with adjusted pH 
to 11.3 undergoing jar test) 
Beaker 3, 4, 5 and 6 (raw with 
adjusted pH to 11.3 with 
different  bittern doses) 
 

Tested parameters: 
BOD5 
TSS 

Sequence No.2 
Jar test AC adsorption 
Aims: 1-evaluate the efficacy 
of bittern as a coagulant  
        2- evaluate the  removal 
efficiencies achieved when 
chemical treatment (jar test) 
and adsorption (AC) are 
combined 

1st stage: 
-Equalization of the tannery 
wastewater in 50L  beaker 
capacity using a magnetic stirrer 
-aliquot of 1liter was transferred 
without any further treatment 
(Raw) 
- aliquot of 2 liters was 
transferred to undergo jar test 
(Beaker 1)  
 
 

2nd stage: 
-The remaining tannery 
wastewater underwent pH 
raise to 11.3±0.1. Aliquots of 
2 liters are then transferred to 
beakers to undergo jar  test 
(Beaker2, 3, 4, 5 and 6) 
Beaker 2, 3, 4 , 5 and 6 
contain alkalized wastewater 
with different bittern doses 

3rd stage: 
-Once the  jar test is performed, 
raw sample and supernatants 
from beaker 1-6 were subjected 
to  adsorption through granular 
AC columns  
- Each sample was allowed to 
pass by a different column in 
order to avoid clogging and/or 
release of adsorbate from the 
carbon bed. 

Tested parameters 
Raw sample, supernatants from 
jar test and samples after carbon 
adsorption were characterized 
for the following parameters: 
TSS, TDS, conductivity, pH, 
apparent color, turbidity, COD, 
BOD5, TN, TP, Cr and As 
 

Sequence No.3 
Ozonation Jar testAC 
Aims:  1- test for removal 
efficiencies when tannery 
wastewater was ozonated.  
         2-evaluate the removal 
efficiencies achieved when 
tannery wastewater was 
oxidized (with ozone) then 
underwent jar test and finally  
subjected to carbon adsorption  

1st stage: 
-Equalization of the tannery 
wastewater in 50L  beaker 
capacity using a magnetic stirrer 
-aliquot of 1liter was transferred 
without any further treatment 
(Raw) 
- remaining sample was oxidated 
with ozone for 1:30-2:00hrs, then 
aiquot of 1L from the oxidized 
sample was removed (Raw oxi) 
 

2nd stage: 
-Aliquot of 2 liters was 
removed and referred to as 
Beaker 1. 
- remaining sample was 
alkalized to ph=11.3 
- aliquots of 2 liters were 
transferred after ozonation to 
the jar test (Beaker2, 3, 4, 5 
and 6), then different doses of 
bittern were added 
 
 

3rd stage: 
-after the jar test, raw, raw oxi, 
beaker 1-6 were subjected to 
carbon adsorption  

Tested parameters 
Raw sample, oxidized raw,  
supernatants from jar test and 
samples after carbon adsorption 
were characterized for the 
following parameters: 
TSS, TDS, conductivity, pH, 
apparent color, turbidity, COD, 
BOD5, TN, TP, sulfides, Cr and 
As 
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Sequence No.4 
Jar test ozonation AC 
Aims:  1- test for removal 
efficiencies when ozonation is 
performed after Jar test 
         2-evaluate the removal 
efficiencies achieved when 
tannery wastewater was 
chemically treated (Jar test) 
then oxidized and finally  
subjected to carbon adsorption  
 
 

1st stage: 
-Equalization of the tannery 
wastewater in 50L  beaker 
capacity using a magnetic stirrer 
-aliquot of 1liter was transferred 
without any further treatment 
(Raw) 
-aliquot of 2 liters was 
transferred to jar test  (beaker 1) 
- remaining sample was alkalized 
to pH=11.3 
-aliquots of 2 liters, once 
alkalized, were subjected to jar 
test. Different doses of bittern 
were tested.  

2nd stage 
-after coagulation/ 
flocculation/settling, 
supernatants were oxidized 
individually. 
 

3rd stage 
once underwent jar test followed 
by ozonation, raw, B1-B6 were 
subjected to carbon adsorption 

Tested parameters 
Raw sample, supernatants from 
jar test and samples after carbon 
adsorption were characterized 
for the following parameters: 
TSS, TDS, conductivity, pH, 
apparent color, turbidity, COD, 
BOD5, TN, TP, Cr and As 
 

Sequence No.5 
a-Fenton reaction jar 
testAC 
b-Jar testFenton 
reaction AC 
 
Aim: 1- to test, on the same 
tannery wastewater sample, 
the efficiency to Fenton 
reaction before and after the 
jar test. 
 
 

1st stage: 
-Equalization of the tannery 
wastewater in 50L  beaker 
capacity using a magnetic stirrer 
-Aliquot of 1 L was transferred, 
without any further treatment 
(Raw) 

                                        Tested Matrices Tested parameters 
 

1-Raw+ pH(3-3.5) +H2O2+ settling 
2-Raw+ pH (3-3.5)+ H2O2+FeSO4 + settling 
3-Beaker with optimum dose of bittern 
4-Ozone oxidation+ jar test with optimum dose of bittern               
5-Raw + pH(3-3.5)+ H2O2 then pH raised till 11.3+ addition of 
optimum dose of bittern 
6-Raw + pH(3-3.5)+ H2O2+ FeSO4  then pH raised till 11.3+ 
addition of optimum dose of bittern 
7-jar test with optimum dose then ozone oxidation 
8-jar test with optimum dose then Fenton reaction 

TSS, TDS, conductivity, pH, 
apparent color, turbidity, COD, 
BOD5, TN, TP, Cr and As 
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3.7 Analytical Procedure  
 
 
   The influent and effluent quality parameters including pH, turbidity, TSS, TDS, 

apparent color, conductivity, COD, BOD5, total phosphorus, total nitrogen, sulfide, 

chromium, and arsenic were determined according to Standard Methods 

(APHA/AWWA/WEF, 2005)  using methods as shown in Table 3.5.                                   

