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Abstract 
 

Fluoride primarily produces effects on skeletal tissues (bones and teeth) and has a 

narrow range between intakes that cause beneficial and detrimental health effects. 

Elevated levels of fluoride (>1.5 mg/L) in the drinking water occur in a number of parts 

of the world and often have significant adverse impacts on public health. In the Rift 

Valley Regions of Ethiopia elevated levels occur in groundwater supplies, resulting in an 

increase in the prevalence of dental and skeletal fluorosis in the affected population. 

 

Two household defluoridation units were developed based on AlOOH adsorbent. The 

units were operated at an Up flow mode. The performance of the household 

defluoridation units was monitored at a regular interval of 1 hour to evaluate their 

fluoride removal. HDU 1 was packed with 0.9 kg of AlOOH granules to a bed depth of 

28.5 cm. The specific safe water yield (SSY) of the unit was 823.79 liters. The 

breakthrough time (t) of the bed was 1.23 months. HDU 2 was packed with 0.588 kg of 

identical adsorbent to a bed depth of 25 cm. The SSY and t of the unit was 576.1 liters 

and 1.2 months, respectively. The influent fluoride concentration in both units was 20 

mg/L. HDU 1 and HDU 2 could give service for a family of 5-7 and 4 respectively, in 

endemic fluorotic regions exclusively for cooking and drinking purposes. 

 

Regeneration of the exhausted AlOOH of HDU 1 was carried out by 1 % NaOH, distilled 

water and 0.1 M HCl. Regeneration of the exhausted AlOOH using this method is 

promising but further research should be done to improve its capacity of regeneration  

and property of the media.  

 

The running cost of HDU 1 and HDU 2 was 281.86 and 269.97 Birr/m3, respectively at 

an influent fluoride concentration of 20 mg/L. The running cost of the units was also 

calculated by using the locally produced caustic soda. The price of defluoridation 

decreased at a greater extent and the developed units anticipated to provide service for 

3-6 months in low fluoride concentrations of the Rift Valley Regions of Ethiopia. 

 vii



In general the developed technology/household units are simple to operate, high 

defluoridation capacity and affordable running cost that may be an alternative method to 

solve the problem of excessive fluoride intake in endemic fluorosis regions of Ethiopia 
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1. INTRODUCTION 

1.1 Backgrounds 

Water is one of the basic needs of life on the earth. The quality of drinking water may be 

affected by micro organisms or excessive amounts of inorganic components such as 

fluoride dissolved from rocks in the water (Riemann and Banks, 2004). This has been a 

challenge for the human welfare, especially for low income developing countries 

.currently, fluoride contaminated water cause the greatest threat to the safety of water 

supplies, particularly of ground water in some parts of the world (Manahan, 1994). 

 

Several methods have been developed to reduce fluoride from contaminated water but the 

most common defluoridation methods used in developing countries at present are 

Sorption on activated alumina, co-precipitation with aluminium hydroxide (known as the 

Nalgonda Technique) and sorption on bone char (Muller et al. ,2006) . 

 

Recently, heat treated aluminium hydroxide, Al (OH) 3 at 300 0C known as aluminium 

oxide hydroxide (AlOOH) has shown high adsorption capacity both in batch and packed 

bed continuous systems in the lab scale as compared to activated alumina ( Beneberu et 

al.,2006, Feleke et al.,2008). This AlOOH sorbent can be produced locally from hydrated 

aluminium sulfate (alum) in order to use it in household treatment units. 

 

The development of household defluoridation unit based on AlOOH is important for rural 

areas where the settlements are scattered and people rely on underground water as a 

source of drinking and their health is adversely affected by fluorosis.  

