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Abstract

People in several regions of the Rift Valley of Ethiopia are consuming water with fluoride up to

33 mg/L, which has resulted in both skeletal and non-skeletal fluorosis. Due to the unavailability

of effective therapeutic measures, defluoridation of drinking water appears to be the best method

for combating the disease. Several methods, using a variety of materials, have been suggested

from time to time. However, most of these methods have one or more short-comings with regards

to the defluoridation capacity, cost effectiveness, operational at community level and quality of

treated water. In view of this, search for more suitable material and method is still in progress.

Among tested and used method adsorption of fluoride by (activated) alumina is the most effective

and widely used material. However, it is expensive to be applied particularly in developing

countries like Ethiopia where the material is not available/ produced.

In the present study, aluminum hydroxide (or hydrated alumina) was prepared from locally

manufactured aluminum sulfate and used for fluoride removal in batch and continuous operation.

The fluoride removal performance was investigated as a function of the contact time, amount of

adsorbent dose, thermal pretreatment of adsorbent, concentration of fluoride and pH in batch

mode. The adsorption was rapid during the initial 20 min, but significant amount (> 90 %) was

removed with in 1 h at an optimum adsorbent dose of 1.6 g/L for initial concentration of 20

mg/L.The removal efficiency of fluoride was increased with adsorbent dosage. Samples of the

adsorbent were treated at a temperature range from 200 to 600 oC. An adsorbent treated at 300
0C was selected for fluoride removal studies, in addition to the untreated adsorbent. The removal

of fluoride from water depends on initial fluoride concentration. For a given adsorbent dose, the

adsorption of fluoride was rapid and efficient, but lower capacity for the more diluted solution.

The pH of the water affected the fluoride removal efficiencies of both untreated hydrated

alumina (UHA) and treated hydrated alumina (THA), but defluoridation capacity was
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appreciable with in a pH range of 4.0 to 9.0, which suggests that hydrated alumina have great

potential applications. The adsorption data at ambient pH were well fitted to the Freundlich

isotherm model with a minimum capacity of 23.7 mg/g and 7.0 mg/g for THA and UHA,

respectively. The kinetic studies showed that the adsorption reaction of fluoride removal by

hydrated alumina can be well described by a pseudo-second-order rate equation with an

average rate constant of 6.60 x 10-3 g min-1mg-1 and 1.87 X 10-3 g min-1mg-1 for UHA and THA,

respectively. Filtration through THA in continuous column reduced the fluoride concentration in

both simulated as well as ground water. The sorption capacity of THA was 23.2 mg/g and 3.1

mg/g at breakthrough fluoride concentration of 1.5 mg/L; and 38.7 mg/g and 7.1mg/g at point of

saturation for simulated water and ground water, respectively. The capacity at breakthrough for

simulated water was comparable with the minimum fluoride adsorption capacity of 23.7 mg/g

obtained from batch experiment. Thus, the studied method can be operational at household as

well as small community level.

Key Words: Fluoride, Batch defluoridation, Continuous Defluoridation, Hydrated alumina,

Fluoride removal efficiency, Adsorption capacity, Breakthrough.
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Fluoride concentration above 1.5 mg/L has been reported from many parts of Ethiopia, but the

highest levels are found in the Rift Valley, the low land area with the highest volcanic activity in

the country [15]. This region extends from the southwest to the northeast of the country (Figure 1)

and dominated by acid volcanic rocks. The fluoride concentrations of the waters in the Rift

Valley, which are supplied from boreholes, were reported to be between 1 and 33 ppm with a

mean of 5 ppm [16]. As a result, both dental and skeletal fluorosis are prevalent in this region of

the country. The high fluoride concentration in the Rift system has been attributed to acid

volcanic, high temperature rifting, high subsurface carbon dioxide pressure and low calcium

content (due to removal of calcium by carbonate precipitation) and this may suggest that the

thermodynamic equilibrium of the fluoride bearing natural rocks is influenced by these factors

[17]. These findings are consistent with the results of Chandra et al., [18] who concluded that

water with low hardness, which is low in calcium, and magnesium content and high alkalinity,

have high fluoride content and hence present risks of fluorosis.

In Ethiopia, by 1990, about 150 communities and natural water bodies had been tested for

fluoride levels by the Ethiopian Water Supply and Sewerage Authority (WSSA) and several

other institutions and individual researchers. Of the 65 localities studied in the Rift Valley, 47

had fluoride levels above 1.5 ppm, 31 of them with concentrations of 5.0 ppm and above, and 7

between 20 ppm and 177 ppm [19]. From the above data one can easily comprehend the

prevalence of the problem of high fluoride groundwater (fluorosis) in the region. If the WHO

recommendation of 1.5 mg/L as the maximum permissible concentration of fluoride in drinking

water is considered [20], most of the boreholes in the affected regions should have been closed

down.
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Fig.1. Map of the Rift Valley of Ethiopia and the distribution in surface water and

groundwater. (Source: cited in reference 16).

1.3 Health Effects of Fluoride

Fluoride has certain physiological properties [21, 22] of great interest in relation with the human

health and well being. The role of fluoride in the normal process of mineralization of certain

(hard) tissues is highly evident. At low concentrations fluoride stabilizes the skeletal system by

increasing the size of apatite crystals and reducing their solubility [4, 14]. Albeit the beneficial

effects, it has much detrimental effects when its presence exceeds the threshold limit [23].

1.0 ~ 4.3 mg/l F-
1.5 ~ 33 mg/l F-

(7.0 ~ 295 mg/l F-)

Addis AbabaAddis Ababa
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The relationship between fluoride and dental fluorosis was first noted in the early part of the 20th

century when it was observed that residents of certain areas of U.S.A. developed brown stains on

their teeth. In the 1930’s it was observed that the prevalence and severity of this type of mottled

enamel was directly related to the amount of fluoride ingested [24].

Optimum fluoride concentration in drinking water may be defined as one that arrests the

prevalence of dental carries without causing a significant amount of fluorosis. The drinking

water standard for fluoride ion is stipulated by various authorities or/and nations are given in

Table 1. The WHO guidelines published in 1970 [25] has set a maximum amount of fluoride in

drinking water as 1.5 mg/L to protect human from fluorosis. The 1984 WHO published

guidelines suggest the permissible fluoride concentration to be 1.0 mg/L in warm climate and 1.2

mg/L in cooler areas. It should be known, however, that the WHO guidelines are not universal as

many countries have established their own standards and hence in setting national standards for

fluoride in drinking water it is important to consider the local condition.

Table 1. Drinking water standards for fluoride ion prescribed by various authorities.

Authority Recommended Fluoride

Concentration (mg/L)

References

WHO (International Standard) 0.5 26

US Public Health 0.7-1.2 26

South African Bureau of Standards 1.0 26

Ethiopia (QSAE, 2001) 1.5 27

Ethiopia (MoWR-proposed, 2002) 3.0 28

Human beings throughout history have suffered from dental fluorosis, but until the 20th century

the cause of the condition was unknown. Given the common incidence of high F- ground waters

in the East African Rift Valley [29], it is evident that ancient people could have suffered from

dental fluorosis.
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Dental fluorosis is an aesthetic and social problem besides being a health problem. Mottling of

teeth is one of the earliest and most easily recognized symptoms [30]. It is the permanent teeth

that are affected the most and they lose their normal creamy white translucent color and become

rough, opaque and chalky white. Dental fluorosis is a developmental disturbance which increases

with time. Therefore, primary teeth are less severely affected than the permanent teeth, and those

teeth which erupted first (the incisors and first permanent molars) are less affected than those

erupting later, the premolars and other permanent molars [31]. The first signs of dental fluorosis

(moderate dental fluorosis) are thin white lines running across the entire enamel surface and

which can only be seen after drying of the tooth surface. With more fluorosis these thin lines

become broader, merge and may be clear without the need for drying. At slightly greater severity

the tooth surface shows distinct, irregular, opaque or cloudy white areas, caused by increasing

porosity of the tooth enamel.