Table 3.5 List of analyzed parameters and adopted analytical procedures 

Parameter Type of Analysis Analytical Instrument Reference 
Method 
 

pH Electrometric ORION RESEARCH  
Microprocessor pH/ 
millivolt meter 811, USA 

SM 4500-H+ B 
 

Turbidity Nephelometric MONITEK NEPHELOMETER Model 21, USA SM 2130B 
 

TSS Gravimetric Fisher Scientific Model 655G /  
Voyager OHAUS V12146 

SM 2540D 
 

TDS Electrometric Cole Parmer Model# 19820-10, USA SM 2510B 
 

Apparent 
color 

Colorimetric, Pt-Co HACH DR/2010 Portable Datalogging 
Spectrophotometer, USA 

SM 2120C 
 

Conductivity Electrometric Cole Parmer Model# 19820-10, USA SM 2510B 
 

COD Colorimetric HACH DR/2010 Portable Datalogging 
Spectrophotometer / HACH heating COD 
Reactor,USA 

 
SM 5220D 

BOD5 Membrane electrode WTW Oxi 538, Germany SM 5210B 
 

Total 
Phosphorous 

Persulfate digestion/ 
Colorimetric 

HACH DR/2010 Portable Datalogging 
Spectrophotometer / HACH heating COD 
Reactor,USA 

SM 4500-P-
B(5),E 

Total 
Nitrogen 

Colorimetric/ Persulfate 
digestion 

HACH DR/2010 Portable Datalogging 
Spectrophotometer / HACH heating COD 
Reactor,USA 

 
HACH N˚ 10072 

Chromium AAS-flame THERMO ELECTRON CORPORATION            
M-SERIES, USA 

SM flame 3111 
 

Arsenic AAS-GF THERMO ELECTRON CORPORATION GF 
95 Graphite Furnace 

SM GF 3113 
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CHAPTER 4 

RESULTS AND DISCUSSION 
 
 
   As mentioned earlier, the tannery industry is classified among the industries 

with the highest water requirements. The restricted availability of water, rising costs of 

wastewater discharge and stringent discharge regulations make it necessary to introduce 

treatment techniques to purify tannery effluents in order to recycle process water or at 

least to reduce its loaded impurities. The performance of coagulation/ flocculation, 

using different types of coagulants, combined with an advanced oxidation process 

performed by ozone or Fenton reaction is presented in this section. Also, the added 

efficiency of adsorption treatment onto activated carbon was investigated and reported 

herein. 

 

4.1 Wastewater Characterization       

   The results of the wastewater characterization as well as the National effluent 

concentration standards to be complied with before discharge in a body of water (MoE, 

2001) are presented in Table 3.1. As expected, the composition of the raw wastewater 

may be classified as strong. It is highly loaded with organic matter and has strong color, 

turbidity, arsenic and chromium contents which by far exceed the stated environmental 

limits. As mentioned previously, its composition varied continuously depending on the 

type of hides/skins being processed, the added chemicals and the tanning process 

adopted. The BOD5/COD ratio was determined to be 0.248±8×10-3 indicating a 

wastewater of low biodegradability (Ahn et al., 1999). It is established that the optimum 

ratio of COD: N: P for a biological treatment should be 100:5:1 (Tchobanoglous et al., 
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1991). However, as noted from the table 3.1 a ratio of 100:30:0.8 reflects a high 

nitrogen content and a deficient phosphorous value. 

 

4.2 Jar tests                

4.2.1. Comparison of alum, ferric chloride and bittern as coagulants  

Coagulation/flocculation is the most suitable process for removing suspended 

particles from wastewater and consequently enhances the effectiveness of subsequent 

treatment processes. Since aluminum and ferric salts are reported to be the most 

commonly used coagulants in treating industrial wastewater, it was deemed necessary to 

test their performance in treating the wastewater of the tannery under study. Upon the 

addition of ferric chloride, a blackish color was developed (Figure 4.1). This reaction 

was attributed to the formation of FeS (Haydar et al., 2009). By visual comparison with 

alum-coagulated samples (Figure 4.2) bittern was found to surpass both ferric chloride 

and alum (Figure 4.3). Numerically, almost equal removal efficiencies were attained for 

TSS and BOD5 when using the three coagulants (Figure 4.4a & 4.4b). Maximal 

recorded removals ranged between 94 and 100% for TSS and 40% for BOD5. 

   
 
Figure 4.1 Tannery effluent treated with FeCl3  
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Figure 4.2 Tannery effluent treated with Alum 

 

Figure 4.3 Tannery effluent treated with bittern 

 

 

Figure 4.4a TSS removals using different coagulants 
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Figure 4.4b BOD5 removals using different coagulants 

 
4.3 Advanced oxidation processes       
    
   AOPs are chemical oxidative treatment technologies that aim at generating the 

non selective but powerful oxidant OH radical (Gulyas et al., 1997). This process can be 

used to transform recalcitrant organic impurities to biodegradable compounds. 

4.3.1 Ozonation         

   The sole application of ozonation in treating tannery wastewater did not show 

any removal efficiency, on the contrary, negative results were obtained for most of the 

measured parameters except for arsenic in which a reasonable removal of 58.2%±19.92 

was recorded (Table 4.1). 