 

1.2 Fluoride Environmental Occurrence 

Fluorine is the most electro-negative reactive element known, as result not found free in 

the environment. Fluoride is found at significant levels in a wide variety of minerals, 

including fluorospar CaF2, cryolite Na3AlF6, and fluoroapatite Ca10 (PO4)6F2 (Murray, 

1986). The average crustal abundance is 300 mg kg-1 (Tebutt, 1983). Fluoride is 
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commonly associated with volcanic activity and fumarolic gases. Thermal waters, 

especially those of high pH, are also rich in fluoride (Fawell et al., 2006). Fluoride can 

also be released to the environment from anthropogenic sources through discharge of 

agricultural and industrial products such as glass, electronics, steel, aluminum, pesticide 

and fertilizer manufacture’s (Pietrelli, 2005). 

 

1.3 Human Health Effects 

Fluoride is one of the very few chemicals for which significant health effects have been 

correlated to exposure through drinking water. Approximately 75–90 per cent of ingested 

fluoride is absorbed in the human body (Fawell et al., 2006). The absorbed fluoride is 

distributed rapidly throughout the body where it is mainly retained in the skeleton and a 

small proportion is retained in teeth, soft tissues, and body fluid and accumulates in the 

kidneys. At low concentrations it has beneficial effects on teeth, but excessive exposure 

to fluoride in drinking water, or in combination with fluoride from other sources can give 

rise to a number of adverse health effects (CRC, 2008). 

 

The regular consumption of low levels of fluoride in drinking water < 0.5 mg/L during 

childhood is linked with the occurrence of preventable dental caries in latter years 

(Dissanayake, 1991; Fawell et al., 2006; Ncube and Schutte, 2005). The consumption of 

drinking water containing ‘optimal’ amounts of fluoride (0.5 - 1.5 mg/L) has beneficial 

effects on the teeth by hardening enamel and reducing the incidence of caries 

(Dissanayake, 1991). The increase in the concentration of fluoride (>1.5 mg/L) leads to 

negative effects of fluorosis. Mottling of teeth is one of the earliest and most easily 

recognized symptoms (CRC, 2008). These effects are not shown if the teeth were already 

fully grown prior to the fluoride overexposure. 

 

WHO (2004b) report shows excessive fluoride intake (3-6 mg/L) can lead to severe and 

permanent bone and joint deformations of skeletal fluorosis and the consumption of 

drinking water with even higher fluoride concentrations (10 mg/L) can lead to crippling 

fluorosis, which causes the hardening and calcifying of the bones.  
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Table 1. Typical fluoride concentrations in drinking water and the associated health  

               effects (Dissanayake, 1991). 

 

F- conc. (mg/L) in drinking water Health effect 

< 0.5  Minimal effect in prevention of dental carries 

0.5 - 1.5 Beneficial effect in preventing dental carries 

1.5 – 4  Dental fluorosis 

>4 Dental, Skeletal fluorosis 

>10 Crippling fluorosis 

 

The amount of fluoride increases in the bones up to the age of 55 years but children are 

the ones affected most and those affected remain crippled or deformed for the rest of their 

lives (WHO, 1984).  

 

The problem of fluorosis has a definite relationship with the following factors (IPCS, 

2002): 1) fluoride concentration in drinking water, 2) period of exposure, 3) climatic 

factors (temperature), 4) fluoride exposure from other sources, and 5) nutritional status  

 

Elevated levels of fluoride in drinking water occur in a number of parts of the world and 

these often have significant adverse impacts on public health. The World Health 

Organization (1984) has set a guideline value of 1.5 mg/L as the maximum permissible 

level of fluoride in drinking waters. This 1.5 mg /L fluoride guideline value set was 

subsequently re-evaluated and revised by the world health organization (WHO, 1996, 

2004). The 1.5 mg /L guideline value of WHO is not a fixed value but is intended to be 

adapted to take account of local conditions such as diet, water consumption, etc. In hot 

tropical regions, exposure risk increases due to high consumption of water. Brouwer et al. 

(1988) reported the development of dental fluorosis from consumption of water with 

fluoride concentration as low as 0.8 mg/L. 