In severe fluorosis, in addition to dental fluorosis, some victims can experience deformation of

bones. Fluorapatite is an order of magnitude less soluble than hydroxyapatite, the principal

mineral constituent of bone. The F- ion aggressively substitutes for the OH- ion, leading to a

buildup of F- in bone tissue which eventually leads to skeletal fluorosis. The stage at which

skeletal fluorosis becomes crippling usually occurs between 30 to 50 years of age in endemic

regions. The factors which govern the development of fluorosis and hence the optimal F- levels

are (a) fluoride concentration in drinking water, (b) continual exposure to fluoride, (c) strenuous

manual labor, (d) poor nutrition (e) climatic factors and (f) impaired renal function due to disease

[32].

Studies on endemic fluorosis in Ethiopia have been carried out since the 1970’s [33, 34, 35]. In

the most extensive study of endemic fluorosis in Ethiopia, among 1,456 individuals in 14

communities in the central Rift Valley, Tekle-Haimanot et al. [33] reported a dental fluorosis

prevalence rate between 69% and 98% (mean 84%) in the groups sampled. The great public

health and economic impacts of skeletal fluorosis in Wonji-Shoa Farm State (and presumably in

other commercial farming and industrial firms) is indicated by the early retirement of 244 local

workers between 1976 and 1984 due to this disease [35, 19] among 530 retired workers due to

disability. Another 300 workers were subsequently examined after complaints of pains and aches
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in the joints and limitation of movements. 65 % of them were diagnosed with skeletal fluorosis,

30 persons presenting with the severe crippling form characterized by complete physical

incapacity [33].

The above studies have shown that both dental fluorosis and skeletal fluorosis are important

public health problems in Ethiopia, in addition to its social and economic problems. It is an

irreversible disease for which no medical treatment exists.

Possible control options to protect the fluorosis problem may include provision of alternative

source of water, blending with low fluoride containing water, provision of bottled water, at least

for young persons, treatment of water supply at sources and at the point of-use. In area where

alternative sources are not available and the provision of bottkled water is not economical, as in

the case of the Rift Valley Regions of Ethiopia, treatment of contaminated water is the most

reasonable approach. Many methods of fluoride removal have been suggested, using various

materials [36]. However, most of the available defluoridation techniques have one or more short-

comings discussed below.

1.4 Review of Available Defluoridation Techniques

Defluoridation of water is one of the alternatives to be adopted for provision of safe drinking

water in fluoride endemic areas. Large numbers of materials are identified as potential

defluoridating materials, functioning though ion exchange, adsorption and chemical processes.

Each method has its inherent limitations as well as merits. A comprehensive search of the

literature reveals that fluoride removal techniques fall into four major categories based on the

nature of processes. The materials studied under each category are given in Table 2.
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Table 2. Materials and methods of defluoridation

Method/Techniques Process/Material Reference

Membrane processes/

Electrochemical

Reverse osmosis [37]

aluminum electrodes, electro dialysis [38]

Adsorption/Ion exchange

Activated alumina [37]

Fly ash [39]

Clays [40]

Soils [41]

sulphonated carbonaceous materials [42]

Co-precipitation (Nalgonda

Technique)

Precipitation

Aluminum salts [43]

Calcium and phosphate compounds [44]

1.4.1 Membrane Processes

Membrane methods currently available on commercial scale for fluoride removal are reverse

osmosis and electrodialysis. Reverse osmosis utilizes a semi-permeable membrane which

removes total dissolved solids by applying pressure exceeding the osmotic pressure of the

solution. In electrodialysis, anion selective and cation selective membranes are placed in

alternate layers and electric field is applied to move the ions in water through those membranes.

The shortcomings of these methods are that they are not selective only to fluoride and remove all

or part of the dissolved ions present in the raw waters, produce concentrated brine which must be

disposed of properly to prevent pollution and are relatively energy intensive and consequently

expensive to operate. Membrane fouling by colloidal material and certain dissolved salts is also

another problem associated with these methods [16].
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1.4.2 Ion Exchange Resins

Ion exchange resins are effective in removing F- from water. Mohan Rao and Bhaskaran [42]

studied the removal of F- using ion exchange materials such as sulphonated material from

coconut shell, Carbion, Tulsion and Zeocarb 225. From the results, it was evident that Zeocarb

225 has the highest F- removal capacity and sulphonated material of coconut shell has the lowest.

It was also indicated that the ion exchange material can be regenerated by aluminum sulphate

solution (2-4%). Castel et al [45] studied the removal of F- by a two way ion exchange cyclic

process. This system used two anion exchange columns. The results show that this process can

effectively remove fluoride from water.

The use of anion exchange resins for F- removal is not common because of their relatively high

costs. The presence of other anions such as chloride and sulfate also presents a major problem

when using ion exchange resins for F- removal. Since F- removal is accompanied by sorption of

other anions, the sorption capacity is normally lower [46].

1.4.3 Adsorption Methods

Adsorption methods involve removal of fluoride due to physical, chemical, or ion exchange

interactions with the adsorbent. Fluoride can be removed by adsorption onto many adsorbent

materials. The criteria for selection of suitable sorbent are: cost of the medium and running costs,

ease of operation, adsorption capacity, potential for reuse, number of useful cycles and the

possibility of regeneration. Adsorption in packed bed is preferred over the chemical precipitation

methods mainly because operation will be easier and the exhausted media can be replaced with

virgin one at relatively longer time intervals. Some of the most frequently encountered sorbents

are reviewed in this section.
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Activated Alumina

Defluoridation of water by activated alumina is the method of choice in developed countries. It is

prepared by dehydration of Al(OH)3 in the temperature of 300 0C – 600 0C [47]. Activated

alumina is a porous granular form of aluminum oxide (Al2O3) with very high surface area. This

high surface area allows the material a very large number of active sites where adsorption can

occur. It has been widely used for removal of F- from drinking water and is one of the most

popular materials used in the defluoridation of waters [48, 49, 52, 50, 51].

The mechanism of F- removal from water is similar to those of a weak base ion exchange resin.

Fluoride removal efficiency is excellent (typically > 95%), and is dependent on pH. Fine

particles of activated alumina are typically used for F- removal. The adsorption sites on the

activated alumina are also attractive to a number of anions other than F-. The selectivity sequence

[52] of activated alumina in the pH range of 5.5 to 8.5 is:

OH- > H2AsO4- > Si (OH)3O - > HseO3- > F- > SO42- > CrO42- >> HCO3- > Cl- > NO3- > Br- > I-

Adsorption of fluoride onto activated alumina has been practiced even in developing countries

like India [53]. The method has found to be attractive because the filtration capacity of the

material can be fully restored by regeneration with NaOH and H2SO4 (HCl) [52] at acceptable

costs; and the material is relatively effective in fluoride removal in the pH range 6.5 – 8.5 stated

by WHO as the guideline value for drinking water [20]. The problem with this method is

disposal of regenerate waste.

The removal of fluoride using activated alumina was studied and used in many countries where

the problem occurs [50, 51]. A method based upon (imported) activated alumina has been

practiced in Wonji-Shoa and Metahara sugar estates since 1962 [16]. Despite the fact that

activated alumina is the most effective and widely studied and used material, most of the plants

at both sugar estates are not functional at present. The fluoride removal capacity of activated

alumina was reported by NEERI [53] to vary considerably, apparently caused by differences in

the physio-chemical characteristics of alumina. Adsorption of fluoride onto (hydrated) alumina

produced following the method used in this study, however, not studied in Ethiopia.
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Clays and Soils

The first comprehensive study of fluoride adsorption onto minerals and soils was published in

1967 [54]. Since the above-mentioned paper was published, several workers studied the

adsorption of fluoride. These studies include the use of Ando soils of Kenya [55], Illinois soils of

USA [41], Alberta soil [56], illite-goethite soils in China [2], clay pottery [57, 58], fired clay

chips and the three major groups of clay minerals (kaolinite, illite and montmoriollinite) in

Ethiopia [9, 59], and fly ash [39]. Moges et al [9] studied the defluoridation of water using fired

clay chips in Ethiopia. Their findings indicated that fluoride adsorption is affected by factors

such as initial concentration, mass of adsorbent and the pH of the solution.

Natural clays present a major advantage due to their abundance in nature (locally available).

Since these clay minerals are widely available in Ethiopia, it can be used as an alternative

defluoridating material although its capacity is low as compared to other commercially available

materials such as activated alumina. Major drawbacks of using clay minerals as an adsorbent are

their low capacity and hydraulic permeability. Thus, these problems should be addressed

properly before choosing a particular clay mineral for the removal of fluoride from drinking

water. Little is known regarding the general usefulness of clay and so it can not be universally

recommended.

