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ABSTRACT

Eutrophication has become a critical environmental concern of surface water

bodies in Ethiopia due to release of untreated wastewater containing

especially phosphate and nitrogen. The objective of this study was to evaluate

the phosphate removal capacity of WTR from synthetic and actual wastewater

samples. For this purpose, WTR from Gefersa Water Treatment Plant was

collected, air dried, grinded, sieved through 2.0, 0.125 and 0.063 mm sieves.

Then batch experiments were conducted by mixing WTR with in 100 ml

synthetic phosphate solution having concentration of 4 mg/L. Accordingly, 2 g

WTR was found to be optimal dose resulting in 97.25 % reduction of

phosphate. Adsorption tests have been conducted at pH of 3, 4, 6, 8 and 9;

the optimal pH was found out to be 4 resulting in 87 % reduction of the

phosphate from the solution. The optimal contact duration period found out to

be 12 hours with phosphate removal efficiency of 94.82 %. The maximum

adsorption capacity of the WTR was found out to be 1,709 mg/Kg. Batch

adsorption tests were also conducted on actual wastewater collected from

Abattoir’s and Brewery’s facilities, and the WTRs have removed 95 % and

99.8 % of the phosphate from the wastewaters respectively. Removal of the

phosphate through adsorption using Water Treatment Residue (WTR) is cost

effective as compared to chemical methods. Thus WTR was found out to be

efficient adsorbent for removal of phosphate from wastewater.

Key words: WTR, adsorption, adsorbent, phosphate
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CHAPTER 1 : INTRODUCTION
1.1 BACKGROUND
Ethiopia has huge water resource potential that provide habitat for various life

forms and socio economic benefits. The annual runoff surface water resource

envisages in the rivers, lakes and wetlands amounts to about 109.12 Billion

Cubic Meter (MoWR, 1999). The lakes and associated wetlands play an

important role in recharge, filtration of ground and surface water resource

system as well as recreation development of tourism. Beside, these surface

water resources serve as an important landing, feeding and breeding grounds

for many migratory and resident bird species. However, the ecological and

economic values of these surface water resources, especially the fresh water

lakes, are significantly affected due to release of wastewater from agriculture,

industry and urban centers. Most of the wastewaters from these facilities are

released in to the environment without any treatment. The wastewater from

these facilities contains high level of phosphates, nitrogen and other pollutants

which leads to adverse effect on the receiving water bodies, and as a result

eutrophication has become an important environmental concern of surface

water bodies and aquatic ecology. The eutrophication phenomena has

become the main concern of water bodies that are located near or adjacent to

agriculture development, fast growing industrial and urban centers like Bahir

Dar, Hawassa, and Zeway cities Although eutrophication was found to

proceed slowly in natural conditions and the causes of eutrophication are

complex, excessive phosphates and nitrogen inputs as a result of human

activities can accelerate the process greatly (Yeoman et al., 1988). Increased

human population, agriculture and industrialization are the main causes of

water quality deterioration on all scales (Zinabu and Elias, 1989). The
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eutrophication problem persists due to lack of cost effective and feasible

treatment technology for the ever increasing volume of wastewater from urban,

industrial and agricultural facilities. Therefore, cost effective and feasible

wastewater treatment with due attention to trapping of phosphorous would be

required to prevent pollution of surface water sources (lakes). In relation to

this, studies have shown that Water Treatment Residue (WTR) has significant

potential in removing phosphates from point and nonpoint sources (Ippolito et

al., 2003; Makris et al., 2005; Babatunde and Zhao, 2007). Residual from

Aluminum based drinking water treatment plants was found out to be low cost

and available material, and emerging technology to enhance phosphate

removal from wastewater. Studies have indicated that the Chemical

composition aluminum based water treatment residue gives it a highly

reactive surface and a strong affinity for phosphates (Elliot et al., 2002;

Sujana et al., 1998; Chu, 2001).

In this regard, water supply dam and reservoirs provides the main source of

WTR that can be obtained freely and used as cost effective material to

remove phosphate from wastewater. The major water supply reservoirs in

Ethiopia are those found around Addis Ababa which includes the Gefersa,

Legedadi and Dire dam and reservoir projects providing about 200,000 m3 of

treated water every day (AAWSSA, 2012). These water facilities produce a

wide variety of residuals depending on the source water, chemical used for

purification and type of unit operation used. Conventional sedimentation

flocculation produce residual using either aluminum or iron salts as primary

coagulant agent. The other major residual is calcium based WTR which is

produced in water-softening facilities where lime is used for hardness removal;
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and the highest phosphates adsorption capacity observed with Al chemicals

used as coagulant followed by Fe salts and Ca-WTR (Elliot et al., 2002). For

instance, Gefersa Water Treatment Plant is one of the water work facilities

that provide treated water to Addis Ababa City providing average volume of

water 30,000 m3/day. It utilize Al2(SO4)3 as coagulant agent (daily average

utilization rate of 32 quintal/day), and the plant also use lime for adjustment of

pH (AAWSSA, 2012). Despite the WTR’s potential for removal and treatment

of wastewater, however, large volume of water treatment residuals (WTRs)

are discarded from drinking water treatment plants every day in to the nearby

downstream rivers or drainage channels. This study, therefore, aims to

examine capacity of WTR for removal of phosphorous and treatment of

wastewater.

1.2 STATEMENT OF THE PROBLEM
The natural and artificial lakes in Ethiopia are affected due to the release of

untreated wastewater from agricultural industrial and domestic facilities. As a

result, eutrophication has become the prominent environmental problem on

these surface water bodies resulting in blooms of aquatic plants, decrease of

dissolved oxygen, and degradation of water quality. The phenomenon has led

to fish-kills in some of the Ethiopian rift valley lakes such as Lake Chamo, Lake

Abjata through decreased oxygen concentrations, algal blooms, and other

interrelated consequences (Zinabu, 1998). The main cause of the

eutrophication problem is release of phosphates nutrient containing wastewater,

especially ortho-phosphate. Consequently, treatment of wastewater, most

importantly removal of phosphates from surface waters is absolutely necessary

to prevent eutrophication and pollution of lakes and associated adverse impacts.

Phosphate from wastewater can be removed through biological and/or
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chemical methods (Metcalf and Eddy, 2003). Phosphate removal by chemical

precipitation is at present the best known and effective process but not adopted

widely because of its technical and economic drawbacks related to its high cost

(Saito et al., 2004).

This study attempts to utilize WTR as absorbent for removal of phosphates

from synthetic and actual wastewater. Currently, there is no study published

work reporting on characteristics and potential phosphate adsorption capacities

of WTRs released from various water treatment plants operating in Ethiopia.

This study is the first effort in Ethiopia to investigate the characteristics and

potential phosphate adsorption capacity of water treatment residues with due

relevance to water treatment plants that utilizes Al2SO4 as primary coagulant

agent.

WTR is considered as waste, and discarded to the immediate downstream area

creating environmental problem in Ethiopia. This laboratory scale study helps to

indicate the potential phosphate adsorption capacity, and optimal condition for

effective use of WTR for removal ofphosphate from wastewaters.

In Ethiopia WTRs are generated mainly from the largest water supply reservoirs

and associated water treatment plants that are located around Addis Ababa

City such as Legedadi, Gefersa, and Dire water treatment plants. AAWSSA

officials contacted during this study reported ongoing process for construction

of large water supply dam and reservoir like Sibluand Gerbi Water Supply

Project which is going to utilize aluminum salt as coagulant agent. Presence of

relatively small water supply dam and reservoirs WTPs were also reported that

supply water to various towns in the country such as Gondor, Tigray, Zeway,

Hawassa, Nekemte, Asela, Methara and Jimma. Therefore, large volume of
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WTR is available which is a waste by itself and yet can be useful material to

adsorb and remove phosphate from wastewater and ultimately contribute to

prevention of eutrophication problem.

1.3 OBJECTIVE
1.3.1 GENERAL OBJECTIVE
The general objective of this study is to investigate the phosphate removal

capacity of Water Treatment Residue (WTR) from synthetic and real

wastewater through conducting batch adsorption laboratory experiments.

1.3.2 SPECIFIC OBJECTIVES
The specific objectives of this study were:-

 To analyze for physic-chemical characteristics of WTR collected from

Gefersa water treatment plant.

 To determine the effect and optimal dosage of WTR for adsorption of

phosphate.

 To evaluate the effect of WTR’s particle on the adsorption of phosphate.

 To evaluate the effect of contact time on the adsorption of phosphate.

 To evaluate the effect of pH on the adsorption of phosphate.

 To evaluate the WTR’s phosphates removal efficiency from Brewery and

Abattoir facilities wastewater.

 To indicate the potential availability & applications for WTR in control of

phosphates containing wastewater, and contribute in preventing

eutrophication of water bodies.