Table 4.1 Removal efficiencies for different parameters when ozone oxidation is 
performed 

Parameter average ± SD Parameter average ± SD 
TSS -12% ±27.35 TP -3.4%±12.3 
Apparent color -1%±12.23 TN -10.6%±15.63 
Turbidity -12.25%±5.62 Sulfides 5%±0.001 
COD -1.8±7.66 Cr 3.6%±18.8 
BOD -7.8%±15.02 As 58.2%±19.92 
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4.3.2 Ozonation + AC 
 

The effect of combining ozone oxidation with adsorption onto activated carbon 

was studied. It was found that parametric removals were enhanced appreciably 

especially for As where removal efficiency of 77.25% was recorded. The removal 

percentiles are given in Table 4.2. 

Table 4.2 Removal efficiencies for different parameters when ozone oxidation is 
coupled to AC adsorption  

Parameter Average Parameter Average  
TSS 60.75%  TP 16.8% 
Apparent color 24% TN 26.2% 
Turbidity 44.75% Sulfides - 
COD 38.80% Cr 54% 
BOD 32% As 77.25% 
                                                                                                                                              

4.3.3 Ozonation followed by alkalization      

   Tannery wastewater was oxidized for 5 min followed by pH adjustment. The 

increase in pH was performed by adding lime, CaO (5%) as Ca(OH)2 until reaching a 

value of 11.3±0.1. Removal efficiency measurements were conducted to determine the 

impact of the combined effect of ozonation and alkalization. As depicted from Table 

4.3, very minor improvement is noted as a result of alkalization. 

Table 4.3 Removal efficiencies for different parameters when ozone oxidation is 
coupled to alkalized tannery effluent 

Parameter Removal (%) Parameter Removal (%) 
TSS -41% TP -3% 
Apparent color 8% TN 6% 
Turbidity -23% Sulfides - 
COD 1% Cr 4% 
BOD -9% As 61% 
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4.3.4 Ozonated/alkalized sample followed by AC adsorption 

 
The efficiency of adsorbing pollutants of pre-oxidized/alkalized tannery 

wastewater onto AC was also investigated. In general reduced removal efficiencies 

were recorded as compared to the combined effect of ozonation/ adsorption. Except for 

higher removal efficiency for As from 77.25 to 83% all the remaining parameters 

recorded lower efficiencies. The improvement in As removal is attributed to the fact 

that arsenic, when oxidized to arsenate, exhibits higher removal efficiencies. A marked 

reduction is noted for TSS, apparent color and turbidity. This is attributed to the 

suspended solids introduced by the addition of lime. 

Table 4.4 Removal efficiencies for different parameters when ozonated/alkalized 
effluent is coupled to AC adsorption 

 
 

Removal (%) Parameter Removal (%) 

TSS -28% TP 16% 
Apparent color 16% TN 39% 
Turbidity 21% Sulfides - 
COD 30% Cr 17% 
BOD 16% As 83% 
 

The aforementioned test results showed that ozonation followed by adsorption 

through activated carbon was practically the most efficient in terms of TSS (60.75%), 

apparent color (24%), turbidity (44.75%), COD (38.8%), BOD5 (32%) and Cr (54%) 

removals. It was noticeable that increased removal efficiencies of arsenic were obtained 

in all scenarios comprising ozone oxidation ranging between 58.2-83%. The obtained 

results demonstrate the effectiveness of the ozonation treatment in enhancing the 

biodegradable portion of the solids in the tannery wastewater as BOD5 slightly increases 

while COD decreases. Also, low color removals can be related to the lower pH values 
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under which the activity of adsorption as well as oxidation by ozone is reduced 

(Srinivasan et al., 2009; Preethi et al., 2009).  

4.3.5 Fenton Reaction         

   Fenton process is an oxidative degradation process in which hydroxyl radicals 

are the main oxidizing species (Sillanpaa et al., 2001). This process is based on the 

transfer of electrons between peroxide and a catalyst, mainly a metal ion such as Fe2+, 

with the reaction taking place under acidic conditions at pH 3-3.5 (Kang and Hwang., 

2000). The application of Fenton reaction to tannery effluent after lowering the pH by 

the addition of H2SO4 showed removal efficiencies of 95% ,97% , 84%, 48%, 66% , 

62% and 74 for TSS, turbidity, COD, TN, BOD, Cr and As respectively. It should be 

noted that treated tannery effluent presented minor improvements in its color. Bae et al. 

(2004) reported that the improvement in the quality of the wastewater effluent is due to 

a combined factor; the first is through ferric coagulation and the second is a result of the 

oxidation by the OH radical. A better COD removal with a value of 84% was achieved 

compared to that presented by Bae et al. (67.7%). However, as noted before, the direct 

contact of Fe with the wastewater resulted in the formation of a blackish color. The 

relatively high removals can be attributed to the double role of iron as a coagulant and 

as a catalyst in the oxidation process (Figure 4.5). 
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          (a) During oxidation                        (b) After oxidation    

 Figure 4.5 Application of Fenton reaction to tannery effluent   
                      
  
4.4 Sequences in treating tannery wastewater     

   Several methods have been developed to treat tannery wastewater. However, 

because of the complexity of the wastewater, no one single method could successfully 

be adopted. A combination of these methods was found necessary to achieve proper 

treatment.          

4.4.1 Jar test with bittern + AC         

   Tannery wastewater was subjected to jar test followed by adsorption onto AC. 

Table 4.5 summarizes the experimental condition for each jar and the measured 

parameters were averaged. Graphs representing the variation of the percent removals 

with variable coagulant concentrations and adsorption are presented in figure 4.6-4.14. 