1.4.4 Precipitation Methods

Precipitation methods can be divided into two categories, those based on co-precipitation of

adsorbed fluoride and those based on the precipitation of insoluble fluoride compounds.

Methods Based on Aluminum Sulfate

Co-precipitation (e. g. the Nalgonda Technique) is the process by which aluminum salts

(aluminum chloride and aluminum sulfate) are added to F- contaminated drinking waters for

treatment [60, 61]. This process is used in three ways.
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 A bucket system designed to be used on a household scale

 Fill and draw plants to be used on a community scale

 Continuous flow developed for larger communities.

The bucket defluoridation system was first practiced for domestic use in Tanzania [12]. The two

chemicals (aluminum chloride and aluminum sulfate) are added simultaneously to the raw water

bucket and stirred with a wooden paddle. Lime is added to adjust the pH of water to about 6.7.

After addition of the chemicals it is left to settle for about 1 hour. This process is suitable for a

daily routine, where one bucket of water is treated for one day’s water supply of about 20 L. The

process produces water with residual F- between 1 and 1.5 mg/L [43].

The Fill and Draw system is also used in Tanzania for the defluoridation of drinking water [12].

It consists of a cylindrical vessel equipped with a hand operated stirring mechanism. The vessel

is filled with raw water and a similar procedure for defluoridation using bucket system is

performed. Raw water is pumped onto the tank and the required amounts of alum, lime and

bleaching powder are added. The contents are stirred slowly for ten minutes and allowed to settle

for two hours. The defluoridated supernatant water is withdrawn and supplied through stand-

posts. The settled sludge is discarded.

The flow system involves the combined use of alum and lime for the defluoridation process [43].

It consists of several components, namely, reactors, sump well, sludge drying beds, elevated

service reservoir, electric room and chemical storehouse. The raw water from the source is

pumped to the reaction-cum-sedimentation-tank which is referred to as reactor. A sludge pipe

with sluice valve is provided to withdraw the settled sludge once a day.

The Nalgonda technique has been introduced in many countries, e.g. India, Kenya, Senegal,

Ethiopia and Tanzania. However, the method has a number of disadvantages. These include:

 The treatment efficiency is about 70%, which means the process cannot be used in cases of

high fluoride contamination.

 A large dosage of aluminum sulfate, up to 700-1200 mg./L may be needed.
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 The adverse health effects of dissolved aluminum species in the treated water.

 Excess sludge is produced.

Studies in Ethiopia as well as other countries also indicated the possibility of using aluminum

sulfate and/or lime [51, 59]. These materials were recommended for the defluoridation of Rift

Valley water mainly because of their local availability. Some studies revealed that alum,

Al2(SO4)3, is suitable only for certain type of water, even though it has high fluoride removal

efficiency. For example, in the presence of certain cations, the capacity is reduced and this

frequently can make the method rather uneconomic. At high alum dose used, there is a danger in

the absence of adequate control, that residual aluminum levels may exceed recommended limits

for drinking water. Although locally produced aluminum sulfate and lime are used, the large

amount of alum needed to remove fluoride, careful pH control, high residual aluminum and the

production of large amount of sludge need to be addressed, in addition to the finding of more

potential material for defluoridation in Ethiopian context. Hence, this study addressed the

development of alternative technology that takes into account the mentioned problems.

Methods Based on F- Precipitation with Calcium and Phosphate Compounds

Several methods of precipitation of fluorides with salts of calcium, aluminum and iron are

reported in the literature [62, 44, 63]. Precipitation processes are governed by the solubility of a

forming salt [55]. The most common method of treatment is the precipitation of calcium fluoride

using calcium from either lime or calcium chloride.

The fundamental problem that exists in using lime arises from the low solubility of the calcium

hydroxide. It therefore requires excess of reagent to complete precipitation. The relatively high

solubility of the calcium fluoride does not allow a complete removal of F-. An additional

difficulty with lime precipitation is the poor settling characteristics of the precipitate.

The lime-based fluoride removal can be improved by using CaCl2-lime mixture. The highly

soluble CaCl2 provides more calcium than lime without increasing pH. Fluoride removal by lime

and CaCl2-lime costs about the same.
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1.5 Defluoridation Practice in Ethiopia

Prevalence of dental and skeletal fluorosis has been reported in several parts of the world

including Ethiopia, where fluoride concentration in drinking water exceeded the guideline level

[33]. In Ethiopia there are few treatment options that have been studied for controlling excessive

levels of fluoride in water. Low cost methods such as adsorption on clays [9, 59] and other

locally available materials like diatomaceous earth [65], bone [59] have been considered in few

studies. These methods, however failed to be applied for practical application due to the inherent

problem they have.

Recent studies in Ethiopia indicated the possibility of using locally produced aluminum sulfate

and/or lime [59]. However, using this technique is found to have some problems like large

volume of sludge, residual aluminum, require higher dose, careful control of pH, almost daily

addition of chemicals and ineffective with water sources having high total dissolved solid.

A method based on adsorption on laboratory produced acidic alumina made by using the same

raw material used in this study was also considered in one study [65]. The method used for the

preparation of acidic alumina in that study was thermal decomposition of hydrate aluminum

sulfate in a range 900-950 °C, which is not only requires higher temperature but also emits sulfur

compounds which are environmental threats. Though adsorption by imported activated alumina

has been practiced in Wonji-Shoa and Methara sugar estates since 1962, all the plants are not

functional at present, which is attributed to the higher cost that incurs to import the media. Hence,

there is a research need for the development of alternative technologies that take in to account

local conditions from technical point of view.



14

Chemistry of Aluminum Compounds

Aluminum Sulfate (Alum) is a white crystalline product which is almost insoluble in anhydrous

alcohol, but readily soluble in water, alkali and acid. It can exist with a variable number of water

molecules (n close to 18), the form being Al2(SO4)3. nH2O. The solution in water is a medium

strong acid reacts with alkalis and attacks many metals in presence of water. It is widely applied

as a coagulant for clarification of water treatment for industrial processing and drinking, and as a

starting material for the production of other aluminum compounds (e.g., hydrate alumina). It is

hydrolyzed in aqueous solution to form aluminum hydroxide, which is insoluble.

Al2(SO4)3.18H2O → 2Al(OH)3(s) + 6H+ (aq) + 3SO42+(aq) + 12H2O

The formation of aluminum hydroxide is not straight forward as written above. Owing to the

high ratio of Al3+ in aqueous solutions the aluminum which is highly hydrate in water forming

[Al(H2O)6]3+, rapidly and reversibly protolyses part of the water envelope and forms hydroxo-

complexes such as [Al(OH)(H2O)5]2+, [Al(OH)2(H2O)4]+, [Al(OH)3(H2O)3] and

[Al(OH)4(H2O)2]- [41]. It can also form complex with electron-rich species such as fluoride and

chloride if it exist in the water. The hydrolysis of aluminum forming monomeric species and the

corresponding hydrolysis constant, Kh, are shown below:

[Al(H2O)6]3+ + H2O  [Al(OH)(H2O)5]2+ + H3O+ Kh = 10-5.3 (1)

[Al(OH)(H2O)5]2+ + H2O  [Al(OH)2(H2O)4]+ + H3O+ Kh = 10-9.9 (2)

[Al(OH)2(H2O)4]+ + H2O  [Al(OH)3(H2O)3] + H3O+ Kh = 10-15.6 (3)

[Al(OH)3(H2O)3] + H2O  [Al(OH)4(H2O)2]- + H3O+ Kh = 10-23.0 (4)

The monomeric forms of aluminum species in solution depends on the pH. The existence pH

range of Al(OH)3 (equation 3) is from 6 – 8 [66].

These monomers begin to polymerize when the pH of an acidic solution increases notably over

pH 4.5. Polymerization implies two hydroxyls shared by two aluminum atoms in the first step.
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For example:

2Al (OH) (H2O)52+ Al2 (OH)2 (H2O)84+ + 2H2O.