1.4 SIGNIFICANCE OF THE STUDY
The significance of this laboratory scale phosphates adsorption study using

WTR from water treatment plants lays on the premise that the ever increasing

problem of eutrophication can be addressed through use of WTR (absorbent).
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WTR is found out to be low cost and available material, and emerging feasible

technology to enhance phosphates removal from wastewater. The Chemical

composition aluminum based water treatment residue gives it a highly

reactive surface and a strong affinity for phosphates as reported by various

researches (Elliot et al., 2002; Ippolito et al., 2003; Makris et al., 2005;

Babatunde and Zhao, 2007). This study determines the overall efficiency of

Water Treatment Residue (WTR) for removal of phosphates from synthetic

and actual wastewater. The result from the study will help to indicate use of

WTR for treatment of wastewater from agricultural, industrial and urban

centers. WTR’s characteristics and phosphates adsorption capacity, among

others, depend on the nature of the incoming water, chemicals utilized and

treatment process. Therefore, this experimental work seeks to provide

baseline information on general characteristic of WTR (especially those

utilizing aluminum salt and lime) and the level of phosphate adsorption

capacity. One of the main reasons for treatment of wastewater is lack of cost

effective, feasible technology. The present adsorption experiment, in this

regard, can bring about with feasible technology innovative for treatment of

wastewater released from private and government enterprises. Legislative

frameworks for environmental protection need to be supported with technically

feasible and cost effective environmental technologies to address the current

and concomitant water pollution problem. Strengthening and enforcement of

law in the future associated with implementation of various industries and

agricultural enterprises could be a major problem in Ethiopia. The result from

this study can bring and introduce low cost and effective method of pollution

control technology.
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CHAPTER 2 : LITERATURE REVIEW
2.1 PHOSPHATE IN THE ENVIRONMENT AND IMPACTS
2.1.1 PHOSPHATE IN THE ENVIRONMENT
Phosphate can exist in the environment in various forms of phosphate species,

which are classified as orthophosphates, condensed phosphates, and organic

phosphates. Phosphate in the natural water environment occurs almost solely

in the ortho- phosphate form, and the typical levels of phosphates in different

forms were estimated in wastewater, and found out to be 50, 30, 10 and 10 %

as orthophosphate, tripolyphosphate, pyrophosphate, and organic phosphates

respectively (Jenkins et al., 1971). The orthophosphate form is of significant

concern because it is not only the most abundant form of phosphates in water

and wastewater, but also is the form that can be immediately utilized by

organisms (APHA, 1998; Jenkins et al., 1971).

Phosphorus is amongst the essential nutrients for all forms of life on earth.

Phosphates are amongst the crucial materials used in modern urban,

agriculture, and industrial development. Large quantities of them are used in

many industrial applications, with fertilizers being the most important. Other

applications include detergents, water softening, food and drinks, metallurgy etc.

The wide use of phosphates inevitably produces large amounts of phosphate

containing domestic municipal and industrial effluents which are usually

discharged into streams, and ultimately result in adverse environmental

problems (EPA, 2003).

2.1.2 ENVIRONMENTAL IMPACTS OF PHOSPHATES ON WATER BODIES
The exponential growth of human populations and the attendant agricultural

development (which demands more clearing of forests, irrigation, fertilizers, and

pesticides) and industrialization are the main causes of water quality
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deterioration on all scales (Zinabu, 1998). The phenomenon can lead to fish-

kills caused by decreased oxygen concentrations, algal blooms, and other

interrelated consequences. The actual occurrence of such bad events in some

of the Ethiopian rift valley lakes (Lake Chamo, Lake Abijata) have been

reported by in various research findings (Zinabu, 1998).

Increased nutrient level and pollution of water resource is becoming the main

concern in fast urban and industrial development of Addis Ababa city and other

major towns in the country like Bahir Dar, Hawassa and Zeway. Tenagne (2009)

reported high average concentration of total nitrogen, phosphates and total

suspended solids are found to be high with concentration load of 22.8 mg/L,

0.46 mg/L and 365 mg/L respectively. Novak and Watts (2004) found that soils

with excess soil phosphate concentrations are water quality concern because

even a small amount of phosphate (1 to 2 kg ha-1yr-1) transported into lakes can

accelerate eutrophication. Eutrophication further increases the cost of purifying

surface water and restricts water usage by recreational and industrial sectors

(Lennox et al., 1997; Sharpley and Rekolainen, 1997).

Eutrophication is an important environmental concern associated with

phosphate and also nitrogen in surface water bodies. It is generally defined as

a status of surface water characterized with nutrient enrichment that induces

algae blooms and aquatic plants, decrease of dissolved oxygen, and

degradation of water quality. The problem of eutrophication is known to be

exacerbated greatly by human activities (Yeoman et al., 1988).

Phosphorous is considered to be the principal nutrient controlling the degree of

eutrophication in aquatic ecosystem (EPA 2003). The EPA guideline further

sets average summer inorganic phosphate concentration range of 25-250 µg/l
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that considered to result in effect of eutrophic conditions (usually low level of

species diversity, highly productive systems, nuisance growth of aquatic plants

and blooms of blue - green algae). Algal blooms may include species which are

toxic to man, livestock and wildlife. Both phosphorous and nitrogen limit plant

growth, and of these, phosphorous is likely to be more limiting in fresh water

bodies.

2.1.3 METHODS OF PHOSPHATE REMOVAL FROM WASTEWATER
Wastewater containing phosphate should be treated before discharge to

eliminate the possible danger of causing eutrophication of receiving water body.

Phosphate from wastewater can be removed through biological and/or

chemical methods (Metcalf and Eddy, 2003). With regard to phosphate removal

technologies, the most important removal processes are chemical removals

including phosphate precipitation with aluminum, calcium and iron salts.

Phosphate removal by chemical precipitation is at present the best known and

effective process (Saito et al., 2004). However, the cost associated with the use

of metal salts have hindered the widespread application of the chemical

removal technologies. Therefore, seeking the low-cost adsorbents remains the

active research topic for phosphate removal. To date, a number of “materials”

have been tested as adsorbents in their natural and modified features. For

example, activated red mud (Pradhan et al., 1998), sand (Arias et al., 2001;

Bubba et al., 2003), fly ash (Ugurlu et al., 1998), iron oxide tailing (Zeng et al.,

2004), activated aluminum oxide and granulated ferric hydroxide (Genz et

al.,2004) were all reported for phosphate adsorption. It is noted from the

literature that alum sludge has also been preliminarily investigated for use in

this type of process with varying degrees of success (Kim et al., 2003).
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2.2 SOURCE AND CHARACTERISTICS OF WTRS
2.2.1 GENERATION OF WTRS
WTR to be used as feasible and cost effective phosphorous removal material,

it shall be obtained easily with low cost and possibly freely available. WTR

normally can be obtained from conventional surface water treatment plants as

a residue waste after the treatment process. The major water supply

reservoirs in Ethiopia are those found around Addis Ababa which includes the

Gefersa, Legedadi and Dire dam and reservoir projects providing about

200,000 m3 of treated water every day (AAWSSA, 2012). These water

facilities produce a wide variety of residuals depending on the source water,

chemical used for purification and type of unit operation used. Conventional

sedimentation flocculation produce residual using either aluminum or iron

salts as primary coagulant agent.

Aluminum sulphate is the most widely used coagulant in drinking water

treatment, and when the aluminum sulphate is added to untreated water, it

dissociates into Al3+ and (SO4)2-. The Al3+ ions are immediately surrounded by

water molecules and hexaaquoaluminium ([Al(H2O)6]3+) is rapidly formed. The

hexaaquoaluminium formed then undergoes series of rapid hydrolytic reactions

to form charged polymeric or oligomerichydroxo-complexes of various

structures. Such hydrolytic products include [Al(H2O)5OH]2+, [Al(H2O)4(OH)2]+,

[Al6(OH)15]3+, [Al8(OH)20]4+ and Al(OH)3(s) etc. Metal ions in aqueous solution

seek to reach a state of maximum stability through various chemical reactions
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including acid‐base, precipitation, oxidation‐reduction, and complexation

reactions (Stanley, 2004).

The modification mechanism of aluminum complex has been explained by

several studies (Bratby, 1980; Stumm and Morgan, 1996). During coagulation

in water treatment process, these complexes adsorb and modify the surface

charge of the colloidal particles, e.g. natural organic matter (NOM) such as

humic and fulvic acid, microorganisms such as bacteria, protozoa and algae,

and inorganic substances such as fine soil particles (Babatunde and Zhao,

2007). Subsequently, in the ensuing treatment units including flocculation,

sedimentation and filtration, the colloids in the raw water are removed and

transferred to the sludge phase together with the hydrolytic aluminum species.

2.2.2 CHARACTERISTICS OF WTRS
Major constitute of WTR depends on the chemical utilized in the treatment

process and source of water (Ippoloto et al., 2011). WTP utilizing aluminum

sulfate are expected to have high aluminum concentration in their residue, and

the same would be true with Fe coagulate agent users. The major components

of WTRs based on long term findings were found as soil sediments, macro

elements (N, P, Al and Fe), and trace metals (Zn, Pb, Cr, Cd, and Mo)

depending on the source water signature. Makris et al. (2004) illustrated the

presence of Al, Fe, P, Si, Ca, and Na whereas Ippolito et al. (2003) reported the

presence of Ca and Al in WTR.
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Babatunde and Zhao (2007) indicates that dewatered water treatment residual

typically contain mineral and humic matters removed and precipitated from the

raw water, together with the residues of any treatment chemicals used as

coagulant (commonly aluminum or iron salts) and coagulant aids (mostly

organic polymers).