It is to be noted that the x-axis denotes Jar numbers ranging from 1 to 7 containing 

different doses of bittern.  
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Table 4.5 Experimental conditions (Jar test + AC) 
 Jar No.1 Jar No.2 Jar No.3 Jar No.4 Jar No.5 Jar No.6 Jar No.7 

 
Sample 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

 
pH adjusted to  
 
11.3±0.1 

no no yes yes yes yes yes

 
Bittern 
volume, ml 

 
0 

 
0 0 5 10 

 
15 20 

 
Jar test 

no yes yes yes yes yes yes

 
   

 

Figure 4.6 TSS removals  

 

Figure 4.7 Apparent color removals 
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Figure 4.8 Turbidity removals 

 

Figure 4.9 COD removals 

 

Figure 4.10 BOD5 removals 
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Figure 4.11 Total phosphorous removals 

 

Figure 4.12 Total nitrogen removals 

 

Figure 4.13 Chromium removals 
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Figure 4.14 Arsenic removals       
  

Since major pollutants in tannery wastewater are in particulate and colloidal 

forms, chemically enhanced primary treatments are extremely beneficial (Haydar et al., 

2009). Highest impurities removals occurred at lowest dose of bittern (5ml/L) when 

added to alkalized wastewater and underwent jar test (Jar No.4) beyond which there was 

no further significant improvements. Table 4.6 presents a comparison of the results with 

previously reported values. Adsorption alone showed to positively impact removals for 

TSS, apparent color, turbidity and Cr up to Jar No.4. However, no noticeable 

improvement by adsorption was noted beyond that point, this is attributed to the fact 

that removals at Jar No.4 and beyond by bittern coagulation achieved removals close to 

100%. 
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Table 4.6 Comparison of results with previous CEPT studies  

 Cationic 
polymers 
(Haydar & 
Aziz., 
2009) 

Alum 
(Haydar& 
Aziz.,2009) 

Alum/FeCl
3 
(Song et 
al., 2004) 

FeCl3 
(Haydar
& Aziz., 
2009) 

FeSO4 
(Haydar
& Aziz., 
2009) 

Al-sulfate+ 
anionic 
polyelectrolyte 
(Ros et al., 
1998) 

Lime+ 
bittern + 
AC 
(Ayoub et 
al., 2011) 

Turbidity 94-96% 98.7-99.8% NR NR NR NR 99% 
TSS 69-83% 94.3-97.1% 38-46% 70% 70% 81.1% 97% 
COD 25-29% 53.3-60.9% 30-37% 40% 40% 64.3% 71% 
Cr 96-97% 98.9-99.7% 74-99% 74-99% 74-99% 94.6% 99.7% 
BOD5 NR NR NR NR NR 52.5% 57% 
Phosphorous NR NR NR NR NR NR 87% 

NR: not reported 

4.4.2 Ozonation+ Jar test +AC       

 Relative low removals of COD and arsenic were the trigger to apply an 

oxidation phase. It is well known that strong oxidants such as ozone are considerably 

able to improve the biotreatabality of recalcitrant effluents on one side and to oxidize 

arsenic into arsenate on the other. In fact, arsenic exhibits low removal efficiencies 

compared to arsenate because of its negative charge in the pH range of 4-10 (Ayoub et 

al., 2011; Office of Groundwater and drinking Water, 1999). Table 4.7 shows the array 

of conducted tests while figures 4.15-4.23 depict the removal efficiencies recorded 

when ozonation and adsorption are coupled to jar test. A second set of jars was used to 

supplement the first set when tests required more than six jars. 
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Table 4.7 Experimental conditions (oxidation+ jar test + AC) 
 Jar No.1 Jar No.2 Jar No.3 Jar No.4 Jar No.5 Jar No.6 Jar No.7 Jar No.8 Jar No.9 

Sample tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

pH 
adjusted to 
11.3±0.1 

no no no yes yes yes yes yes yes 

Bittern 
volume, ml 

0 0 0 0 5 10 15 20 25 

Ozone 
oxidation 

no yes yes yes yes yes yes yes yes 

Jar test no no yes yes yes yes yes yes yes 

 

 

Figure 4.15 TSS removals 

 

Figure 4.16 Apparent color removals 
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Figure 4.17 Turbidity removals 

 

Figure 4.18 COD removals 

 

Figure 4.19 BOD5 removals 
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Figure 4.20 Total phosphorous removals 

 

Figure 4.21 Total nitrogen removals 

 

Figure 4.22 Chromium removals 
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Figure 4.23 Arsenic removals               

The maximum TSS (93%), apparent color (98%), turbidity (98%), COD (63%), 

chromium (100%) and arsenic (99%) reductions are obtained at Jar No.5 which has 

been oxidized, alkalized to a pH of 11.3 and went through the jar test at a bittern dose of 

5mL/L. The maximum removals achieved after the application of ozonation and jar test 

were improved symmetrically when samples were subjected to AC adorption. A 100% 

removal was reached for both chromium and arsenic. It should be noted that ozonation 

of the raw sample showed a removal efficiency of 77.5% for As which is by far greater 

than the maximal achieved effciciency when jar test was coupled to AC adsorption 

(42%). This confirms the efficacy of oxidation in removing arsenic. Ozonation had a 

negative impact on COD, BOD5, TP and TN removals, this can be attributed to the 

dissociation of particles that took place during oxidation. However, when adsorption 

was added to the ozonated wastewater, an added improvement of 30-40% for the 

afforementioned parameters was noted.      
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4.4.2.1 Effect of variations in bed depth in the adsorption phase   

    Originally oxidized tannery wastewater was allowed to undergo the jar test 

where different doses of bittern were added to the alkalized effluent (pH=11.3). As soon 

as the coagulation/ flocculation and settling phases ended the supernatants from all of 

the jars were tested for TSS and apparent color removals. Jar No. 3 in which 5ml/L of 

bittern was added showed the best removals (99% for both measured parameters). 