Polymerization gradually proceeds to large structures, eventually leading to the formation of the

Al13(polycation). As polymers combine they increase in relative molecular mass, eventually

becoming large enough to precipitate aluminum hydroxide from solution.

Aluminum hydroxide or hydrated alumina (Al(OH)3, or Al2O3. 3H2O ) can exist naturally and is

commercially available in crystalline and gelatinous forms. Several crystalline forms are known

including trihydroxides, gibbsite, bayerite and nordstrandite. The gel form contains considerable

amounts of water. They all convert to aluminum oxide when heated. On heating to 200 0C,

hydrated alumina decomposes into 66% alumina and 34% water. This irreversible process is, in

part, that makes hydrated alumina an effective flame retardant. It is also used as absorbent, ion

exchange, and in the manufacturing of activated alumina and calcined alumina.

Aluminum oxide is found in different modifications. The natural form occurs as corundum

(alpha –Al2O3) or in hydrate forms. The hexagonal closest-packed alpha modification (corundum)

is the most stable, densest and pure crystalline form of alumina. It is insoluble in water but is

soluble in hydrofluoric acid and potassium bisulfate. The calcining process increases crystal size

(and thus decreases surface area), the crystals can be as large at 15 microns in diameter. All

transitional aluminas produced at low temperatures converts to alpha-alumina (or calcined

alumina) at high temperature (14000C) since a series of alumina formation by dehydration of the

hydroxides contain a small proportion of hydroxyl groups and retaining some chemical reactivity.

Examples are gamma-aluminas (or activated aluminas) formed by dehydration at below 600 oC

and rho-aluminas formed by dehydration at higher temperatures (900-10000C) which are nearly

anhydrous Al2O3. The structural and compositional differences among various forms of alumina

are associated with differing particulate size, particulate surface area, surface reactivity and

catalytic property.
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1.6 Objectives

The general objective of the research was to develop water defluoridation techniques with

potential application in Ethiopia based on locally produced hydrated alumina (treated and

untreated) to be used either for individual household or community water treatment systems.

The specific objectives were:

 Preparation of hydrated alumina from locally available aluminum sulfate

 To investigate effect of dose and contact time on defluoridation efficiencies of adsorbent.

 To investigate the influence of thermal pretreatment on adsorption efficiencies of hydrated

alumina.

 To investigate the effect of initial fluoride concentrations, contact time and pH of the water on

the defluorinating capacity of adsorbent.

 To determine the fluoride adsorption capacity of the adsorbent.

 To determine the kinetics of adsorption of fluoride on the adsorbent.

 To conduct the defluoridation study in a continuous column.

 To test the performance of the technique with water samples collected from the Rift Valley

region.
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2. Experimental

2.1 Defluoridation Material Preparation

The aluminum sulfate (hydrated), Al2(SO4)3·14H2O, used for the preparation of aluminum

hydroxide, also called hydrated alumina, used for the defluoridation study was purchased from

Awash Melkasa Aluminum Sulfate and Sulfuric Acid Factory (near Nazareth). The alum is 17 %

Al2O3 (about 54 % aluminum sulfate) [60].

The adsorbent (aluminum hydroxide or hydrated alumina) was prepared by mixing 100 g of

Al2(SO4 )3·14H2O in 500 mL of distilled water while stirring with magnetic stirrer until complete

dissolution. The resulting lower pH (2.7) was adjusted to about pH of 7.00 using 2 M NaOH.

This pH was chosen based on the literature value, described in the introduction [65], at which

hydrated alumina (Al (OH)3 ) become stable.

2.2 Heat Pretreatment

The hydrated alumina was dried at 50 °C (low heating temperature was chosen to ensure

structural stability) in an Oven (Griffin and George Ltd.) for 12 h and henceforth considered as

untreated hydrated alumina (UHA). 4 g of the UHA was placed in porcelain crucibles and heat-

treated at the preset temperatures in a furnace (Calbolite, ELF Model) for 1 h. The heating times

were selected based on preliminary investigation. To study the effect of heat treatment at

different temperatures, the same procedures were followed by varying the temperature from 200

to 600 C at 100 C intervals. At the end of one hour, the thermally treated samples were taken

out of the furnace, kept in a desiccator and allowed to cool to room temperature. The weight was

measured in order to determine the corresponding weight loss. The heat treatment time of 1 h

was selected based on preliminary investigation.
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2.3. Analytical Methods for the Determination of F-

2.3.1 Reagent and Standard Solutions

A 1000 mg F-/L sodium fluoride stock solution (99.0 % NaF, BDH Chemicals Ltd Poole

England) was prepared using distilled water. Standards and samples at a required concentration

range were prepared by appropriate dilution of the stock solution with water.

The ionic strength adjustment buffer (TISAB) was prepared following a recommended procedure,

except that EDTA replaced CDTA [67] as follows: 57 mL of glacial acetic acid, 58 g of sodium

chloride, 7 g of sodium citrate and 2 g of EDTA were added to 500 mL distilled water, allowed

to dissolve, pH adjusted to 5.3 with 5 M sodium hydroxide, and then made up to 1 L in a

volumetric flask with distilled water.

2.3.2 Instrumentation

Orion F- ion selective electrodes were used for routine determination of F-. A pH/ISE meter

(Orion Model, EA 940 Expandable Ion Analyzer) equipped with combination fluoride-selective

electrode (Orion Model 96-09) was employed. The pH was measured with pH/ion meter (WTW

Inolab pH/ION Level 2, Germany) using unfilled pH glass electrode. The liquid phase F-

concentration was measured as follows (according to the procedure described in the instrument’s

manual):

 Equal volumes (10 mL) of samples or standards and TISAB were placed in a 50 mL plastic

beaker and the mixture was stirred (uniformly at stirrer speed of level 2) thoroughly using the

magnetic stirrer. The same amounts of samples were used throughout the experiment, unless

indicated.

 The combination fluoride selective electrode was immersed in the solution. The fluoride ion

selective electrode was calibrated prior to each experiment over a concentration range of

interest.

 The method of direct potentiometery was used, where the concentration can be read directly.
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The fluoride ion selective electrode was calibrated prior to each experiment in order to determine

the slope and intercept of the electrode which were in turn used to convert the experimentally

obtained potential-time diagram to concentration-time diagram by
( )

10
E const

S

F
C



  (5)

Where
F

C  is free fluoride concentration, E is potential, S is the slope of the calibration curve

and const is its intercept.

The precision of the measured value was determined by measuring 10 replicate fluoride solutions

of 10 mg/L with the pre-calibrated instrument.

2.4 Defluoridation Experiment

2.4.1 Batch Adsorption Procedures

All batch experiments were conducted using 500 mL of distilled water spiked with fluoride in 1

L Erlenmeyer flask under continuous mixing condition with magnetic stirrers at room

temperature (23  2 0C) . A Sample was periodically (as required) taken out of the flask and

filtered through a 0.2  m filter paper (ADVATEC) before fluoride analysis.

The percent adsorption efficiency and the defluoridation capacity at a given contact time for the

selected adsorbents were determined using the following equation [16]:

% Adsorption =
0

( ) 100o tC C x
C
 (6)

Defluoridation Capacity mg F-/g = 0 iC C
m
 (7)

Where, tC = initial F- concentration

oC = F- concentration at time t

m = dose of adsorbent in g/L
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To ensure that F- does not adsorb on the inner walls of the adsorption vessels, blank runs were

performed. In this procedure a 20 mg F-/L solution was added to a glass vessel and the F-

concentration measured after 1 h and again after 12 h. No significant reduction in F-

concentration was found.

2.4.1.1 Effect of Dose and Contact Time

To investigate the effect of dose and contact time of untreated hydrated alumina, experimental

investigations were carried out at different dosages of 0.4, 0.8, 1.2, 1.6 and 2.0 g/ L of adsorbent

with initial fluoride concentration of 20 mg/L. The dosage range was selected based on initial

preliminary screening experiments and the initial F- concentration was selected based on the

range of fluoride concentration in the Rift Valley of Ethiopia (1-33 mg F-/L)

2.4.1.2 Effect of Thermal Pretreatment

To investigate the effect of thermal treatment on fluoride removal efficiency of UHA, 1.6 g/L

dose of each adsorbent treated at different temperatures were mixed for a contact time of 1 h

with 20 mg/L fluoride solution. An adsorbent treated at a temperature of 300 C was selected for

further studies and henceforth considered as treated hydrated alumina (THA). The untreated

adsorbent was selected for comparison of some experimental variables with the treated adsorbent.