Yong et al. (2006) described the other important characteristic of water

treatment residuals, the Al-based WTRs exhibiting amorphous nature due to its

reaction with bicarbonate to form amorphous Al(OH)3(s):-

Al2(SO4)3•14H2O + 3Ca(HCO3)2 → 2Al(OH)3(s) + 3CaSO4 + 6CO2 + 14H2O

Various studies have been conducted using different method to describe the

physical structure of water treatment sludge, and observed amorphous having

no distinct shape or form or crystalline structure, and found that WTRs are

highly porous (Makris et al., 2004; Ippolito et al., 2003; Babatunde et al., 2008).

Alum sludge usually contains colloidal alum hydroxides which are often an

amorphous species which generally have larger surface area and greater

reactivity toward anion adsorption than the corresponding crystalline mineral

phases (Babatunde and Zhao, 2010).

2.3 THE PRINCIPLE AND MECHANISM BEHIND PHOSPHATE
ADSORPTION BY USING WTRS

An in-depth understanding of the mechanisms and characteristics of phosphate

adsorption by the alum sludge is crucial to its effective utilization as an

adsorbent material. Zhao and Babatunde (2009) illustrated that reuse of

dewatered alum sludge cake as the main substrate in a constructed wetland

system for wastewater treatment. The phosphate adsorption and desorption

behavior of WTR has been linked to the presence of metallic hydrous-oxides,

Ca and organic compounds, pH, particle size and number of micro-pores
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(Dayton, 1995). Phosphate anions can be exchanged and immobilized with the

hydroxyl ions on the solid surface to form surface complexes (Guan, 2005).

The alum sludge has a higher selective affinity to adsorb phosphate than typical

anions found in wastewater, such as Cl- and (SO4)2- and the adsorption of

phosphate on the surface of alum sludge is shown to be a kind of inner-sphere

complex (“chemical bond”). The ligand-exchange is the dominating adsorption

mechanism, although chemical reaction between phosphate and dissolved

aluminum was demonstrated, and the chemical reaction believed to play

marginal role in the phosphate removal process. Increased phosphate

adsorption coupled with a release of humic substances indicates desorption of

organic matter as a result of the competition between phosphate and humic

substances for surface site (Young et al., 2006).

The use of natural wetland and WTR as fixed-bed filters with reactive or

sorptive media for nutrient removal has been considered an effective and

economic treatment alternative for nutrient control in wastewater. These natural

adsorption materials (sand, oyster shell), engineered (e.g., light weight

aggregates), or industrial byproduct (e.g., slag, fly ash), (Westholm, 2006;

Vohla et al., 2009; Chang et al., 2010). These studies identified the nutrient

removal mechanisms of natural and artificial filter media through both

physicochemical processes (e.g. adsorption, absorption, ion exchange, and

precipitation) and microbiological processes (e.g. nitrification and denitrification).

2.4 FACTORS AFFECTING ADSORPTION
WTR’s phosphorous adsorption capacity can be influenced by various

environmental factors of which the nature & surface characteristics of the WTR,

and pH are the most important factors in influencing the phosphate adsorption

capacity by WTS (Novak and Watts, 2004). The research showed that
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dewatered alum sludge has the ability to be an adsorbent for phosphate

removal, and adsorption of phosphate is directly proportional with the

concentration level of the sludge through time, and the adsorption is at the

highest rate at the beginning minutes & slightly increased through time. The

experiment also showed that much better adsorption found with fine grains as

compared with larger particle size of the sludge. The research showed that the

adsorption capacity of the WTR is pH dependent where better adsorption

registered in acidic media as compared to that of alkaline conditions.

Babatunde and Zhao (2007) showed that phosphate adsorption capacity

decreased with an increase in pH from 4 to 9, indicating that the adsorption

process is more favored under acidic conditions.

2.5 ADSORPTION ISOTHERMS MODELS
Equilibrium data, also known as adsorption isotherms, are basic requirements

for the design of adsorption systems and provide information on the capacity of

the adsorbent or the amount required to remove a unit mass of pollutant under

the system conditions such as initial pH of the phosphate solution, initial

phosphate ion concentrations and amount of absorbent. Modeling the

equilibrium data allows comparison of different sorbents under different

operating conditions. Various models are used for explaining adsorption, and

the most common models are the Langmuir (Langmuir, 1918), and Freundlich

(Freundlich, 1907) models.

The Langmuir isotherm model is based on the assumption that maximum

adsorption corresponds to a saturated monolayer of adsorbate molecules on

the adsorbent surface (adsorption occurs at specific homogenous adsorption

sites), that the energy of adsorption is constant and that there is no

transmigration of adsorbate in the plane of the surface. The Langmuir isotherm



15

represents the equilibrium distribution of metal ions between the solid and liquid

phases. The following equation can be used to model the adsorption isotherm:

(1)

Where

q is milligrams of metal accumulated per gram of the absorbent material;

Ceq is the metal equilibrium concentration in solution;

qmax is the maximum specific uptake corresponding to the site saturation and

b is constant related to adsorption energy.

When the initial metal/pollutants concentration rises, adsorption increases while

the binding sites are not saturated. The linearized Langmuir isotherm allows the

calculation of adsorption capacities and the Langmuir constants and is equated

by the following equation.

= (2)

Thus a plot of Ceq / q vs Ceq should be linear if Langmuir adsorption were

operative, permitting calculation of qmax. The essential characteristics of a

Langmuir isotherm can be expressed in terms of a dimensionless constant

separation factor or equilibrium parameter RL, which is defined by the following

equation.

RL = (3)

Where Co is the initial adsorbent concentration (mg/l) and b is the Langmuir

constant (l/mg). RL indicates the isotherm shape and whether the adsorption is

favorable or not, as per the criteria given in the table below.

Table 2- 1 Type of Isotherm for various RL
RL Type of isotherm
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An isotherm is favorable if its adsorption capacity grows rapidly with

concentration at equilibrium in the liquid phase. Langmuir and Freundlich are

examples of "favorable" isotherms i.e. a plot of q vs c has a convex shape such

that q>>c at low concentrations. This allows effective recovery from dilute

streams and minimizes the unabsorbed losses in an adsorption process. The

maximum for a highly favorable isotherm is irreversible adsorption, where the

amount adsorbed does not depend on the decrease in concentration down to

very low values. Both an unfavorable isotherm is concave in shape i.e. q>>c

only at high liquid phase concentrations such that effective adsorption from

dilute streams is not possible (Hall and Vermeylem, 1966).

The Freundlich equation is basically empirical, and assumes adsorption occurs

at heterogeneous surface or surfaces supporting site of varied affinities.

Freundlich isotherms were basically obtained by agitating the adsorbate

solution of a fixed concentration and the adsorbent of different doses for a

contact time greater than the equilibrium time. The Freundlich isotherm is

represented by the equation (Freundlich, 1907) as presented below:

(4)

Where

Ceq is the equilibrium concentration (mg/l)

q is the amount adsorbed (mg/g) and

RL>1 Unfavorable

RL=1 Linear

0< RL<1 Favorable

RL = 0 Irreversible
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Kf & n are adsorption capacity and intensity respectively.

The constant Kf is often used to evaluate the adsorption capacity. The linear

form of the above equation can be written with the following equation. A linear

plot of log q and log Ce provides the value for Kf and n in the form of intercept

and slope.

(5)

Kf and n are calculated from the slopes of the Freundlich Plots. The Freundlich

isotherm basically indicates whether the adsorption proceeds with ease or

difficulty.

2.6 OTHER POSSIBLE USES OF WTRS
WTRs, apart from phosphate adsorption, was reported to be used in civil

engineering as paving material to assist in runoff water pollution control (Zhao,

2006). WTR was also found to be an important agent of soil amendment

keeping fertility and at the same time prevent leaching of phosphate and

polluting water sources (Novak and Watts, 2004). The study showed significant

capacity of WTR for retaining or tie excess phosphate in the soil for crop up

taking, and preventing its loss through leaching. The study showed that mixing

WTRs into soils increased their max phosphate values several-fold (between

1.7 to 8.5 mg g-1) relative to soils with no WTR addition. It demonstrates the

feasibility of using alum-based WTRs to increase a sandy soil's ability to sorb

more P. Nevertheless, WTRs shall be used as soil amendments based on the

final WTR properties signature of the water source (Ippolito et al., 2011).
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CHAPTER 3 : MATERIAL AND METHODS
3.1 SAMPLE AND SAMPLING SITE
3.1.1 DESCRIPTION OF THE WTR SAMPLING SITE
Water Treatment Residue (WTR) for the adsorption study is collected from

Gefersa Water Treatment Plant (WTP) which is located about 18 km west of

Addis Ababa City. The Gefersa reservoir is in a shallow basin about 10 km wide,

stretching between the Wechacha and Entoto mountains. The catchment

upstream of Gefersa reservoir covers an area of about 56 km2 and has an

average altitude of 2,600 meters. The main dam was built in 1943 (and

modified in 1955) and the second smaller dam (Geffersa III) was built in 1966

upstream from the main dam. The present-day water storage capacities are

about 7.39 MCM and 1.17 MCM respectively (AAWSSA, 2012). The reservoir

has mean depth of 4.74 m. The main dam is located at geographic coordinate

of 0460692N 1001371E, and the whole of the dam and reservoir fall exclusively

in Oromia National Regional State.