 

High fluoride containing groundwater is found in many parts of the world and fluorosis is 

endemic in at least 25 countries across the globe (Tetsuji et al., 1997). The worst affected 
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areas are the arid parts of northern China (Inner Mongolia), India, Srilanka, African 

countries like Ghana, Ivory Coast, Senegal, North Algeria, Kenya, Uganda, Tanzania, 

Ethiopia, northern Mexico and central Argentina. According to estimates of UNESCO 

(internet source, status January 2007) more than 200 million people worldwide rely on 

drinking water with fluoride concentrations higher than the present WHO guideline 

value. This shows how much it poses a serious health problem on a global scale.  

 

Fluoride is wide spread in the Rift Valley regions of Ethiopia. People in several region of 

the Rift valley of Ethiopia are consuming water with fluoride up to 33 mg/L (Kloos and 

Redda, 1999) and are exposed to varying degrees of dental and skeletal fluorosis (Reda et 

al., 1987). The Ministry of Water Resources of Ethiopia specified guideline value for 

fluoride concentration in drinking water not to exceed 3 mg/L (MOWR, 2002).This value 

is beyond the guideline level set by WHO. 

 

1.4 Fluorosis Mitigation Options 

There are some remedial measures to combat fluorosis in areas where fluoride 

concentration is beyond the permissible level. The first and most important option is 

finding alternative sources such as: a) Searching a safe water source in the vicinity by 

drilling a new well. It may be possible to get safe water by drilling a new well and/or 

drawing the water from different depths. b) Transporting water from a distant source. 

This is an important option in endemic fluorosis areas, but initial cost will be high. c) 

Blending high fluoride with low fluoride water. d) Dual water sources. If there are 

sources with both high and low fluoride levels, the source having low fluoride levels can 

be strictly limited to drinking and cooking and the water source with high fluoride can 

then be used for other purposes. e) Provision of bottled water for growing children, this is 

not economically feasible in poor developing countries f) Rainwater harvesting. 

Household-roof rainwater harvesting and container storage can provide potable water for 

families, but it is seasonal.  
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In areas where alternative sources are not available treatment of contaminated water is 

the most reasonable approach. There are two options of treatment of fluoride 

contaminated water: (i) household treatment, this is treatment at the point of use, and (ii) 

centralized water treatment, the treatment of water at the source. 

 

Treatment at household level has several advantages over treatment at community level. 

Costs are lower, as defluoridation can be restricted to the demand for cooking and 

drinking which is usually less than the total water demand and make people a sense of 

ownership (Sangam Newsletter, 2003). This treatment option may be feasible in less 

developed countries especially in rural areas, where settlements are scattered. 

 

Treatment of fluoride contaminated water at the source is carried out on a large scale 

under the supervision of skilled personnel, without direct involvement of the users, and 

where the affordability of treatment is taken for granted. In such cases the method of 

treatment is well established and well controlled. However, it requires major input of 

resources and may have serious limitations or disadvantages in less-developed countries; 

especially in rural areas where the settlements are scattered. This is especially adopted in 

developed countries. 

 

In the Rift Valley regions of Ethiopia where there is a high fluoride concentration, the 

settlement of the people in the rural areas is scattered. Therefore to combat the problem 

of fluorosis household treatment system is a reasonable approach. Thus it is necessary to 

develop a household scale defluoridation unit that can be applicable in these areas. 

 

1.5 Overview of Defluoridation Methods 

There are several methods which have been developed to reduce fluoride from 

contaminated water, such as adsorption, ion exchange, precipitation, electrodialysis and 

reverse osmosis (Dieye et al., 1994).  These methods have rarely been implemented in 

developing countries, except in some areas, due to insufficient removal efficiency, 

unaffordable costs, complicated operation and maintenance, particularly for rural 
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populations. The most common defluoridation methods used in developing countries at 

present are sorption on activated alumina, co-precipitation with aluminium hydroxide 

(known as the Nalgonda Technique) and sorption on bone char (Muller et al., 2006). 