2.4.1.3 Effect of Initial Concentration and Contact Time

To investigate the effect of initial concentration and contact time, experiments were conducted at

various fluoride concentrations ranging from 5 to 30 mg/L at constant treated adsorbent (THA)

dose of 1.6 g/L. Initial concentrations of 50 and 100 mg/L were also included to see its effect on

capacity.

2.4.1.4 Effect of pH
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To study the effect of pH of raw water on the adsorption of fluoride onto both UHA and THA,

different solutions with initial pH range from 3.0 to 10.0 were prepared by adjusting the pH to

the desired level either with 0.1 M NaOH or 0.1 M HCl. The residual F- was determined after

one hour of contact time.

2.4.1.5 Determination of Adsorption Isotherms

Adsorption isotherms were determined using both untreated adsorbent and adsorbent treated at

300 °C. Data for plotting isotherm were obtained by mixing a constant F- concentration of 50

mg/L with 9 series of increasing dosages of both adsorbents in the range from 0.4 to 2.0 g/L. The

adsorbent–liquid mixture was agitated for a contact time of 24 h to allow or ensure equilibrium.

A residual fluoride in solution was determined. All the values necessary to plot an isotherm were

calculated from these determinations.

2.4.1.6 Adsorption Kinetics of Fluoride

The kinetic analysis of the adsorption data is based on reaction kinetics of pseudo-first-order and

pseudo-second-order mechanisms. Adsorption kinetics was determined using constant surface

loading but dosage to F- concentrations of 1.6, 0.8 and 0.4 g/L and 50, 25 and 12.5 mg/L,

respectively for the selected adsorbents. Residual F- concentrations were measured at different

time intervals by taking 5 mL of samples periodically. The adsorbent were made powdered

hoping that the effect of particle size remains constant.

2.4.1.7 Change in pH During Adsorption

Treated hydrated alumina (THA) samples of 1.6 g were equilibrated for 20 h at pH 3 to 9 in

aqueous media. After equilibration, 10 mL of a 1000 mg/L F- stock solution was added so that

the initial F- concentration was 20 mg/L. The pH was adjusted with 1M HCl or NaOH. The pH

was measured at different times after addition of 10 mg/L fluoride (For example pH15 denotes 15

min after addition of F- .
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2.4.2 Continuous Column Experiments

Continuous flow defluoridation study was carried out using a column made from glass with

internal diameter and effective bed height of 0.9 cm and 25 cm, respectively. The column was

packed with 4.5 g of THA sample with particle size range of 1.0 - 2.8 mm (available mesh size).

Simulated water containing 20 mg/L F- was introduced at a flow rate of 4 mL/min with

peristaltic pump (Gilson Minipuls 3) in to the column configured as an up flow reactor. The

influent and effluent concentration of fluoride and other parameters (pH, conductivity, TDS and

salinity) were measured at a fixed time interval, to monitor the performance of the column.

Breakthrough times, which is defines as the time elapsed since the flow began at a fixed flow

rate, were determined and used to calculate breakthrough volumes and adsorption capacities of

the columns. The fluoride adsorption capacity was determined when the effluent fluoride

concentration at the top of the column beds exceeded 1.5 mg/ L (the permissible concentration,

designed as the break-through concentration) and also at the point of saturation.

The same procedure (except, bed height = 20 cm packed with 3.9 g of the same adsorbent with

the flow rate of 4.1 mL/min) was repeated for underground water sample with fluoride

concentration of 9.6 mg/L taken from boreholes found in Langano village, which is located in

East Shoa Zone of Oromia Region in Duga Bora Woreda. The village ione of fluoride affected

area in the central Rift Valley of Ethiopia. The village is near to the Alem Tena town, which is

located around the central part of the Ethiopian Rift Valley, where the fluoride concentration in

the ground water is very high.
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3. Results and Discussion

3.1 Calibration

To check the performance of the electrode, it was initially calibrated using standard solutions of

fluoride in the range from 0.5 to 20 mg/L.

Fig. 2. Calibration curve of five standard solutions (data for triplicate measurements).

As can be seen from Fig. 2 the electrode performance is good, and the linear response is -59.3

mV, which is almost similar to the theoretical value (-59.2 mV at 25 0C). The precision of the

analytical data (method) was determined using 10 replicate measurements of 10 mg/L fluoride

solution. The mean value and standard deviation (SD) were 10.095 and 0.22658, respectively.

Furthermore, the relative SD (0.0225) was much lower than 5 %, which shows good precision.
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3.2 Effect of Adsorbent Dose and Contact Time

The effect of untreated adsorbent dose and contact time on the fluoride removal efficiency was

studied by varying mass of adsorbents vis 0.2, 0.4, 0.6, 0.8 and 1.0 g at constant initial fluoride

concentration of 20 mg/L. The results are shown in Fig. 3 (a, b) and Table 3. The result show

that under the condition specified above, a contact time of about 60 min is enough to remove

about 90 % of the fluoride in solution with an adsorbent dose greater than or equal to 1.6 g/L.

This indicates that longer contact time has no much effect since the reaction is fast during the

initial minutes under this experimental condition.

Fig. 3a. Residual concentration as a function of time for different doses of UHA (initial

concentration = 20 mg/L, solution pH (of the simulated raw water) = 7.0 –

7.3) (data for triplicate measurements).

The defluoridation efficiency was significantly increased as the dose increases as reflected by the

measured residual fluoride concentration (Fig 3b). The percent removal of fluoride increase
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significantly up to adsorbent dose of 1.6 g/L, but no significant change was observed beyond this

dose under the experimental condition used. The increase in fluoride adsorption was due to the

increased in availability of F- binding sites resulting from an increase in adsorbent dosage.

Fig. 3b. Capacity and efficiency (%) as a function of untreated adsorbent dose (initial

concentration = 20 mg/L, contact time = 60 min, pH = 7.0 -7.3) (data for triplicate

measurements).

On the other hand, the adsorption capacity decreases with increasing dose (Fig. 3b). The lower

dose of adsorbent relatively gets exhausted while the experiment was stopped. To maintain

maximum capacity and high removal efficiency, the surface loading (i.e., the mass ratio of

fluoride to adsorbent dose) should be lower than the optimum value (i.e., the surface loading for

optimum fluoride removal, about 90 %, obtained from Fig. 3b is 12.5 mg/g or less). A dose of

1.6 g/L corresponding to the capacity of about 11.25 mg F-/g of adsorbent were considered for

further adsorption experiments.
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Table 3. Residual concentration as a function of time for different doses of untreated

adsorbent (initial concentration = 20 mg/L, pH {of simulated water} = 7.0 -7.3)

Time (min) *Residual concentrations (mg/L) at various dosages (g/L)

0.4 g/L 0.8 g/L 1.2 g/L 1.6 g/L 2.0g/L

0 20.0 0.22 20.33 0.30 20.23 0.25 20.33 0.31 20.20 026

20 11.62 0.38 9.63 0.39 7.33 0.25 5.10 0.06 4.34 0.22

40 10.52 0.13 8.20 27 5.39 0.20 3.25 0.16 3.10 0.10

60 9.63 16 6.70 0.21 4.30 0.16 2.00 0.06 1.76 0.04

180 8.54 0.11 5.68 0.18 3.04 0.05 1.94 0.04 1.65 0.05

Efficiency (%) 51.3 66.5 77.7 90.00 91.45

Capacity (mg/L) 25.9 17.1 13.4 11.25 9.15
*average of three measurement

3.3. Effect of Thermal Treatment

Figure 4 shows change in the fluoride removal efficiency as a function of adsorbent thermal

treatment temperatures. The data, including the weight remained, are shown in Table 4. As can

be seen, fluoride adsorption efficiencies increases with increase in the thermal treatment

temperature up to 200 °C, but further increase in temperature resulted in decreased removal

efficiency.