Aliquots of 1L of JarNo.3 were transferred to AC columns of different bed depths 

(10cm, 15cm, 20cm, 35cm, 40cm, and 45cm). By doing so, tannery wastewater was 

allowed to pass through different loading rates. The experimental conditions are 

summarized in table 4.8. In this set of experiments, the x-axis accounts for the different 

AC bed lengths. The obtained results are presented in table 4.9.    

Table 4.8 Experimental conditions for different AC bed depths 

 Beaker 3 10cm 15cm 20cm 35cm 40cm 45cm 

Sample tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

pH adjusted 
to 11.3±0.1 

yes yes yes yes yes yes yes 

Bittern 
volume, ml 

5 5 5 5 5 5 5 

Ozone 
oxidation 

yes yes yes yes yes yes yes 

Jar test yes yes yes yes yes yes yes 
 

AC column 
length, cm 

-  10 15 20 35 40 45 
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Table 4.9 Removal percentiles for measured parameters according to the different bed 
depths 

B3        10 cm  15cm 20cm 35cm 40cm 45cm 

O
zo

ne
 o

xi
da

ti
on

+
 J

ar
 te

st
+

 
A

C
 a

t d
if

fe
re

nt
 b

ed
 d

ep
th

 TSS 95.99% 96.2% 96.62% 97.47% 97.47% 98.1% 98.31% 
Apparent color 99% 99% 99% 100% 100% 100% 100% 
Turbidity 99% 100% 99% 100% 100% 100% 100% 
COD 46% 60% 59% 67% 72% 75% 75% 
BOD5 25% 40% 41% 51% 48% 30% 35% 
Total phosphorous 75% 83% 76% 97% 84% 82% 85% 
Total nitrogen 46% 63% 68% 69% 66% 75% 79% 
Chromium 99% 100% 100% 100% 100% 100% 100% 
Arsenic 99% 99% 99% 100% 100% 100% 100% 
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Figure 4.24 TSS removals 

 

        

Figure 4.25 Apparent color removals 

 

     
Figure 4.26 Turbidity removals 
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Figure 4.27 COD removals 

      

Figure 4.28 BOD5 removals 

     

Figure 4.29 Total phosphorous removals 
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Figure 4.30 Total nitrogen removals 

     

Figure 4.31 Chromium removals 

   

Figure 4.32 Arsenic removals 
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   The variation in the bed depth of the AC affected COD, BOD5, TP and TN 

removals. It can be noted that as the retention time increases removal of impurities 

increases and peaks at a certain loading rate and remain constant at that level. The 

maximal recorded removal efficiencies of COD, BOD5, TP and TN are found to be 

75%, 51%, 97% and 79% respectively. A 100% removal was achieved for apparent 

color, turbidity, Cr and AS. The reported improvements for the tested parameters show 

that as the loading rate decreases, removal efficiency increases. It is to be noted that 

more pronounced results as to the variation with depth could have been obtained where  

that the effluent did not undergo oxidation before being applied on the AC bed.  

4.4.3 Jar test+ Ozone+ AC 

   Treatment of tannery wastewater was tested for several scenarios. In this 

section, the performance was evaluated based on the application of the jar test followed 

by ozone oxidation. The overall removal is based on the combined effect of the two 

stages to which adsorption is added using a constant AC bed depth. The reported 

efficiencies represent the average of 5 readings. The experimental conditions are given 

in table 4.10 and the removal efficiencies are presented in figure 4.33- 4.41. 

 

Table 4.10 Experimental conditions (Jar test+ Ozonation + AC) 
 Jar No.1 Jar No.2 Jar No.3 Jar No.4 Jar No.5 Jar No.6 Jar No.7 

Sample tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

tannery 
wastewater 

pH adjusted 
to 11.3±0.1 

no no yes yes yes yes yes 

Bittern 
volume, ml 

0 0 0 5 10 15 20 

Jar test no yes yes yes yes yes yes 
 

Ozone 
oxidation 

no no yes yes yes yes yes 
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Figure4.33 TSS removals 

 
 

 
Figure 4.34 Apparent color removals 
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Figure 4.35 Turbidity removals 

 

 

Figure 4.36 COD removals 
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Figure 4.37 BOD5 removals 

 

 
Figure 4.38 Total phosphorous removals 
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Figure 4.39 Total nitrogen removals 

 

 
Figure 4.40 Chromium removals 
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Figure 4.41 Arsenic removals       
   

   Maximal removal efficiencies for TSS, apparent color and turbidity were 84%, 

89% and 92% respectively. Also, COD, BOD5, TP and TN removals amounted to 65%, 

63%, 94% and 60%. These results are comparable to those achieved when ozonation 

was prior to jar test. This shows that ozonation does not have to follow a specific order 

in a treatment sequence. It should be noted that after performing the jar test, maximal 

removals for TSS, apparent color and turbidity were obtained at Jar No.6, which has 

been alkalized to a pH value of 11.3 at a bittern dose of 15ml/L. However, once 

ozonation was applied, Jar No.5 which has been alkalized to a pH value of 11.3 at a 

bittern dose of 10ml/L registered the highest removals for the same parameters. Hence, 

oxidation allowed achieving better removals for lower coagulant dosage. Adsorption 

showed a positive effect in removing the oxidized organic fraction (COD and BOD5) of 

the tannery wastewater once the latter has underwent the jar test, while it did not add to 

the removal of nitrogen and phosphorous. Arsenic removal behavior was fluctuating 
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and complex as shown in figure 4.41. When performing the coagulation/flocculation 

treatment, Jars No. 4, 5, 6 and 7 achieved the highest removal averaging to 38%. Upon 

oxidation, Jars No.1 and 2 showed the highest removals of 86% and 96% respectively. 