The Gefersa Water Treatment Plant is located adjacent to the dam in the

downstream area. Figure 3-1 shows location map of the Gefersa dam reservoir

and the water treatment plant. The Gefersa water treatment facility utilizes

conventional treatment processes to treat the surface water stored in Geferssa

reservoir. The plant utilizes Aluminum sulphate as a primary chemical

coagulant at a dose of 20 g per liter of untreated water volume making the total

daily utilization of 35 quintal per day. The other major material used by the plant

is lime at a rate of 25 quintal per day. The aluminum sulfate is added as a

coagulant for the influent water. WTR with a high content of aluminum and

organic matter was generated in the settling and filtration processes, and the

residual is released to the downstream area.
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Figure 3- 1 Location map of WTR sampling site of Gefersa dam reservoir
and water treatment plant

3.1.2 WTR SAMPLE COLLECTION AND PREPARATION
WTR sample was collected on 25 March 2014 using sterilized plastic bags from

the sediment formed at wastewater outlet of Gefersawater treatment plant. The

sample was taken to Addis Ababa university laboratory, and then it was dried

for 2 weeks by putting on cleaned plate under cover at 20-25 °C. The dried

sludge cake was crushed manually with hand in glass grinder, and then allowed

to pass through 0.063 mm, 0.125 mm and 2.00 mm sieves followed by putting

them in dried and sealed bottles according to their particle size categories

(Figure 3-2).

Gefersa WTP and
WTR Sampling site
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WTR released from
Gefersa WTP WTR air dried WTR Sieved < 0.063 mm

Figure 3- 2 WTR collection and sample adsorbent preparation

3.1.3 WASTEWATER SAMPLES COLLECTION
Wastewater samples were collected from Brewery and Abattoir factories in

Addis Ababa employing grab sampling method. The wastewater samples were

analyzed for their phosphate concentration in Environmental Science

Laboratory Addis Ababa University by using the stannous chloride method

(APHA, 1998).

3.2 EXPERIMENTAL DESIGN
3.2.1 PREPARATION OF STANDARD PHOSPHATE STOCK SOLUTION
A one liter stock standard phosphate solution having a concentration of 100

mg/L phosphate (PO-34) was prepared by dissolving 0.144 g of the pure

KH2PO4 in a liter distilled water. The solution is kept at 20±2oC, and airtight in

laboratory to prevent CO2 from affecting solution pH. Phosphate sample

solution for subsequent batch adsorption experiments were prepared from this

stock solution by diluting with distilled water to the required initial phosphate

concentration.

3.2.2 BATCH ADSORPTION EXPERIMENTS
Batch adsorption experiments were conducted to study the phosphate

adsorption efficiency & capacity of the WTR according to the method identified

by Nair et al., 1984. In the batch test, WTR (absorbent) was placed in 125 mm
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conical flaks with 100 mL of the synthetic solution of 4 mg/L PO-34 initial

phosphate concentrations which is prepared from the stock phosphate solution.

A working phosphate solution of 4 mg/L was preferred since such concentration

reflects the actual phosphate concentration in most of the domestic and urban

wastewater in the country (EPA, 2003). The mixtures were shaken on a rotary

shaker (ST15 OSA UK) at 200 RPM, and after the contact duration, the

suspensions were withdrawn, filtered through Whatman filter paper and

analyzed for residual phosphate concentration by spectrometer (67 Serious UV

VIS) using Stannous Chloride method (APHA 1998). The difference between

the initial and the final concentration was considered as the amount of

phosphate adsorbed and retained by the WTR.

The optimal parameters for adsorption including dose of the WTR, particle size,

contact duration, pH and initial phosphate concentration were investigated

through batch adsorption tests.

a) Influence of WTR’s dosage on phosphate adsorption

The effect of adsorbent dosage on adsorption efficiency was studied by using

0.1, 0.3, 0.5, 1, 2, 3 and 4 g of the WTR in 125 ml Erlenmeyer flask with 100

mL of synthetic solution.

b) Influence of the ETR’s particle size on phosphate adsorption

The test on the effective particle size was conducted after determining the

effective dose of the WTR adsorbent. Three category of the WTR particle size

were prepared (<0.063 mm, 0.063-0.125 mm, 0.125-2 mm), and tested to their

effect on phosphate adsorption efficiency.

c) Influence of contact duration period on phosphate adsorption
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In order to determine the equilibrium time of the sorption reaction, different

durations of time were used for contacting the WTR with the phosphate solution.

Six flasks filled with the same solution and the same optimal dose of WTR were

prepared and contacted for 2, 6, 10, 12, and 24 hours. Each of the flasks was

shaken on the rotary shaker for its contact time, removed and analyzed for

residual phosphate concentration in the solution.

d) Influence of pH on adsorption

The effect of pH on adsorption capacity was tested by varying the pH at 4, 6, 7,

8, 9 and 10 through adding drops of 0.1N H2SO4, and 0.01 NaOH to adjust the

test solution to the required pH level.

e) Influence of initial phosphate concentration on adsorption

The effect of initial phosphate concentration on adsorption efficiency of the

WTR (absorbent) was tested by varying the initial concentration of phosphate

used during the study. Initial phosphate concentration of 1, 2, 4, 8, and 10 mg/L

were tested to their effect on adsorption efficiency of the WTR.

Each of the above batch adsorption test were conducted in triplicate, the mean

and standard Deviations were analyzed.

3.2.3 ANALYSIS OF RESIDUAL PHOSPHATE
For each of the batch adsorption test after the contact duration period, the

resulting suspensions were filtered using a filter paper and the filtrate was

analyzed for the residual phosphate concentration through Stannous Chloride

method (APHA 1998). The method utilizes a stannous chloride reduction where

by the phosphate reacts with ammonium molybdate and is then reduced by

stannous chloride to form a blue complex. The extent of absorbance of the blue

coloring was measured by using 6705 UV/Vis Spectrophotometer, and the
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respective residual phosphate concentrations were calculated from the

spectrophotometry reading value via the formula established by Calibration

Curve (Annex 1 presents detail on Calibration Curve Preparation).

3.2.4 DETERMINATION OF ADSORPTION EFFICIENCY
The WTR’s phosphate adsorption efficiency, following each batch adsorption

test, ultimately calculated using the equation given below (Vanderborght and

Griekenm, 1977).

Adsorption (%) = ((Co – Cf)/Co) × 100 (Eq-6)

Where:

Co = the initial phosphate (PO-34) concentration (mg/L)

Cf = final phosphate (PO-34) concentration (mg/L)

3.3 DETERMINATION OF PHYSICO-CHEMICAL CHARACTERISTICS OF
THE WTR

Determination for the major metal compositions of the test WTR sample were

analyzed in Geo-Science Laboratory of the Geological Survey of Ethiopia,

Addis Ababa.LIBO2 Fusion analytical method has been used for determination

of oxides of Al, Mg, Na, K, Ti, Fe, and Mn. HFattack method has been used to

determine SiO2, and Gravimetric method has been used for determination of

TOC and moisture content (APHA 1998).

Bulk density of the WTR was analyzed according to the method by Blake and

Harige, 1986 which is expressed in units of oven dry soil per cubic centimeter

of the soil i.e. Bulk density=oven dry soil (g)/soil (cm3). Porosity of the WTR

sample was calculated from the value obtained for bulk density and particle

density for the WTR i.e. Porosity=1 – (bulk density/Particle density) according

to the method by Brady and Weil, 1996.

Guestad
There should be reference
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Intensity of the blue coloring batch
adsorption with various WTR dose

Spectrophotometer used to measure
absorbance of known (PO-34)concentration

Jeway PH meter used to measure adusted
pH of solution

Measuring balance used to measure
dose of WTR

(PO-34) con vrs ads reading used to
prepare Calibration curve prepartion

(PO-34)con vrs adsorbance reading
used to prepare calibartion curve

Figure 3- 3 Picture depicting some of batch adsorption experiments and
the laboratory equipment’s used
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3.4 ADSORPTION TESTS ON ACTUAL WASTEWATER SAMPLES
Effluent samples were collected from Brewery and Abattoir facilities in Addis

Ababa so as to investigate the adsorption performance of the WTR (absorbent).