As discussed in the introduction section, when aluminum hydroxide heated at lower temperature,

a series of alumina are formed. It was reported that at about 200  C it loses its water content and

gets hardened [47]. Although the fluoride removal efficiency was high for the adsorbent treated

at 200 °C (Fig. 4), the material hardness may not be good enough for application in continuous

packed bed column. Therefore, the adsorbent treated at 300 °C with significant removal

efficiency (about > 90 %) was used for further study.
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Fig. 4. Effect of thermal treatment on removal efficiency and weight of the adsorbent

(dose = 1.6 g/L, initial concentration = 20 mg/L, contact time = 60 min, pH =

7.0 -7.3) (data for triplicate measurements).

Aluminum oxides may exist in different forms. The structural and compositional differences

among various forms of alumina are associated with differing particle size, particulate surface

area and surface reactivity. It is also reported that all transitional alumina produced at low

temperatures converts to alpha-alumina (corundum), which is the densest and most stable

crystalline form of alumina, at higher temperature (1200-1300 °C) since the formation of

alumina by dehydroxilation of the hydroxides contain a small proportion of hydroxyl groups and

retain some chemical reactivity. It is probably due to the resulting loss of constitutional OH- that

causes decrease in removal efficiency. The relatively increasing F- removal up to 200 °C may be

due to the increased removal of physically adsorbed and constitutional water molecules.

Table 4. Fluoride removal efficiency and weight of adsorbent remaining (%) for

thermally treated adsorbents.

*average of three measurement

Temp. (0C ) *Efficiency (%) Weight (%)

0 89.33 0.58 100.0

200 91.81 0.60 51.3

300 90.15 0.22 49.6

400 83.70 0.82 49.1

500 81.47 0.45 44.7

600 63.76 0.91 48.1
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3.4 Effect of Initial Concentration and Contact Time

The effect of the initial fluoride concentrations on the adsorption of fluoride were studied by

varying the initial fluoride concentrations at constant contact time and adsorbent dose. As clearly

shown in Fig.5 (a, b) and Table 5, the efficiency increases with a decreasing initial fluoride

concentration at the initial stage of adsorption. From the figures it can be observed that the

adsorption of fluoride from water is relatively more rapid at lower initial concentrations.
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Figure 5a: Fluoride removal efficiency as a function of contact time (adsorbent dose =
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1.6 g/L, 300 0C treated adsorbent) (data for triplicate measurements).

Table 5. Removal efficiency (%) of THA (300 ° C) of various initial F- concentrations.

*average of three measurement

As can be seen (Fig. 5b), the initial fluoride concentration had an influence on the sorption time

of fluoride on the adsorbent. Significant fluoride removal efficiency (>90 %) was observed when

the initial fluoride was less than or equal to 20 mg/L for a contact time of 60 min. For a lower

initial fluoride concentration (e. g 10 mg/L) significant amount of fluoride was removed within

15 min. This indicates that desirable contact times have much significance for fluoride removal

since
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Time (min) *Efficiency (%) at various initial fluoride concentrations (mg/L)

5 mg/L 10 mg/L 15 mg/L 20 mg/L 30 mg/L

0 0.0 0.0 0.0 0.0 0.0

2 72.0 0.25 62.1 1.00 53.5 0.64 46.0 0.94 49.7 0.94

5 85.2 0.51 80.9 0.92 70.2 0.91 62.1 0.61 54.3 0.83

15 91.6 0.61 92.0 0.61 85.3 0.81 79.6 0.85 69.6 0.52

30 94.2 0.81 95.4 0.81 93.3 0.64 89.7 0.95 81.8 0.76

60 94.8 0.61 96.1 0.64 95.5 0.92 94.1 0.67 89.0 0.82

120 95.4 0.91 97.3 0.91 96.6 0.84 96.2 0.85 95.2 0.76

180 96.4 0.56 97.9 0.35 97.8 0.76 97.4 0.76 97.2 0.94
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approached equilibrium slowly. So, allowing a desirable contact time for higher initial fluoride

concentration brings a gain in fluoride uptake by the media.

Fig. 5b. A variation of fluoride removal efficiency as a function of initial fluoride

concentration at different contact times (the same as the above conditions).

On the other hand, for a given mass of adsorbent, the fluoride removal capacity increases with

increasing initial concentration (Fig. 6). The increase in adsorption capacity with initial fluoride

concentration can be attributed to the utilization of less accessible or energetically less active

sites because of increased diffusivity and activity of fluoride upon the increased concentration

[16]. The adsorption sites present on the interior surface of a pore may not be as easily accessible

because of the resistance to the pore diffusion.
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Fig. 6. Effect of initial fluoride concentration on the adsorption capacity of thermally

treated adsorbent (treatment temperature = 300 °C, adsorbent dose = 1.6 g/L,

contact time = 60 min, solution pH = 7.0 -7.3) (data for triplicate measurements).

3.4. Effect of Raw Water pH

Figure 7 and Table 6 shows the influence of initial solution pH on the fluoride removal

efficiency of both treated and untreated adsorbents. It is well documented in literature that pH of

water significantly affect fluoride uptake capacity [48]. Fig. 7 shows that both UHA and THA

exhibit maximum uptake at raw water pH of 4, but no significant difference was observed in the

pH range 4 to 9. The broad pH range of 4.0 to 9.0 with significant removal suggests that both

adsorbents have great potential application. This is in agreement with the work done by Liyh, et

al., 2003 (cited in 48) who also found a broad pH range of significant adsorption for activated
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alumina. In the same paper [48], it was also reported that activated alumina of the type Alcoa F1

exhibit maximum uptake at pH 5.0.

The decrease in removal as pH is raised from 5 to 8 was around 12 % with type G-87 and 40 %

with Alcoa F1, where as it is 3.3 % and 1.3 % with THA and UHA, respectively in this study. So,

application of defluoridation technology with both THA and UHA generally do not require any

pretreatment or post-treatment to adjust the pH. In addition Hao and Huang [cited in, 5] have

shown that the soluble alumino-fluoro complexes are formed at pH < 6 resulting in the presence

of aluminum ion in the treated water. Hence, they suggest that it may be preferable to carry out

defluoridation at pH > 6. The decrease in the fluoride removal below pH 4.0 is possibly due to

the protonation of the fluoride ion, whereas at pH greater than 9.0 is considered to be due to

competition from hydroxide ions, since both OH- and F- have the same charge and similar ionic

radii [16].

Fig. 7. Effect of initial solution pH on fluoride removal efficiency of both THA and UHA

(initial concentration = 20 mg/L, adsorbent dose = 1.6 g/L, contact time = 60

min) (data for triplicate measurements).

Table 6. Fluoride removal efficiency at different pH.

2 3 4 5 6 7 8 9 10 11

70

75

80

85

90

95

Re
m

ov
al

 e
ffi

cie
nc

y 
(%

)

Initial solution pH

   THA 
   UHA 



35

*average of three measurement

3.5. Adsorption Isotherm

Figure 8 and Table 7 shows an adsorption isotherm, which shows the relationship between the

bulk aqueous phase activity (concentration) of adsorbate and the amount adsorbed at constant

temperature. In this study, the general purpose Langmuir (not shown) and Fruendlich adsorption

isotherm models were used. The isotherm experiments were carried out at 9 different dosages of

both untreated and treated adsorbents in a range from 0.4 to 2.0 g/L.

pH * % Removal (TAH) * % Removal (UAH)

3 70.0 0.52 78.7 0.89

4 89.2 0.64 91.7 0.56

5 87.6 0.67 90.6 0.57

6 86.0 0.35 90.3 0.86

7 84.4 0.97 88.9 0.82

8 84.6 0.64 89.4 0.54

9 84.4 0.34 89.9 0.67

10 77.4 0.91 88.5 0.81



36

0 5 10 15 20 25 30
0

10

20

30

40

50

60

70

80

q e (m
g 

F- /g
 a

ds
or

be
nt

)

Ce (mg/L)

 THA
 UHA



37

Fig. 8. Adsorption isotherm of different doses of UHA and THA (initial F- concentration =

50 mg/L, contact time = 24-hrs, pH = 7.0 -7.3) (data for triplicate measurements).

As can be seen from Fig. 8 the fluoride removal capacities of both adsorbent increases and never

reached at point of saturation. The equilibrium adsorption capacity of the treated adsorbent

however, was higher than the untreated adsorbent.

Table 7. Residual fluoride and capacity for UHA and THA at equilibrium contact time of

24 hrs of different doses (ambient pH, initial fluoride concentrations of 50 mg/L).