However, oxidation did not show any improvement for Jars No.4 and 5. The erratic 

behavior noted for As removal could not be explained scientifically. 

4.4.4 Selection of optimal process  
 

The best combination of treatment processes depends upon intrinsic advantages 

and drawbacks that favor or exclude its utilization. The achieved removal efficiencies of 

the different tested sequences are presented in table 4.11. As depicted in this table, each 

sequence has improved to some extent the quality of tannery effluent. The application 

of the jar test with bittern as a coagulant showed the highest removals for TSS, apparent 

color and turbidity. However, comparable removals are achieved by the three tested 

sequences in terms of BOD5, COD and Cr. An oxidative phase is found efficient in 

reducing arsenic content in tannery wastewater; however, the achieved removal 

efficiencies did not show a notable difference in placing this phase whether prior or 

after the jar test. Accordingly, the best sequence in treating tannery effluent having 

similar physico-chemical characteristics is found to be the application of the jar test 

followed by ozonation and then adsorption onto granular activated carbon. 
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Table 4.11 Removal efficiencies for the tested parameters achieved by the different 
sequences 

Parameter  Jar test at 5ml/L 
bittern + AC 

Ozonation + Jar 
test at 5ml/L 
bittern + AC 

Jar test at 10ml/L 
bittern + ozonation+ 
AC 

TSS 97% 93% 80% 
Apparent color 100% 98% 89% 
Turbidity 99% 98% 92% 
COD 71.5% 63% 61% 
BOD5 55% 46% 55% 
TP 86% 70.25% 91% 
TN 74% 46.2% 60% 
Cr 100% 100% 99% 
As 42% 96.8% 94% 
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4.4.5 Sequence comparisons 
A single batch was performed to assess the removal efficiencies achieved for the measured parameters when the different tested sequences are applied to a tannery 

wastewater having the same physico-chemical characteristics. Table 4.12 presents the composition of the tannery sample under study as well as the achieved 

removal efficiencies for each sequence.  

Table 4.12 Raw composition and removal efficiencies for the different tested treatment sequences 
 Raw Jar test 

(bittern) 
Ozone oxidation followed 
by jar test (bittern)             

Jar test (bittern) followed 
by ozone oxidation 

Fenton oxidation Fenton oxidation followed 
by jar test (bittern) 

Jar test followed by 
Fenton reaction 

TSS 1580 
(mg/L) 

96% 96% 95% 95% 90% 57% 

Apparent 
color 

16400 
(mg/L) 

99% 99% 98% <0 98% <0 

Turbidity 
 

1850 
(mg/L) 

99% 99% 99% 97% 99% 97% 

COD 
 

4246.7 
(mg/L) 

49% 57% 59% 84% 59% 81% 

BOD5 
 

5.15 
(mg/L) 

11% 38% 45% 66% 24% 83% 

Total 
phosphorous 

312.5 
(mg/L) 

83% 82% 83% <0 75% <0 

Total nitrogen 1183.25 
(mg/L) 

46% 53% 61% 48% 34% 33% 

Chromium 
 

761.22 
(mg/L) 

100% 100% 100% 62% 92% 100% 

Arsenic 
 

0.213 
(mg/L) 

36% 56% 99% 74% 99% 100% 
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Figure 4.42 Removal efficiencies for the different tested sequences 

As depicted in figure 4.42 and presented in table 4.12, there is not a well-defined 

sequence able to remove all of the impurities at the same maximal level. Coagulation/ 

flocculation using bittern as coagulant showed promising impurity removals except for 

the organic fraction where removals of 10.7% and 46.5% are recorded for BOD5 and 

COD respectively. Once the jar test is followed by ozonation, improvements in 

removing the latter parameters are achieved to become 48.9 % and 57.2% respectively. 

However, when jar test is followed by Fenton oxidation better removals are registered: 

82.8% for BOD5 and 80.8% for COD. 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 
 

5.1 Conclusion 
 

This study was conducted to evaluate the impact of different treatment processes 

on the removal of the different impurities available in tannery wastewater of an existing 

Tannery located at Wadi Shahrour, and to arrive at the sequence by which these 

processes are to be applied to obtain optimal treatment results. The study also aimed at 

evaluating the efficacy of using bittern as coagulant compared to the commonly used 

coagulants i.e. ferric chloride and aluminum sulphate. The multivariate sequences 

efficiencies were evaluated based on the removals effected of a set of parameters 

including TSS, apparent color, turbidity, COD, BOD5, nitrogen, phosphorus, chromium 

and arsenic. The main conclusions that can be drawn on the basis of the results obtained 

under the used experimental conditions are the following: 

 The characteristics of tannery wastewater varied widely and complex in its 

nature, therefore, by no means would pre-treatment using medium screening and 

micro-screening meet the standards for discharge. 

 Practically equal efficiencies were attained in the treatment of tannery 

wastewater using alum, ferric chloride and bittern. Though competitive in their 

performance, bittern surpasses the two other coagulants as it is a cheap source of 

Mg2+. 

 Tannery wastewater contained non-biodegradable organic impurities reflected in 

the low BOD5/COD ratio, which render the biological treatment inefficient.  
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 The application of ozone after the jar test showed a slightly better removal for 

BOD5 and COD which increased from 46% to 55%. 

 The application of AC through different loading rates showed that as the loading 

rate decreased, impurities removals increased. 

 Fenton oxidation enhanced the biodegradability of the investigated wastewater 

as COD decreased from 4247mg/L to 513mg/L reflecting a removal efficiency 

of 87.92%. However, ozonation required a subsequent adsorption phase to show 

a maximal COD removal of 62.27%. 