The Abattoir’s and Brewery wastewater passed in serious of dilutions to

prepare suitable PO-34 concentration by adding distilled water, and accordingly

sample solutions of 100 ml having initial PO-34 concentration of 8.8 mg/L and

8.0 mg/L Abattoir and Brewery samples were prepared from the collected

wastewater by employing stannous chloride method. Then 100 ml volume of

the wastewater sample solutions placed in two conical flask, and then the WTR

does of 2 and 4 g were added, and shaken on orbital shaker (ST15 OSA,UK)

for 12 and 24 hours contact period, equilibrium time based on previous

experiments (Yang et al.,2008). After the equilibrium time, the residual

phosphate concentration was estimated using the stannous chloride method

(APHA 1998) to calculate the resulting adsorption efficiency of the WTR

absorbent.

3.5 ANALYSIS OF ADSORPTION ISOTHERMS
The adsorption capacity of the WTR is the mass of phosphate adsorbed on the

WTR (adsorbent), and was calculated based on the mass balance principle and

formulae Vanderborght and Van Griekenm (1977) as described below:

qe = (Co – Ce) × V/m (Eq-7)

Where qe = adsorption capacity of the WTR (mg/g)

V = the volume of reaction mixture (L)

M = the mass of adsorbent used (g)

Co = the initial phosphate concentration (mg/L)

Ce = the residual or equilibrium phosphate concentration (mg/L)
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The phosphate adsorption process and maximum adsorption capacity of the

WTR were quantified using adsorption isotherm models. According to the

Lagmuir model (Lagmuir, 1918), the following formula has been used:-

(8)

Where

q is milligrams of metal accumulated per gram of the absorbent material;

Ceq is the metal equilibrium concentration in solution;

qmax is the maximum specific uptake corresponding to the site saturation and

b is constant related to adsorption energy.

The experimental results were also tested with the Freundlich model

(Freundlich, 1907) according to the following formula:-

(9)

Where

Ceq is the equilibrium concentration (mg/l)

q is the amount adsorbed (mg/g) and

Kf & n are adsorption capacity and intensity respectively.

3.6 STATISTICAL ANALYSIS
The various adsorption tests were conducted in triplicate, and statistical

analysis was performed with SPSS package release version 20. Mean and

Standard Deviation were analyzed using MS Excel. The MS Excel was also

used to prepare adsorption isotherm equation, and analyze for linear regression

values. The excel program also used to prepare descriptive charts on the

change of adsorption efficiency under various condition.
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CHAPTER 4 : RESULTS AND DISCUSSION
4.1 DETERMINATION OF WTR’S PHYSICO – CHEMICAL PROPERTIES
Table 4-1 presents analytical results for physico-chemical characteristics of the

Water Treatment Residue (WTR); Silica, Aluminum and Calcium were found as

the main constituents of the WTR.

Table 4- 1 Results of physico-chemical analysis for the WTR

Parametrs Unit Value

Silica as SiO2 % 36.92

Aluminum as Al2O3 % 14.81

Iron as Fe2O3 % 4.22

Calcium as CaO % 13.64

Magnesium as MgO % 0.84

Sodium as Na2O % 1.4

Potassium as K2O % 1.4

Manganese as MnO % 0.18

Tine as TiO2 % 0.41

Moisture as H2O % 2.96

TOC % 20.57

Bulk density g/cm3 0.931

Porosity % 65

pH 6.8

As it can be seen in the above table, the WTR had a bulk density of 0.93 ± 0.11

g cm-3and a porosity of 65%. The chemical characteristics of residues from

water treatment facilities depend largely on the characteristics of the untreated

water source, the coagulant type used and dosage applied and other relevant

facility-specific operating conditions. The chemical composition of the WTR was

found out to be the direct reflection of the water treatment chemicals utilized by
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the water treatment plant. The Gefersa Water Treatment Plant utilizes Alum

and lime at a rate of 35 and 25 quintal per day respectively, and hence it is

clear that the primary coagulant (aluminum sulphate) and softening agent (lime)

used during the Gefersawater treatment process were reflected in the

composition of the WTR. As it can be seen in the table, aluminum (expressed

as Al2O3) accounted for 14.8 % by composition of the sampled WTR. WTR

which is much higher when compared to the other elements. Aluminum is

known to play a key role in phosphate adsorption by solid matrices via ligand

exchange by phosphate ion reactions with aluminum oxides forming inner-

sphere complexes (Ippolito et al., 2003; Yang et al., 2006).

Similar high level aluminum composition reported in previous studies

(Babatunde et al., 2009; DeWolfe, 2006; Makris and O’Connor, 2007;

Babatunde and Zhao, 2007).

Mean TOC of the WTR averaged to 20.57 % which may be attributed to humic

substances contained in the untreated water coming in to the water treatment

plant. Similar value for presence of humic substances in raw water being

treated has been reported (Dormany et al., 2002).
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4.2 BATCH PHOSPHATE ADSORPTION EXPERIMENTS
4.2.1 INFLUENCE OF WTR DOSE IN ADSORPTION
Results on phosphate removal from the batch adsorption experiments with

various dosage of the WTR have been shown in Annex 2 Table 2-1. The values

shown in the table indicate the mean and standard deviation for concentration

of residual phosphate for batch adsorption experiments conducted in triplicate

with various WTR dosages. Figure 4-1 illustrates the residual phosphate

concentration with adsorption period at varied dose of the WTR. As it can be

seen in Figure 4-1 the concentration of phosphate fall sharply from the initial

PO-34 concentration of 4 mg/L to 0.92 ± 0.06 and 0.11 ± 0.01 mg/L with

corresponding increase of the WTR dose from 0.3 to 2 g respectively in 100 mL

solutions.

Figure 4- 1 adsorption efficiency with various dose off WTR
The result showed that phosphate adsorption was primarily limited by the

dosage of the WTR which follow with increased availability of the adsorption

sites on the surface of the WTR. With increased dosage of the WTR (adsorbent)
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there would be greater number of exchangeable sites for phosphate (absorbate)

yet the optimal dose of the absorbent need to be determined to design feasible

adsorption system (Selvaraj et al., 1997; Babel and Kurniawan, 2004).

The result demonstrated in the above figure 4-1 has shown significant

adsorption efficiency of the WTR for phosphate, a maximum adsorption

efficiency of 97.34 % registered for sample with 2 g dosage of the WTR. The

increase in adsorption efficiency becomes marginal with further increase of the

WTR adsorbent. It’s clear that with increased dose of the WTR adsorbent there

will be more binding sites for the phosphate yet limited availability of phosphate

for a relatively larger number of surface sites on the adsorbent at higher dosage

of adsorbent. This study showed a maximum removal efficiency of phosphate

was obtained with 2 g dosage of the WTR adsorbent, and hence 2 g was taken

as optimal dose for the subsequent WTR adsorption studies. The principle of

the phosphate adsorption by WTR is considered to be the abundant aluminum

ions in dewatered WTR surface with increased dose of the WTR dose

increased, the aluminum ion concentration obviously increase resulting in

increased adsorption of the available phosphate in the solution (Sujana, et al.,

1998).

Similar findings have been illustrated in previous studies (Razail et al., 2007;

Young et al., 2006; Zumpe et al., 2002).

Figure 4-2 shows the result on the effect of increase of WTR dose on

adsorption capacity. As it can be seen on the figure, adsorption capacity of 1.03

mg/g was observed with dosage of 0.3 g while the adsorption capacity has

fallen further to 0.19 to 0.10 mg/g with dose of 2 and 4 g WTR respectively. The

result has shown that increase in WTR dose have resulted in the reduction of
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adsorption capacity. Adsorption capacity is expressed as the mass of the

phosphate (adsorbate) adsorbed per unit mass of the WTR (adsorbent). Value

for adsorption capacity decreases when the mass of the phosphate in the

solution gets smaller for the same increase in the mass of the adsorbent

(Lagmuir, 1918; Freundlich, 1907).

Figure 4- 2 Adsorption capacity with various dose of ETR
4.2.2 INFLUENCE OF CONTACT PERIOD IN ADSORPTION
Results from the batch adsorption experiments with increased contact period

have been shown in Annex 2 Table 2-2. The values shown in the table indicate

the resulting mean and standard deviation for the residual PO-34 phosphate

concentration after contact time of 2, 4, 10, 12 and 24 hours. Figure 4-3

illustrate the trend of phosphate adsorption of the WTR with various contact

time duration in hours. As it can be seen in Figure 4-3, very fast removal of

phosphate resulted in the first two hours of contact time where the initial

concentration of the phosphate solution fall sharply from 4 mg/L to 0.69 ±
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0.15mg/L in 2 hrs, and then to 0.5 ± 0.19mg/L as the contact period increased

to 4 hrs. The residual phosphate with 12 hrs adsorption contact duration was

found out to be 0.21 ± 0.15mg/L which was equivalent to about 95 % of

adsorption efficiency. The initial rapid rate of PO-34 removal decreased with time,

giving way to a very slow rate of equilibrium over a long duration. The PO-34

removal proceeded even after 12 hours contact time but the amount of PO-34

removal was found out to be marginal. As can be seen in the Figure 4-3, in 12

hrs contact period, about 95 % of the PO-34 has been removed and adsorbed

with the WTR. Therefore, for practical reasons, a contact duration period of 12

hours was adopted as the equilibrium contact time in the subsequent

experiments.