Dose (mg/g) *Ce (mg/L) THA *Ce (mg/g) UHA qe (mg/g) THA qe (mg/g) UHA

0.4 28.5 0.8 27.4 1.7 70.3 58.3

0.6 21.5 0.2 22.7 0.2 58.5 46.7

0.8 16.4 0.6 18.3 0.2 50.3 40.5

1.0 11.7 0.2 14.7 0.4 44.9 36.0

1.2 8.1 0.5 13.1 0.5 40.4 31.3

1.4 4.9 0.4 10.0 0.2 36.9 29.0

1.6 3.8 0.6 8.7 0.3 33.0 26.2

1.8 2.4 0.8 7.7 0.2 30.1 23.9

2.0 1.2 0.7 5.8 0.2 27.7 22.4
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*average of three measurement

The Freundlich equation is presented below in both the standard form and linearized form,

respectively [67].

1
n

e F eq K C (8)

1log( ) log( ) log( )e F eq K C
n

  (9)

Where, qe = the amount of fluoride adsorbed per unit weight of adsorbent (mg/g) at equilibrium

Ce = the equilibrium fluoride concentration (mg/L)

KF = the measurement of the adsorption capacity (mg/g) based on Freundlich isotherm

1/n = the adsorption intensity (the degree to which adsorption is a function of

concentration).

The Freundlich parameters along with correlation coefficients were obtained for both adsorbents.

The minimum adsorption capacities can be determined by plotting log (qe) vs. log (Ce). The

results indicate that the experimental fluoride adsorption data well fitted to Freundlich isotherm,

and the related correlation coefficients were above 0.97 (Fig 9 a & b) with the minimum

adsorption capacity of about 7.0 mg/g for UHA and about 23.7 mg/g for THA. But the data did

not fit well to the Langmuir Isotherm model (not shown). The condition for the validity of a

Freundlich type adsorption model is adsorption on heterogeneous surfaces [67]. The increase in

equilibrium fluoride removal capacity with residual fluoride concentration observed in Fig 8 can

support the condition of heterogeneous adsorption.
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Fig. 9. Linear Freundlich isotherm of THA (a) and UHA (b) (initial concentration = 50

mg/L, equilibrium contact time = 24-hrs, ambient pH = 7.3).

Table 8. Freundlich Parameters.

Material KF (mg/g) Equation n R

UHA 7.0404 logqe = 0.6117logCe + 0.8476 0.6117 0.9864

THA 23.7192 logqe = 0.2875logCe + 1.3751 0.2875 0.9721
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3.6 Adsorption Kinetics of Fluoride

The fluoride adsorption kinetics of each adsorbent was studied for initial fluoride concentrations

of 50.0, 25.0 and 12.5 mg/L with the corresponding adsorbent dose of 1.6, 0.8, 0.4 g/L,

respectively for each adsorbent. The residual fluoride concentrations as a function of time are

shown in Fig. 10 (a, b).
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Fig. 10. Adsorption kinetics of fluoride on UHA (a) and THA (b) adsorbents each with

initial F- concentrations to adsorbent dose of 50.0, 25.0 and 12.5 mg/L, and

1.6, 0.8 and 0.4 g/L, respectively (ambient pH = 7.0 - 7.3).

As can be seen from Fig. 10, initially the rate of adsorption of fluoride onto adsorbents (UHA

and THA) sample was very fast especially for UHA. The changes in the rate of removal may be

due to the fact that, initially, all adsorbents sites were vacant and the fluoride concentration

gradient was high. Afterwards the fluoride uptake rate by the adsorbents decreased significantly

due to decreased adsorption sites. From Fig. 10 one can also see that for both adsorbent the

adsorption of fluoride from water is relatively more rapid when the solution is more diluted.

The kinetic analysis of the adsorption of fluoride on treated and untreated adsorbents was studied

based on reaction kinetics of pseudo-second-order mechanisms by using the Lagergren rate

equation as shown below [69]:
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2
2 ( )t

e t
dq k q q
dt

  (10)
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The integrated form at boundary conditions (t=0 to t=t and qt=0 to qt=qt) gives

2

2
2

1 1

1
e t e

t ee

k t
q q q
t t
q k q q

 


 

Where eq and tq = amount of adsorbed fluoride at equilibrium and any time t (mg/g)

k2 (g mg-1min-1) = equilibrium rate constant of second-order sorption

t = the stirring time (min)

K2 can be determined by plotting
t

t
q against t based on equation above. The larger k2 value, the

slower the adsorption rate.

It was found (section 3.5) that the treated adsorbent presented a highest fluoride adsorption

capacity than the untreated adsorbent one. However, the fluoride adsorption equilibrium took

relatively longer time than the untreated adsorbent (Fig. 10, 11, 12) which is evident from the

larger k2 value for the THA. The relatively greater uptake of fluoride on treated adsorbent (THA)

could be due to intraparticle diffusion. In fluoride solution, the fluoride ions firstly adsorbed onto

THA which then diffuses (or exchanges with OH) in to the relatively porous treated adsorbent

than the untreated one. The uptake of fluoride on the untreated adsorbent could be surface

adsorption process which rapidly reached a minimum residual fluoride and equilibrium as shown

in Figure 10 (a).
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Figure 11 (a, b) shows the pseudo-second-order plot of fluoride adsorption kinetics on both UHA

and THA at three different initial fluoride concentrations for each adsorbent with the same load.

Since the rate constants for the three initial fluoride concentration of each adsorbent were close

to each other. Thus the three rate constants of an adsorbent averaged to get a single rate constant

as shown in Fig. 12.

Figure 11: Pseudo-second-order plot of fluoride adsorption kinetics on both UHA (a)

and THA (b) adsorbents each with initial fluoride concentrations to adsorbent

dose of 50.0, 25.0 and 12.5 mg/L, and 1.6, 0.8 and 0.4 g/L, respectively

(ambient pH of 7.3, contact time = 24 h, particle size = 0.1 mm).
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Fig. 12. Average pseudo-second-order plot of fluoride adsorption kinetics on both UHA

and THA adsorbents each with an initial load of 31.25 mg/g (ambient pH of

7.3, contact time = 24 h, particle size = 0.1 mm).

Table 9. Pseudo-second-order rate constants

Material K2 (g min-1 mg-1) (x 10-3) Rate equation R2

UHA (12.5 mg/L) 6.1226 t/qe = 0.0388t + 0.2456 0.9997

UHA (25.0 mg/L) 8.5228 t/qe = 0.0376t + 0.1659 0.9998

UHA (50.0 mg/L) 5.7538 t/qe = 0.0348t + 0.2106 0.9999

Average 6.7996  1.50 0.9998

THA (12.5 mg/L) 2.3358 t/qe = 0.0345t + 0.5087 0.9999

THA (25.0 mg/L) 2.0523 t/qe = 0.0337t + 0.5534 0.99999

THA (50.0 mg/L) 1.4315 t/qe = 0.0314t + 0.6870 0.9998

Average 1.9399  0.46 0.9999
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4.7 Change in pH During Adsorption

The change in pH during the adsorption process was studied after the addition of F- solutions to

properly equilibrate treated hydrated alumina suspensions. Data for THA is given in Table 9.

ΔpH was calculated by subtracting the pH at different times after addition of F- from the initial

pH. The initial pH, pHi, is the pH after 20 h equilibration of the substrate at a particular pH level.

A plot of ΔpH vs. the initial pH value for THA shown in Fig. 13 reveals important characteristics

of the adsorption process. In the pH range 4.5 to 6 a slight rise in ΔpH was observed after

addition of F- to the test sample of treated adsorbent in the acid form. The rise in pH is

particularly strong at short time intervals. The pH in this pH range drops to an equilibrium value

relatively slightly above the initial value after about 75 min. The decreasing ΔpH values over

time indicated that OH- released in the exchange reaction with F- was removed from the solution

by some process. This process is the neutralization of remaining acid sites (AlOH2+) on the

hydrated alumina. The rise in pH therefore suggests that the rate of the F- exchange reaction is

faster than the rate of the neutralization reaction. Above pH 6 the ΔpH curve at equilibrium

rapidly drops but above 0 i.e. did not move into negative range. It can be noted that, at all the

tested times after addition of F- all ΔpH values are positive, signifying an increase in pH after

addition of fluoride.
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Fig. 13. ΔpH Vs the initial pH for THA at different times after the addition of 20 mg/L F-

solution (dose = 1.6 g/L, conc. 20 mg/L, alumina treated at 300°C).