 

1.5.1 Adsorption Methods 

Adsorption is defined as the physical or chemical processes where molecules in solution 

‘attach’ to the internal and external surface of the adsorbent (Benefield et al., 1982).Some 

of the common adsorption methods used at the household level are reviewed below. 

 

Activated Alumina (AA) 

Activated alumina is a granular form of aluminium oxide (Al2O3). It is prepared by low 

temperature dehydration (300-600 °C) of aluminium hydroxide and has an internal 

surface area typically in the range of 200-300 m2 g-1 (Hao et al., 1986).This adsorbent  

has been widely used for removal of F- from drinking water (Schoeman and MacLeod, 

1987). 

 

Fluoride removal capacity is best in the narrow range of pH 5.5 to 6. The adsorption sites 

on the activated alumina are also attractive to a number of anions other than F- (Pietrelli, 

2005). According to Johnston and Heijnen (2002) the selectivity sequence of activated 

alumina in the pH range of 5.5 to 8.5 is:  

OH->H2AsO4
->Si (OH)3O->HSeO3

->F->SO4
2->CrO4

2->>HCO3
->Cl->NO3

->Br->I-  

 

Generally, the adsorption of anions by AA is more effective below pH 8.2, as below this 

pH the AA surface has a net positive charge that can be balanced by adsorbing anions 

(CRC, 2008). Adsorption of F- ions occur onto the aqua groups, Al(OH)2
+ and hydroxo 

groups, AlOH of alumina (Hao et al., 1986). Fluoride can be adsorbed by a positively 

charged or neutral surface as the following equations. 

 

≡AlOH + F- ------------------------> ≡AlF + OH-                                                              (1) 

≡AlOH + 2F- ----------------------> ≡AlF2 - + OH-                                                           (2) 
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≡AlOH2
+ + F- ------------------------> ≡AlF + H2O                                                          (3) 

 

The fluoride uptake capacity of activated alumina has ranged from 1000 to 9000 mg/kg 

(Wu and Nitya, 1979; Ghorai, 2005). Experience from the field, however, shows that the 

removal capacity is often about 1 mg/g (Fawell et al., 2006). One of the explanations may 

be due to variation of pH. 

 

AA has been used for defluoridation of drinking water in industrialized countries. 

However, recently this technology is gaining a wide attention in developing countries like 

India to be used as a filter media in household units (Fig. 3). Venkobachar et al. (1997) 

reported around 500 and 1500 liters of safe water could be produced with 3 kg of 

activated alumina when the raw water fluoride is 11 and 4 mg/L, respectively at natural 

water pH of 7.8-8.2. Total cost of a filter is around US $ 30-35 and quarterly recurring 

cost is around 0.5 dollar (Vaish and Vaish, 2000). 

 

                         
     Fig. 1. Activated alumina-based domestic defluoridation filter (Daw, 2004)  

 

Exhausted AA was regenerated by 8 liters of 1% NaOH for 4 hours, rinsed with water, 

and neutralized with 8 liters of 0.20 % H2SO4 for 4 hours. Subsequent wash with raw 
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water till the pH raises above 7.0 makes the bed ready for the next defluoridation cycle 

(Banuchandra and Selvapathy, 2005). The regeneration treatment increases the pH and 

dissolves some of the AA media, resulting in elevated concentrations of TDS, aluminium 

and fluoride in the solution produced (US EPA, 2003b). 

 

AA remains a popular choice for defluoridation due to its high adsorption capacity, 

minimum contact time for maximum defluoridation, low water loss during regeneration 

and low energy consumption (CRC, 2008).  

 

In Ethiopia this technology has been practiced in Wonji-Shoa and Methara sugar estates 

to treat fluoride-rich groundwater since 1962 (Feleke, 2001). These plants have been in 

operation for more than 40 years without major upgrading. Due to age and maintenance 

problems their removal efficiency is relatively low, i.e. approximately 60% (Muller et al., 

2008). Another drawback of this method in Ethiopia is the high cost of activated alumina, 

a chemical which is imported from overseas. 