 Fenton oxidation showed promising removals particularly for the organic 

fraction of the tannery wastewater. 

 The jar test coupled to AC adsorption sequence allowed the following removal 

efficiencies: 99% for TSS, 100% for apparent color, 99% for turbidity, 71.5% 

for COD, 55% for BOD5, 86% for TN, 74% for TP, 100% for Cr and 42% for 

As. 

 The sequence consisting of Ozonation-Jar test-AC showed the following 

removal efficiencies: 93% for TSS, 98% for apparent color, 98% for turbidity, 

63% for COD, 46% for BOD5, 70.25% for TP, 46.2% for TN, 100% for Cr and 

96.8% for As. 

 The application of Jar test followed by ozonation and AC adsorption showed 

similar removals to those achieved when ozonation is applied prior to the jar 

test, however, this sequence allowed to achieve these removals at a lower dose 
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of the bittern coagulant. Hence, Jar test- Ozonation-AC adsorption sequence is 

to be applied in order to reach optimal treatment results. The removal 

efficiencies were 80%, 89%, 92%, 61%, 55%, 91%, 60%, 99%, and 94 % for 

TSS, apparent color, turbidity, COD, BOD5, TP, TN, Cr and As respectively. 

5.2 Recommendations 
 
Based on the results of this study, the following recommendations are proposed: 

 Apply coagulation/flocculation with liquid bittern as coagulant to the existing 

plant as it was proved to be efficient and cost effective in reducing the strength 

of the generated effluent before its discharge in the environment. 

 Test for the sludge generated after each sequence since further treatment is 

required for it. 

 Optimize on the application of ozone based on the pH and ozone dosage. 

 Further tests should be done on the Fenton oxidation as it showed promising 

removal efficiencies for COD and BOD5 and arsenic especially that this 

oxidative technique is more cost-effective than ozone. 
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           APPENDIX 

Removal efficiencies for different parameters and the corresponding standard deviations (Jar test) 

  Jar No.1  Jar No.2  Jar No.3  Jar No.4  Jar No.5  Jar No.6  Jar No.7 

TSS  0%  64.2%±21%  75%±20.5%  96.5%±2%  97%±2.3%  97.4%±2.7%  96.2%±2.1% 

Apparent  color  0%  52.6%±29.5% 56.8%±42.7% 99.5%±0.6% 99.2%±0.8% 99.2%±0.8% 99.2%±0.8%

Turbidity  0%  61.4%±27%  61.75%±50%  98%±2.7%  99.2%±1.3%  99.4%±0.5%  99.4%±0.9% 

COD  0%  27%±20.3%  30.6%±21.3%  47.75%±11%  44.4%±11%  41.6%±11%  40%±14.5% 

BOD  0%  10%±14%  10.8%±20%  28.75%±21%  26%±20%  25.4%±13.5%  24.4%±18.6% 

TP  0%  39.4%±32.12% 50.6%±32% 79.25%±10% 82%±8.8% 81.6%±8.6% 82.6%±9%

TN  0%  27.4%±21.4%  47.6%±30.6%  53.5%±24%  55%±30%  51.4%±32.5%  55%±18.6% 

Cr  0%  32.13%±31%  59.36%±54.5%  99.975%±0.013% 99.986%±0.0089% 99.978%±0.013% 99.966%±0.043%

As  0%  19.66%±33.89% 44.2%±23.38% 25.45%±11.67% 36%±22.81% 37.85%±26.24% 30.25%±36.5%

 

                Removal efficiencies for different parameters and the corresponding standard deviations (Jar test+ AC) 

  Jar No.1  Jar No.2  Jar No.3  Jar No.4  Jar No.5  Jar No.6  Jar No.7 

TSS  59%±12%  83%±11%  88%±4%  97%±1%  97%±0%  97%±2%  87%±10% 

Apparent  color  50%±41%  66%±29% 91%±7% 100%±0% 100%±0% 100%±0% 99%±0%

Turbidity  45%±39%  81%±15% 87%±10% 99%±0% 99%±0% 99%±0% 98%±2%

COD  56%±7%  61%±10%  65%±11%  71%±6%  71%±5%  69%±7%  75%±7% 

BOD  46%±10%  49%±5%  43%±6%  55%±3%  56%±4%  59%±6%  66%±10% 

TP  39%±21%  57%±32% 70%±20% 86%±6% 87%±5% 88%±5% 85%±7%

TN  40%±15%  52%±18%  73%±22%  74%±22%  78%±21%  77%±3%  77%±21% 

Cr  32%±33%  72%±23%  94%±6%  100%±0%  100%±0%  100%±0%  100%±0% 

As  28%±3%  25%±12%  56%±14%  42%±13%  41%±10%  47%±7%  34%±3% 
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                Removal efficiencies for different parameters and the corresponding standard deviations (Oxidation+ Jar test) 

  Jar 
No.1 

Jar No.2  Jar No.3  Jar No.4  Jar No.5  Jar No.6  Jar No.7  Jar No.8  Jar No.9 

TSS  0%  12%±25%  73%±6.76%  75%±25.5%  92%±5.32%  94%±4.15%  91%±5.56%  92%±5.25%  94%±3.54% 

Apparent 
color 

0%  ‐1%±30%  60%±19.57%  83%±28.25%  98%±1.6%  98%±1.5%  97%±1.5%  98%±1.1%  98%±1.41% 

Turbidity  0%  ‐12%±23%  66%±19.84%  85%±22.64%  98%±1.14%  97%±3.33%  97%±2.04%  97%±1.87%  95%±6.36% 