Table 10. The pH at different times intervals after the addition of 20 mg.L-1 F- solutions

to activated alumina (THA) equilibrated at the initial pH, pHi at 20 h.

pHi pHi + 30 min pHi + 45 min pHi + 75 min

4.50 5.74 5.74 5.62

5.24 6.47 6.45 6.11

5.38 6.70 6.66 6.33

5.45 6.71 6.65 6.35

5.54 6.72 6.70 6.38

5.64 6.99 6.89 6.57

6.08 7.68 7.45 7.16

8.10 8.49 8.48 8.43
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4.8 Performance of the Packed Column

Fig. 14 and 15 shows the breakthrough of fluoride in a columns fed with F containing distilled

water (DW) and ground water (GW), respectively. The influent concentration of fluoride to the

column was 20 mg/L (DW) and 9.6 mg/L (GW). As shown in figure 14, the fraction (or

concentration) of fluoride (for DW) remaining in the effluent of the column was maintained at

values lass than 0.075 (or 1.5 mg/L) until 25.5 hrs, while 5.6 hrs for ground water for the fraction

to exceed 0.16 (or 1.5 mg/L). At these break points, about 6 L and 1.4 L of DW and GW were

treated, respectively. The sorption capacity of THA was 23.2 mg/g and 3.1 mg/g at breakthrough

fluoride concentration of 1.5 mg/L and a capacity of 38.7 mg/g and 7.2 at point of saturation for

DW and GW, respectively. The capacity at breakthrough was comparable with the minimum

fluoride adsorption capacity of 23.7 mg/g obtained from batch experiment for the simulated

water (section 3.5). The decreased adsorption capacity for the ground water may be due to the

competition from other constituents for fluoride adsorption site.

Fig. 14. Breakthrough curve for the adsorption of fluoride onto THA C (Co = 20 mg/L)
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Fig.15. Breakthrough curve for the adsorption of fluoride onto THA C (Co = 9.6 mg/L)
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5. Conclusions and Recommendations

The removal of fluoride from water by adsorption on locally produced hydrated alumina has

been demonstrated. For a given initial fluoride concentration, the removal efficiency of untreated

adsorbent increased with increasing adsorbent dose. Thermal treatment of hydrated alumina at

temperature of 200 0C increased the fluoride removal efficiency; however, the material hardness

may not be good for application in continuous packed bed column. Therefore, the adsorbent

treated at 300 0C with appreciable removal efficiency was used for the fluoride adsorption study.

The concentration of fluoride also found to affect the defluoridation capacity of the adsorbent.

The fluoride adsorption capacity of thermally treated hydrated alumina (THA) was increased

with increasing initial fluoride concentration. The pH of the water can affect the defluoridation

capacity of both treated and untreated adsorbents. Although high fluoride removal occurred at a

pH of 4, appreciable amount of fluoride was removed at neutral and slightly basic pH values.

The adsorption isotherm conformed to the Freundlich model in the dosage range tested in this

study. The minimum fluoride adsorption capacities of treated and untreated adsorbent were 23.7

mg/g and 7.0 mg/g for THA and UHA, respectively. The kinetic studies showed that the

adsorption reaction of fluoride removal by hydrated alumina can be well described by a pseudo-

second-order rate equation

It was reported that the fluoride adsorption capacity of alumina was 1.9 mg/g [16]. Venkobachur

et al., (1997) also showed that even at a pH 8.2 – 8.4 and alkalinity of 400 mg/L fluoride

exchange capacity of 1.8 mg/g activated alumina of the type G-87 was observed. In addition,

Yelena et al. (2001) found a sorption capacity of 4.5 mg/g when fluoride containing water was

filtered through activated alumina. When the fluoride removal capacity of hydrated alumina used

in this study considered, its capacity is much higher than the above mentioned literature surveyed

values for both simulated as well as ground water samples. Hence, it can be applicable to remove

fluoride from potable water. Further, the adsorbent can be applicable in batch as well as in

continuous operational to suit defluoridation either at household or small community level. The

sorption capacity of THA was 23.2 mg/g and 3.1 mg/g at breakthrough fluoride concentration of

1.5 mg/L and a capacity of 38.7 mg/g and 7.1 mg/g at point of saturation for simulated and

ground water, respectively. The capacity at breakthrough was comparable with the minimum
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fluoride adsorption capacity of 23.7 mg/g obtained from batch experiment for the simulated

water. The other salient feature of the adsorbent was its local availability. (Hydrated) alumina

was produced from the locally available alum and caustic soda. Thus, it can be cheaper method

to be used in the country like Ethiopia.

The removal of excess fluorides from community water supplies to prevent dental disfigurement,

loss of teeth and physiological structure should be adopted as fast as possible. To put this in

effect, the following points should be considered for implementation:

 Further studies on:

 The regeneration of the exhaust adsorbent and safe disposal of the regenerant.

 The composition and surface area of the adsorbent.

 Optimization of the column experimental parameters (bed height, flow rate,

particle size).

 The production of the adsorbent should be scaled up to commercial level.

 Considering thsese studies, projects should be initiated to conduct pilot study to develop

defluoridation unit at different levels.
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Abstract

People in several regions of the Rift Valley of Ethiopia are consuming water with fluoride up to

33 mg/L, which has resulted in both skeletal and non-skeletal fluorosis. Due to the unavailability

of effective therapeutic measures, defluoridation of drinking water appears to be the best method

for combating the disease. Several methods, using a variety of materials, have been suggested

from time to time. However, most of these methods have one or more short-comings with regards

to the defluoridation capacity, cost effectiveness, operational at community level and quality of

treated water. In view of this, search for more suitable material and method is still in progress.

Among tested and used method adsorption of fluoride by (activated) alumina is the most effective

and widely used material. However, it is expensive to be applied particularly in developing

countries like Ethiopia where the material is not availabl/producede.

In the present study, aluminum hydroxide (or hydrated alumina) was prepared from locally

available aluminum sulfate and used for fluoride removal in batch and continuous operation.

The fluoride removal performance was investigated as a function of the contact time, amount of

adsorbent dose, thermal pretreatment of adsorbent, concentration of fluoride and pH in batch

mode. The adsorption was rapid during the initial 20 min, but significant amount (> 90 %) was

removed with in 1 h at an optimum adsorbent dose of 1.6 g/L for initial concentration of 20

mg/L.The removal efficiency of fluoride was increased with adsorbent dosage. Samples of the

adsorbent were treated at a temperature range from 200 to 600 oC. An adsorbent treated at 300
0C was selected for fluoride removal studies, in addition to the untreated adsorbent. The removal

of fluoride from water depends on initial fluoride concentration. For a given adsorbent dose, the

adsorption of fluoride was rapid and efficient, but lower capacity for the more diluted solution.

The pH of the water affected the fluoride removal efficiencies of both untreated hydrated

alumina (UHA) and treated hydrated alumina (THA), but defluoridation capacity was

appreciable with in a pH range of 4.0 to 9.0, which suggests that hydrated alumina have great
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potential applications. The adsorption data at ambient pH were well fitted to the Freundlich

isotherm model with a minimum capacity of 23.7 mg/g and 7.0 mg/g for THA and UHA,

respectively. The kinetic studies showed that the adsorption reaction of fluoride removal by

hydrated alumina can be well described by a pseudo-second-order rate equation with an

average rate constant of 6.60 x 10-3 g min-1mg-1 and 1.87 X 10-3 g min-1mg-1 for UHA and THA,

respectively. Filtration through THA in continuous column reduced the fluoride concentration in

water. The sorption capacity of THA was 23.2 mg/g at breakthrough fluoride concentration of

1.5 mg/L and 38.7 mg/g at point of saturation. The capacity at breakthrough was comparable

with the minimum fluoride adsorption capacity of 23.7mg/g obtained from batch experiment.

Thus, the studied method can be operational at household and small community level.


	Cover
	Contents, Fig.
	Thesis Final