Similar trend in increase of adsorption capacity were observed in previous

studies by increasing the adsorption contact time (Markis et al., 2004; Wagner

et al., 2008). The results from this study validate the theory that the PO-34

sorption is a bi-physical reaction where a fast adsorption occurs in the first

instant up to 12 hrs and then lowers down from then after (Pierzynski et al.,

2005).
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Figure 4- 3 Adsorption efficiency in various contact period

4.2.3 ROLE OF WTR PARTICLE SIZE IN PHOSPHATE ADSORPTION
Results from the batch adsorption experiments with various particle size of the

WTR have been presented in Annex 2 Table 2-3. The values shown in the table

indicates the resulting mean and standard deviation for the residual PO-34

concentration by adsorption with WTR particle size of < 0.063 mm, between

0.063 – 0.125 mm, and 0.125 to 2 mm. Figure 4-4 illustrates the trend of PO-34

adsorption with various particle size of the WTR. As it can be seen in Figure 4-4,

the PO-34 adsorption efficiency generally increases with usage of smaller

particle size of the WTR. The mean residual PO-34 concentration with usage

WTR particle size between 0.125 – 2 mm was 1.225±0.01 mg/L which

corresponds to 69.5 % PO-34 adsorption efficiency. Moderate increase in PO-34

adsorption efficiency has been observed with the use of WTR of particle size

0.063 – 0.125 mm. However, the change in PO-34 adsorption efficiency was

highly significant when WTR particle size of < 0.063 mm has been used, and
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the mean residual PO-34 concentration has become 0.285±0.01 mg/L which

corresponds to 92.75 % adsorption efficiency.

Figure 4- 4 Adsorption efficiency with various particle of WTR
The result indicated that PO-34 adsorption efficiency could be influenced by

change in particle size of the WTR, and the effect was notable in the lower

regime of WTR particle size. The reason to increased adsorption percentage

with reduced particle size of the WTR adsorbent can be attached to availability

of larger and increased surface area with smaller particle size, and the increase

in surface area of the WTR adsorbent will directly lead to increase in the

availability of adsorption sites which ultimately increases the PO-34 removal

efficiency by the absorbent.

4.2.4 INFLUENCE OF PH ON PHOSPHATE ADSORPTION
Results from the batch adsorption experiments with various pH conditions have

been shown in Annex 2 Table 2-4. The values shown in the table indicates the

resulting mean and standard deviation for the residual PO-34 concentration

under various pH conditions. Figure 4-5 illustrates the trend in phosphate

adsorption with various pH media. As it can be seen from the Figure 4-5,

phosphate adsorption by the WTR is most favored in the acidic region, and the
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highest phosphate removal efficiency was observed at pH of 4, and the mean

residual PO-34 concentration was measured to be 0.51 ± 0.05 mg/L. The

adsorption efficiency was found out to be over 87% at pH of 4. The adsorption

efficiency reduced to 60 % in the test solution with the pH of 8. The phosphate

adsorption efficiencies were observed to be reduced further 55 and 58 % with 9

and 10 pH solutions, and the mean residual PO-34 concentration were found

out to be 1.79 ± 0.1 mg/L, and 1.68 ± 0.1 mg/L respectively. The change in the

adsorption efficiency can be attributed to the change of surface potential of the

WTR adsorbent particles which has been influenced by the change in pH. At

low pH (with abundant positive sites), phosphate adsorption facilitated by

electrostatic and chemical attraction onto the abundantly positively charged

surface. However, as pH rises, the surface becomes predominantly negatively

charged and phosphate adsorption decreases. Minimal phosphate removal

took place within the alkaline ranges due to more OH- ions in the suspension

occupying the active sites on the surface of the WTR, forming a counter ion

layer that reduces PO-34 adsorption. OH- ions compete strongly with

phosphates for available sites when the suspension is within the alkaline

ranges.

Similar finding have been reported by various studies (Babatunde et al., 2008;

Yong et al., 2006). There are some physicochemical process along with pH

which may also affect the phosphate adsorption (Galarneaue and Gehr, 1997).

Adsorption favors a low pH medium as adsorption is coupled with the release of

OH- ions (Sujana et al., 1998).
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Figure 4- 5 Influence of pH on phosphate adsorption efficiency (%) of WTR

4.2.5 INFLUENCE OF INITIAL PHOSPHATE CONCENTRATION ON ADSORPTION
Results from the batch adsorption experiments with various PO-34 initial

concentrations and usage of 2 g WTR have been shown in Annex 2 Table 2-5.

The values shown in the table indicates the resulting mean and standard

deviation for the residual PO-34 concentration under various initial phosphate

concentration solutions. Figure 4-6 illustrates the trend in the WTR’s adsorption

efficiency with various initial phosphate concentrations of the aqueous solution.

As it can be seen from figure 4-6, the adsorption efficiency increased from 54 to

65 and then to 89.75 % with solutions that were having an initial phosphate

concentration of 8, 4 and 1 mg/L respectively. This is due to the reason that at

lower concentrations the amount or number of phosphate in the aqueous

solution is small as compared to the relatively high available adsorption sites on

the WTR adsorbent as a result the efficiency of adsorption was observed to be

high. However, at higher concentrations, most of the adsorption sites will be
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occupied by ions and the available sites of adsorption become fewer, and as a

result the phosphate removal efficiency decreases.

Figure 4- 6 Adsorption efficiency with various Initial PO-34Concentration
Similar high adsorption efficiency values were recorded in previous studies

conducted as a function of reduced initial phosphate concentration (Yong et al.,

2006; Babatunde et al., 2008).

4.3 ANALYSIS OF ADSORPTION ISOTHERM WITH DOSAGE OF THE WTR
Adsorption isotherm studies were carried out to determine an approximate

estimation of the adsorption capacity of the test WTR using adsorbent doses of

0.3, 0.5, 1, 2, 3, and 4 g. The resulting experimental data were used to plot the

linear forms of Langmuir and Freundlich Isotherm equations as presented in the

following sub sections.

4.3.1 LANGMUIR ADSORPTION ISOTHERM MODEL
Table 4-2 show results of mean experimental data obtained from batch

adsorption test conducted in triplicate by mixing various dose of the WTR with

100 ml sample solutions having 4 mg/L PO-34 concentration. These
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experimental data were used to plot the linear form of graph for Langmuir

equation, and coefficients of adsorption isotherm as presented in Figure 4-7.

Table 4- 2 Experimental data for liner form equation and coefficients of
Langmuir adsorption isotherms

WTR

dose(g)

Mean Residual PO-34

Concentration Ce (mg/L)

Phosphate

adsorbed X

(mg)

Adsorption

Capacity

qe (mg/g) 1/Ce 1/qe

0.30 0.92 ± 0.04
0.308 1.03 1.09 0.97

0.50 0.64 ± 0.02
0.336 0.67 1.56 1.49

1.00 0.46 ± 0.01
0.354 0.35 2.17 2.83

2.00 0.11 ± 0.02
0.389 0.19 9.40 5.14

3.00 0.09 ± 0.02
0.391 0.13 10.61 7.68

4.00 0.07 ± 0.01
0.393 0.10 14.28 10.18

Qmax R2 RL

1.71 0.951 0.213

As it can be seen from the figure, the liner equation for the graph has become

Y , and accordingly the Lagmuire isotherm and coefficents were calculated as

follow:-

 Intercept Y = (1/qmax) = 0.585, qmax = 1.7094

 Slope = (1/bqmax) = 0.633, hence bqmax = 1/slope which was

foundout to be equal to be 1.5798 Therefore, the Langmuir Equation qe

= 1.5798Ce/ (1+0.924Ce).

From the Langmuir’s equation, the maximum phosphate adsorption capacity

(qmax) by the WTR was found out to be 1.71 mg/g which means that one gram

of the WTR can absorb1.71 mg of phosphate. The essential characteristics of
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Langmuir isotherms can be expressed in terms of dimensionless equilibrium

parameter RL (Juang, 1997). The RL was calculated based on the present

experimental re sult and found out to be RL=0.213(RL=1/(1+bCo). The

parameter RL provides a quantitative description of the equilibrium regions,

accordingly the value RL=0.213 in this experiment indicates a favorable

adsorption (RL = 0 for irreversible, RL < 1 for favorable, RL = 1 for linear, and

RL > 1 for unfavorable adsorption). The result from the present adsorption

study, therefore, indicated that the test WTR from Geferesa WTP can be used

as favorable adsorbent, feasible and cost effective measure for the removal of

phosphate from wastewater. Similar values for qmax were recorded in previous

studies conducted by using aluminum based water treatment residues for

phosphate adsorption (Yong et al., 2006; Babatunde et al., 2009).