 

The exhausted AA is considered non-toxic and may be disposed of in municipal solid 

waste landfill (US EPA 2003b). Although the toxicity of the exhausted media may need 

to be verified by testing as other possibly toxic contaminants may also be absorbed this 

can easily be remobilized. Therefore if the exhausted media is classified as hazardous it 

requires proper disposal that will add additional costs to the systems 

 

Bone Char (BC) Defluoridation 

Bone charcoal is a blackish, porous, granular material which can be produced locally by 

charring animal bones at approximately 550 °C in a low oxygen atmosphere (Dahi, 

2000). Bone charcoal (BC) is composed of primarily calcium phosphate 57 - 80%, 

calcium carbonate 6 – 10 %, and activated carbon 7 – 10 % and after charring; the bones 

are washed and subsequently used as a filter material (Fawell et al., 2006). 

 

BC is able to adsorb a wide range of pollutants such as colour, taste and odour 

components and fluoride. The removal capability of BC is believed to be due to its 
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chemical composition, mainly as hydroxyapatite where one or both the hydroxyl-groups 

can be replaced with fluoride, or the reaction between calcium phosphate and fluorine or 

the replacement of the carbonate by fluoride to form an insoluble fluorapatite (CRC, 

2008). 

 

 Bone char is an effective filter material for the removal of fluoride, provided the bone 

char is of high quality. “Unless carried out properly, the bone charring process may result 

in a product of low defluoridation capacity and/or deteriorated water quality” (Dahi, 

2000). Production of high-quality bone char requires much practical experience. 

 

At a domestic level, BC defluoridation appears to be suited to Thailand and Africa, but so 

far there is no experience in wide scale implementation (Fawell et al., 2006). Inter-

Country Centre for Oral Health (ICOH) at the University Of Chiong Mai Thailand 

developed a defluoridation unit that uses crushed charcoal and bone char (Fig.2). 300 g 

charcoal (mainly to remove colour and odour) and 1 kg bone char an ICOH filter can 

defluoridate on an average 450 liters of water containing 5 mg/L F- at flow rate of 4 liters 

per hour (Mjengera et al., 1997). 
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Fig. 2. Bone char domestic defluoridator developed by ICOH-Thailand. 

 

In Kenya CDN (Catholic Diocese of Nakuru) developed household defluoridation unit 

using bone char. In the bucket defluoridation system about 8.4 kg of BC was placed in 

the 20 L bucket fitted with a tap. In total 10 L of raw water was placed in the bucket. The 

cost of the whole defluoridation unit was about 23 USD and the running cost was 1.8 

USD to treat 1000 L of fluoride contaminated water having concentration of about 6 

mg/L to breakthrough concentration of 1.5 mg/L (CDN, 2007). 

 

BC is able to be regenerated by treating with an alkaline solution followed by 

neutralization, although this is typically only cost effective at large scale treatment level 

or in the case of a shortage of the media. However, the cost of BC may be significant 

depending on the method of manufacture. Today large scale BC systems have been 

replaced by the use of ion-exchange resins and AA (CRC, 2008). The feasibility of the 

BC system depends on the local availability of bones, production and price of the BC 

especially for a large-scale community plant. 
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The advantages of BC are: 1) Locally available, 2) Simple and easy to build and 3) Low 

cost. The disadvantages of this method are: 1) It may give taste, 2) Degenerates, difficult 

to predict saturation point and 3) Not universally accepted due to religion cases (Feenstra 

et al., 2007). 

 

 Clay 

The term clay is often used in a non-specific description of either a soil consisting of a 

range of small particles or very fine-grained earthy substances comprising a combination 

of minerals, inorganic amorphous material and organic matter or a specific clay mineral 

(Coetzee et al., 2003). 