COD  0%  ‐4%±15%  28%±12.27%  36%±19.28%  47%±8.08%  44%±6.38%  43%±6.99%  39%±9.44%  45%±4.24% 

BOD  0%  ‐8%±13%  13%±6.99% 12%±8.87% 15%±10.06% 18%±10.42%  19%±9.72% 21%±14.74% 27%±11.31%

TP  0%  ‐3.4%±23%  37%±20.99%  53.71%±21.82%  67%±8.46%  69.43%±7.48%  75%±7.19%  75.71%±7.04%  78.5%±7.78% 

TN  0%  ‐11%±19%  15%±18.57% 36%±23.47% 38%±15.31% 43%±14.74%  40%±12.6% 41%±14.8% 46.5%±12%

Cr  0%  3.6%±22%  60.67%±21.8  90.29%±18.28%  99.67%±0.52  99.7%±0.5%  99.86%±0.4  98%±0.45%  99.5%±0.71% 

As  0%  58.2%±35%  61.8%±44.2%  91.71%±11.2%  98.17%±1.94  91.14%±16.5%  91.4%±17.5  89.33%±22.3%  95.5%±6.36% 
 

                Removal efficiencies for different parameters and the corresponding standard deviations (Oxidation+ Jar test+ AC) 

  Jar No.1  Jar No.2  Jar No.3  Jar No.4  Jar No.5  Jar No.6  Jar No.7  Jar No.8  Jar No.9 

TSS  57%±7.44%  61%±8%  75%±5.5% 85%±4.79% 93%±3.16% 93%±4.55% 93%±6.78% 93%±4.02% 92%±7.07%

Apparent 
color 

27%±20.61%  24%±  57%±15.65%  80%±33.08%  98%±1.79%  98%±1.75%  98%±1.94%  98%±0.82%  98%±0% 

Turbidity  49%±25.29%  45%±21%  72%±12.04%  77%±33.71%  98%±1.26%  96%±4.38%  96%±4.28%  98%±1.3%  95%±4.95% 

COD  42%±15.07%  39%±13%  45%±10.08%  52%±14.46%  63%±3.87%  61%±7.12%  58%±8.07%  57%±8.91%  59%±13.44% 

BOD  24%±12.94%  32%±14%  38%±10.65% 41%±7.41% 46%±13.01% 48%±10.5% 43%±12.33% 45%±17.06% 46%±6.36%

TP  10.25%±8.42%  17%±10%   28%±9.64%  45.4%±10.7%  70.3%±5.4%  77.5%±6.9  79.67%±5%  78.2%±6.5%  78%±4.24% 

TN  25.67%±11.1%  26%±12%  20%±12.71%  46.83%±20%  46%±10.64%  51.3%±8.8  51.2%±9.1%  54.3%±9.2%  45.5%±9.2% 

Cr  45.83%±18.3%  54%±13%  60.4%±20.4  89%±18.5%  100%±0%  99.8%±0.4  99.83%±0.4  99.83%±0.4  99.5%±0.7% 

As  50%±50.01%  77%±36%  85%±25.5% 99.3%±1.03% 96.8%±5.54 99%±1.26% 98.8%±1.17 98.3%±2% 97%±2.83%
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               Removal efficiencies for different parameters and the corresponding standard deviations (Jar test+ Oxidation) 

  Jar No.1  Jar No.2  Jar No.3  Jar No.4  Jar No.5  Jar No.6  Jar No.7 

TSS  53%±15%  62%±20.5%  75%±16%  66%±14%  81%±11%  82%±7%  80%±8% 

Apparent color  62%±17%  63%±32%  63%±36%  79%±25%  85%±18%  87%±19%  82%±16% 

Turbidity  38%±22%  63%±31% 59%±19% 85%±20% 90%±12% 88%±12.1% 85%±11%

COD  10%±24%  11%±8%  14%±11%  34%±14%  50%±17%  52%±18.4%  51%±20% 

BOD  1%±32%  5%±34%  0%±31%  50%±34%  44%±35%  49%±19%  45%±26% 

TP  1%±14%  3%±6%  23%±11%  92%±7%  95%±4%  93%±6%  92%±3% 

TN  13%±7%  11%±12.75% 28%±18% 47%±9.9% 61%±10% 52%±21% 36%±42%

Cr  72%±21%  74%±21%  79%±18%  92%±6%  99%±5%  99%±1.1%  100%±0% 

As  86%±12%  96%± 38%  38%±51%  36%±48%  38%±51%  70%±9%  75%±26% 

 

            Removal efficiencies for different parameters and the corresponding standard deviations (Jar test+ Oxidation+ AC) 

  Jar No.1  Jar No.2 Jar No.3 Jar No.4 Jar No.5  Jar No.6 Jar No.7

TSS  61%±12%  62%±14%  64%±11%  75%±13%  80%±10%  84%±15%  82%±14% 

Apparent color  78%±9%  70%±9%  79%±11%  86%±14%  89%±6%  89%±3%  87%±5% 

Turbidity  57%±15%  66%±16%  62%±11%  87%±8.9%  92%±4%  89%±5%  87%±7% 

COD  24%±35%  16%±25% 20%±31% 55%±26% 61%±21%  65%±30% 65%±35%

BOD  11%±16%  24%±23%  21%±25%  51%±34%  55%±21%  63%±31%  47%±26% 

TP  27%±28%  30%±22%  22%±18%  94%±6%  91%±4%  85%±7%  94%±3.7% 

TN  13%±32%  17%±23% 26%±21% 44%±15% 60%±18%  52%±34% 49%±31%

Cr  72%±11%  74%±13%  79%±21%  92%±0.6%  99%±0.7%  99%±0.4%  100%±0.3% 

As  86%±21%  96%±11%  74%±25%  95%±3%  94%±3.5%  70%±36%  75%±34% 
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