Figure 4- 7 Linear form of Langmuir isotherm equation
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4.3.2 FREUNDLICH ADSORPTION ISOTHERM MODEL
Table 4-3 show results of experimental data obtained from batch adsorption

test using various dose of the WTR. These experimental data were used to plot

the linear form of graph for Freundlich isotherm equation, and the resulting

coefficients of adsorption isotherm as presented in Figure 4-8.

As it can be seen from the figure, the liner equation for the graph has become,

R2 of 0.949, and the Freundlich isotherm and coefficients were calculated as

follow:-

 Slope = 1/n =0.809 andhence n=1.172

 Y-Intercept = logKf = -0.034, and hence Kf=0.9247

 The Freundlich’s equation qe = KfCe1/n, and therefore qe

=0.9247Ce0.809

Table 4- 3 Experimental data for liner form equations and coefficients of
Freundlich adsorption isotherms

WTR

dose(g)

Mean Residual PO-34

concentration, Ce

(mg/L)

Phosphate

adsorbed X

(mg)

Adsorption

Capacity qe

(mg/g) LogCe Logqe

0.30 0.92 ± 0.04
0.308 1.03 -0.04 0.01

0.50 0.64 ± 0.02
0.336 0.67 -0.19 -0.17

1.00 0.46 ± 0.01
0.354 0.35 -0.34 -0.45

2.00 0.11 ± 0.02
0.389 0.19 -0.97 -0.71

3.00 0.09 ± 0.02
0.391 0.13 -1.03 -0.89

4.00 0.07 ± 0.01
0.393 0.10 -1.15 -1.01

Kf n R2

0.9247 1.236 0.949
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Another important interpretation of the value 1/n and n can be used to indicate

the effect of change in solute concentration, and also indicate the capacity of

adsorption and the adsorbent dose. From Freundlich equation the values of 1/n

was calculated to be 0.809 and that of n was calculated to be 1.236. The result

of 1/n=0.809 which is close to 1 indicating that a little concentration change can

relatively affect the adsorption. The value calculated for n was found out 1.236

which is greater than 1 indicating that the WTR can effectively adsorb

phosphate.

The correlation coefficients (R2) of adsorption by the WTR in Freundlich’s

equation exhibits more or less similar value with the Langmuir’s i.e. 0.951 and

0.949 for Freundlich and Langmuir respectively. Therefore, experimental data

obtained for phosphate adsorption by Gefersa’s WTR were fitted with both

Langmuir and Freundlich adsorption isotherm models.

Figure 4- 8 Linear form of Freundlich isotherm equations



42

4.4 BATCH PHOSPHATE ADSORPTION ON ACTUAL WASTEWATER
The present study as it has been described above section 4.3 has confirmed

that WTR from Gefersa site was found out to be a good absorbent for

phosphate. To this effect batch adsorption experiment were conducted on real

wastewater samples collected from Brewery and Abattoir facilities, and the

phosphate adsorption results are described in the following sub sections.

4.4.1 BATCH ADSORPTION EXPERIMENT ON ABATTOIR’S WASTEWATER
Table 4-4 shows mean adsorption result of batch experiments conducted in

triplicate of wastewater collected from Abattoir operating in Addis Ababa. As

can be seen in the table, the mean residual PO-34 concentration of 0.59 mg/L

was found after adsorption test by employing 2 g dose of WTR for initial 8.0

mg/L PO-34 concentration of the Abattoir wastewater sample. The phosphate

adsorption efficiency was calculated to be 93.3 % for 12 hrs contact duration

and 2 g dose of WTR. Marginal increase in adsorption efficiency (from 93.3% to

94.45%) and adsorption capacity (from 0.41 mg/g to 0.42 mg/g) observed when

the contact period increased from 12 hr to 24 hrs.

Furthermore, the result as shown in the Table 4-4 indicated that the adsorption

capacity reduced by half with doubling of the WTR adsorbent dose, the

adsorption capacity reduced from 0.41 to 0.20 mg/g when the WTR (adsorbent)

dose increased from 2 to 4 g.

Table 4- 4 Result of batch adsorption test on abattoir’s wastewater

Dose

(g)

Residual PO-34

concentration Ce (mg/L)

adsorption efficiency

(%)

Adsorption capacity

(mg/g)

12 hours adsorption contact period

2 0.59 ± 0.15 93.33 0.41

4 0.67 ± 0.07 92.44 0.20

24 hours adsorption contact period

2 0.49 ± 0.06 94.45 0.42
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4 0.55 ± 0.14 93.71 0.21

4.4.2 BATCH ADSORPTION EXPERIMENT ON BREWERY’S WASTEWATER
Table 4-5 shows mean adsorption result of batch experiments conducted in

triplicate of wastewater collected from Brewery operating in Addis Ababa. As

can be seen in the table, the mean residual PO-34 concentration of 0.43 mg/L

was found after adsorption test by employing 2 g dose of WTR for initial 8.0

mg/L PO-34 concentration of the Brewery wastewater sample. The phosphate

adsorption efficiency was calculated to be 94.6 % for 12 hrs contact period and

2 g dose of WTR. The adsorption efficiency has increased from 94.6 % to 99.8

%, and the adsorption capacity increased from 0.38 mg/g to 0.40 mg/g when

the contact period increased from 12 hr to 24 hrs.

Furthermore, the result as shown in the Table 4-5 indicated that the adsorption

capacity reduced by half with doubling of the WTR (adsorbent) dosage. The

adsorption capacity was reduced from 0.38 mg/g to 0.19 mg/g and from 0.4

mg/g to 0.2 mg/g when 4 g of WTR dose used mixed in 100 ml for contact

period of 12 hrs and 24 hrs respectively. It can be observed that the WTR

adsorption efficiency was found to be almost 100 % and the adsorption

capacity of 0.4 mg/g in 24 hrs contact period meaning that all the phosphate in

the wastewater have been removed and adsorbed by the WTR.

Table 4- 5 Result of batch adsorption test on brewery’s wastewater

Dose

(g)

Residual PO-34

concentration Ce (mg/L)

adsorption efficiency

(%)

Adsorption capacity

(mg/g)

12 hours adsorption contact period

2 0.43 ± 0.04 94.63 0.38
4 0.39 ± 0.09 95.12 0.19

24 hours adsorption contact period
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2 0.01 ± 0.01 99.88 0.40
4 0.00 ± 0.01 99.95 0.20

The surface of alum sludge contain a significant amount of reactive functional

groups, such as –OH, –Cl, –SO4 and humic substances. These functional

groups are responsible for the ligand exchange mechanism of the adsorption of

phosphate onto the surface of alum sludge (Young et al., 2006).

The wastewater from brewery was found to have some sulfate and iron, and yet

the WTR prefers adsorption of phosphate which resulted in removal of almost

all the phosphate in 24 hrs contact period. WTR has a higher selective affinity

to adsorb phosphate than typical anions found in wastewater, such as Cl- and

SO4 (Young et al., 2006).

The PO-34 concentration of both the Abattoir and Brewery wastewater samples

were found out to be very high, 80 mg/L and 88 mg/L respectively. Release of

untreated wastewater from these facilities can result in eutrophication problem.

The national guideline set a limit of 5 mg/L total phosphate for Brewery and

Slaughter House Industrial facilities (EPA, 2003).

The adsorption experiment results for both the actual wastewater samples

(brewery and abattoir) was found in line with the result found with adsorption

using synthetic pure ortho-phosphate solution in the present study indicating

high preference of the WTR to adsorb phosphate.

It seems that there exist minimal or nil interference from other elements found

in the wastewater which could be related to their insignificant concentration,

and even present they have less affinity to adsorb on the WTR as compared to

phosphate. However the present study was conducted under laboratory
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controlled condition, and hence the need to be conducted in the field where

actual wastewater released to the environment.
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CHAPTER 5 CONCLUSION AND RECOMMENDATIONS
5.1 CONCLUSION
In this study, batch adsorption experiments have been conducted to remove

phosphate from aqueous sample solutions by employing WTR collected from

Gefersa WTP which is low cost, readily available adsorbent. The adsorption

capacity of the WTR have been examined under various conditions such as pH,

initial phosphate concentration and different dose of WTR and different particle

size of the WTR. Batch adsorption experiments were also conducted on

wastewater sample collected from Brewery and Abattoir operating in Addis

Ababa. The following can be concluded from this experiment conducted under

various conditions: -

 The WTR phosphate adsorption efficiency (%) increased with increase in

adsorbent dosage as they increased adsorption sites on the surface of

the WTR.

 The WTR dosage of 2 g/L was found to be suitable dose to remove 97 %

of the phosphate through adsorption on WTR, and this was considered

as an optimal dose as further increase result in marginal adsorption

efficiency.