 

Both clay powder and fired clay are capable of sorption of fluoride as well as other 

pollutants from water. The ability of clay to clarify turbid water is well known. This 

property is believed to have been known and utilized at domestic level in ancient Egypt 

(Fawell et al., 2006). The use of clay powder in columns is possible, but troublesome 

mainly because of difficulties in packing the columns and controlling the flow. 

 

Domestic clay column filters are normally packed using clay chips found as waste from 

the manufacture of brick, pottery or tile as shown in Figure 5. The filter is based on up-

flow in order to allow for settling of suspended solids within the filter bed.  
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Fig. 3. Stratified column of brick chips used in household defluoridation (Padmasiri,      

            1998).  

 

The various investigations conducted using local clay for the removal of fluoride has 

proven to be relatively successful, although in general it was found that the adsorption 

capacity of clays was low (CRC, 2008). According to Moges et al. (1996) report the 

defluoridation capacity of the Ethiopian fired clay chips was found not more than 0.2 

mg/g. 

 

Clay minerals are abundant in nature (locally available) and relatively they have low cost 

(Feenstra et al., 2007). The other drawback of this method is toxic heavy metals and a 

wide range of other pollutants may also be retained in the clay strata, therefore care has to 

be taken in order to ensure that for any clay material to be used in a defluoridation 

process. 

 

1.5.2 Chemical Treatment 

This is the addition of chemicals to the fluoride contaminated water to remove or 

decrease the fluoride concentration. The well known method is the Nalgonda Technique 

which was developed in India by the National Environmental Engineering Research 

Institute to be used at both the community or household levels (Fawell et al., 2006; 
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Sushella, 1992). It involves addition of aluminium sulfate (Al2(SO4)3.18H2O), lime and 

bleaching powder followed by rapid mixing, flocculation, sedimentation and filtration. 

The method is popularly known as the Nalgonda technique (RGNDWM, 1993), named 

after the town in India where it was first used at water works level. The dose of alum 

increases with increase in the fluoride and alkalinity levels in the raw water. During this 

flocculation process many kinds of micro-particles and negatively charged ions including 

fluoride are partially removed by electrostatic attachment to the flocs (equations 4–7): 

 

Alum dissolution: 

Al2 (SO4)3 .18H2O = 2Al3+ + 3SO4
2-+18H2O                                                                  (4) 

 

Aluminum precipitation (acidic): 

2Al3+ + 6H2O = 2Al(OH)3 + 6H+                                                                                     (5) 

 

Co-precipitation (non-stoichiometric, undefined product): 

F- + Al(OH)3 = Al–F complex + undefined product                                                     (6) 

 

pH adjustment: 

6Ca(OH)2 + 12H+ = 6Ca2+ + 12H2O                       (7) 

 

 13



 
 

Fig. 4. The Nalgonda defluoridation as adopted for domestic use in Tanzania (Dahi,  

            2000). 

 

Alum and lime are sold to the consumers as powders in small sealed differently marked 

plastic bags and added to a 20 L plastic bucket.  The people are trained to stir fast while 

counting to 60 (1 minute) and then slowly while counting to 300 or 5 minutes. The flocs 

formed are left for settling for about one hour. The treated water is then tapped through 

the cloth into the treated water bucket from where it is stored for daily as shown in figure 

2 above. 

 

According to Fawell et al. (2006), the price of the whole defluoridation unit of the above 

buckets in the United Republic of Tanzania was about 5.021 USD at 1995 prices. Seven 

pairs of aluminium sulfate and lime bags cost US$ 0.15. Aluminium sulfate is purchased 

on a tax-free wholesale basis, as for water works. 

 

Its use is most popular in India; and it has also been applied in Ethiopia on household and 

community level (Tamene, 2006). According to Muller et al. (2006) report, Nalgonda 

defluoridation units can reduce fluoride concentrations from ~10 mg/L to ~2.5 mg/L, but 
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none of the evaluated plants in East Africa meet the WHO international guideline value 

of 1.5 mg/L.  