 Small particle size of <0.063 mm of the WTR absorbent was found to

result in 93 % phosphate adsorption efficiency when compared with

0.063-0.125 mm and 0.125-2.00 mm particle size of WTR which brought

about 72 and 69 % phosphate adsorption efficiency respectively. Hence,

0.063 mm was considered as optimal particle size in the present

experiments, from the present study it can be concluded that small

particle size of WTR absorbent result in much better adsorption

efficiency than large particle size of the WTR.
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 The batch adsorption test on the effect of contact time showed that with

increase in contact time, the corresponding phosphate adsorption

efficiency were found to increase. Phosphate adsorption efficiency of 95

and 97 % observed in 12 to 24 hrs duration, and hence 12 hr was

considered a reasonable adsorption period for the present study. The

extent of contact period is one of the crucial factors in selection of the

WTR as feasible technology for adsorption of phosphate from

wastewater. To this effect, the contact period shall be adjusted in

construction of the actual adsorption system depending on the resulting

equilibrium concentration and national guideline limits.

The high composition of Al and associated adsorption sites in the WTR is

considered to play the major role in any of the conducted adsorption

experiment by the present study. Langmuir and Freundlich isotherm models

were used to describe the adsorption process, and the result from the present

experiments were found out to fit both the Langmuir and Freundlich Isotherm

Models. The maximum adsorption capacity (qmax) was 1,709 g/kg meaning 1 kg

of the WTR adsorbent can adsorb 1,709 g of phosphate from wastewater. The

experimental results from the present study has indicated that WTR from

Gefersa Water Treatment Plant has strong P-adsorption capacity and hence

could be utilized as a new type of adsorbent for phosphate removal from

wastewater effluents released from urban, agricultural and industrial facilities.

With increased population urbanization, more and more surface water

treatment plants will be established with corresponding increase in the

corresponding water treatment residue volume. WTR as waste from Water

Treatment Plants openly released and can be obtained freely and the volume is
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expected to increase in the future as construction of more and more WTP is

evitable in the future. Furthermore, these adsorbed phosphate on the WTR can

be easily desorbed and used in improvement of soil fertility.

The problem of eutrophication can be intensified by increased release of

wastewater from urban agricultural and industrial facilities. WTR for adsorption

of phosphate is the right and feasible choose in waste management strategy

and provide a successful paradigm about making waste profitable and treating

waste by waste itself.

5.2 RECOMMENDATIONS
In this study phosphate adsorption capacity or removal efficiency of WTR was

determined at laboratory level through laboratory experiments using synthetic

solution and few wastewater sample collected from brewery and abattoir

facilities. Therefore, the following recommendations are made for further study.

 Further study is required on investigating the physical characteristic of

the WTR with regard to its morphology pore size as well as effect of

temperature in the adsorption process.

 Carry out the research on Al toxic effect in the adsorption process, and

safe disposal of the spent sorbent in desorption process.

 Optimize the adsorption efficiency of WTR by using continuous flow

method through adsorbent packed column, and also in real wastewater

release to water bodies.
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ANNEX 1 PREPARATION OF CALIBRATION CURVE
A calibration curve consisting of five points were prepared from the working

stock phosphate standard solution through serial dilution. The simplest

Photometric mode of the spectrophotometer was used to measure the

respective absorbance value of the solutions with various concentrations. A set

of five solutions with known concentration ranging from 1.0 to 3.5 mg/L were

plotted against their photometric absorbance reading (Table 1-1). The

Stannous Chloride Method (APHA 1998) was used to determine the phosphate

concentration in the various sample solutions. The method utilizes a stannous

chloride reduction where by the phosphate reacts with ammonium molybdate

and is then reduced by stannous chloride to form a blue complex. The extent of

absorbance of the blue coloring was measured using 6705 UV/Vis

Spectrophotometer, and the value is correlated with the respective

concentration (mg/L). The values shown in the table indicate the mean and

standard deviation of absorbance reading corresponding to the respective

known phosphate concentration solution.

Table A1-1 Experimental data used to prepare calibration curve from
known concentration phosphate (independent) vrs spectrophotometer
absorbance reading (dependent)

Sample solutions with known

PO-34 concentration (mg/L) STDEV
Mean absorbance
reading

1.0 2.19 81.95 ± 2.19

1.5 0.21 117.65 ± 0.21

2.0 3.25 152.50 ± 3.25

2.5 0.35 192.35 ± 0.35

3.0 13.33 235.68 ± 13.33

Linear equation: Y=76.43X + 3.165, R2=0.997
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The calibration curve (Figure A1-1) established based on the above

absorbance reading value obtained using the respective pure phosphate

(Ortho-phosphate) analytical solution. Acceptability of linearity data is often

judged by examining the correlation coefficient of the linear regression line for

the absorbance response to the various concentration of the solution; a

correlation coefficient greater than 0.99 is generally considered acceptable.

Accordingly, a linear regression analysis was carried out by plotting the

absorbance photometric value recorded by the spectrophotometer (Jenway

6705 UV/Vis Spectrophotometer) for the various phosphate concentrations.

Regression analysis yielded correlation coefficient (R2) of 0.997.

Figure A1-1 Calibration Curve prepared from Absorbance vrs Concentration

The regression equation Y=mX + b can be re-written as X= (Y-b)/m so as to

calculate the residual phosphate concentration in the various batch adsorption

test where:

“X” is Concentration of phosphate expressed in mg/L
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“Y” is the photometric absorbance reading obtained from the

spectrophotometer

“b” is the y-intercepts which was found out to be3.165

“m” is slope which was found out to be 76.43
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ANNEX 2 BATCH ADSORPTION TEST EXPERIMENTAL
RESULT USED TO CALCULATE RESIDUAL PO-34

CONCENTRATION AND ADSORPTION CAPACITY

Table 2-1 Experimental data used to analyze the effect on WTR dose on
Phosphate adsorption
Dose of the

WTR (g)

Mean spectrophotometer

absorbance reading (%)

Mean residual PO-3
4

concentration (mg/L)

Mean adsorption

capacity (mg/g)

0.30 73.55 ± 4.52 0.92 ± 0.06 1.03 ± 0.020

0.50 52.52 ± 2.54 0.64 ± 0.03 0.67 ± 0.007

1.00 38.46 ± 2.68 0.46 ± 0.04 0.35 ± 0.004

2.00 11.29 ± 0.44 0.11 ± 0.01 0.19 ± 0.003

3.00 10.37 ± 0.32 0.09 ± 0.00 0.13 ± 0.001

4.00 8.52 ± 0.45 0.07 ± 0.01 0.10 ± 0.001
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Table 2-2 Batch adsorption test results analyzed to determine effect of
contact period on phosphate adsorption on WTR

Contact

duration

(hr)

Adsorption

efficiency (%)

Mean spectrophotometer

absorbance reading (%)

Phosphate

adsorption

capacity

(mg/g)

Mean residual

phosphate

concentration(mg/L)

2 82.72 56 ± 5.3 0.165 0.69 ± 0.15

4 87.62 41 ± 3.6 0.175 0.50 ± 0.19

10 93.31 23 ± 3.6 0.187 0.26 ± 0.12

12 94.82 19 ± 7.9 0.189 0.21 ± 0.15

24 96.78 13 ± 4.4 0.193 0.13 ± 0.04

Table 2-3 Batch adsorption test results analyzed to determine effect of
WTR particle size on phosphate adsorption

Particle size of

WTR (mm)

adsorption

efficiency (%)

Mean residual phosphate

concentration(mg/L)

<0.063 92.75 0.285 ± 0.01

0.063 – 0.125 72.5 1.150 ± 0.07

0.125 – 2.00 69.5 1.225 ± 0.01

Table 2-4Batch adsorption test results analyzed to determine effect of
pH on phosphate adsorption

pH of

sample

solution

Adsorption

efficiency (%)

Phosphate

adsorption capacity

(mg/g)

Mean residual

phosphate

concentration (mg/L)

4 87.14 0.17 0.51 ± 0.05

7 73.09 0.15 1.08± 0.07

8 60.13 0.12 1.59 ± 0.09

9 55.25 0.11 1.79 ± 0.10

10 58.11 0.12 1.68 ± 0.10
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Table 2-5 Batch adsorption test results analyzed to determine effect of
initial phosphate concentration in sample solutions (with 2 g WTR usage)

Initial phosphate

concentration of sample

solution (mg/L)

Adsorption

efficiency (%)

Phosphate

adsorption

capacity

(mg/g)

Mean residual

phosphate

concentration

(mg/L)

1 84.52 0.04 0.15 ± 0.04

2 86.70 0.09 0.27 ± 0.06

4 87.05 0.17 0.52 ± 0.10

8 90.46 0.36 0.76 ± 0.07

10 89.06 0.45 1.09 ± 0.04
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ANNEX 3 REPRESENTATIVE IMAGES DEPICTING THE
VARIOUS PHOSPHATE ADSORPTION TESTS

Wastewater from Gefersa WTP
Dehydrated WTR form Gefersa WTP

Batch test and blue coloring with various pH
Five pure phosphate concentration for

calibration

Batch test and blue coloring with various
dose

Batch test and blue coloring with various
initial phosphate concentrations
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