 

The merits of this technology is its use both at domestic and community levels, possible 

manual operation, cost-effectiveness and flexibility in design considerations depending 

on the concentration of fluoride in the area (Susheela , 1992; Rao & Mamatha, 2004). 

 

Despite the Nalgonda Technique being utilized in many cases and places, it has not yet 

been demonstrated to be the method of choice. The primary barriers to its application in 

rural and remote communities (CRC, 2008 and Fawell et al., 2006) is: 1) the requirement 

of continual correct chemical dosing and close monitoring to ensure effective fluoride 

removal, 2) system effectiveness is influenced by the raw water quality, 3) potential to 

increase the TDS of the treated water, 4) continuously produces a sludge that requires 

appropriate disposal, and 5) an increase in the concentration of aluminium ion from 

deviation of pH 7 and on the amount of suspended aluminium hydroxide flocs.   

 

1.5.3   Contact Precipitation 

Contact precipitation is a recently discovered technique, by which fluoride is removed 

from the water through addition of calcium and phosphate compounds and then bringing 

the water in contact with an already saturated bone charcoal medium (Fawell et 

al.,2006).Using calcium chloride (CC) and sodium dihydrogenphosphate (MSP) or 

“monosodium phosphate” as chemicals, the following equations illustrate the removal: 

 

Dissolution of CC: 

CaCl2 . 2H2O (s) = Ca2+ + 2 Cl– + 2H2O                                                                        (8) 

 

Dissolution of MSP: 

NaH2PO4 .H2O (s) = PO4
3- + Na+ + 2 H+ + H2O                                                           (9) 

 

Precipitation of calcium fluoride: 
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Ca2+ + 2 F– = CaF2(s)                                                                                                     (10) 

 

Precipitation of fluorapatite: 

10 Ca2+ + 6 PO4
3- + 2 F– = Ca10(PO4)6 F2(s)                                                                 (11) 

 

The filter resistance is negligible compared to the flow resistance through the tube and/or 

the valve (Dahi, 1996).The process seems to be promising, because it implies: 1) 

relatively low daily working load, 2) high reliability without the need of surveillance of 

flow or effluent concentration, 3) high removal efficiency, even in case of high raw water 

concentrations 4) low operating cost, and 5) no health risk in the case of misuse or over-

dosage of chemicals 

 

 
Fig. 5. Contact precipitation for household use (Dahi, 1996). 

 

1.5.4 Membrane Filtration Processes 

Membrane filtration technology has been utilized for many years in small volume 

treatment of pure and ultra-pure water for many industries and is increasingly being 

utilized for the treatment of drinking water (HDR Engineering, 2001). In industrialized 

 16



countries treatment of fluoride water using reverse osmosis and nanofiltration is an 

increasing option. 

 

Reverse Osmosis and Nanofiltration 

Reverse Osmosis (RO) membranes first became commercially available in the 1960s for 

treating seawater/brackish water and today are the most common type of membrane 

processes used in potable water treatment in the US (CRC, 2008). Nanofiltration (NF) is 

another newer type of membrane filtration with growing interest and popularity. Both 

processes are capable of removing a large spectrum of contaminants from water, 

including turbidity, pathogens, salts, hardness, heavy metals and natural and synthetic 

organics, although NF membranes exhibit lower removal capabilities and operate at 

lower pressures than RO membranes (HDR Engineering, 2001). RO is a well-established 

technique for the removal of fluoride from water. Its fluoride removal efficiency can 

reach up to 95-98% (Min et al., 1984) and the US EPA recommends RO as one of two 

options for the ‘Best Available Technologies’ for the removal of fluoride (US EPA 

2003b). Both RO and NF are superior to other traditional treatments because they do not 

require additional chemicals and frequent maintenance (Pervov et al., 2000). 

 

Even though RO and NF processes are highly effective for fluoride removal, the systems 

require high treatment technology capital costs, high energy consumption, and 

specifically trained operators. RO systems may also cause significant water losses, 

typically 10-35%, which can have further implications on aquifer stores and water 

conservation measures (Sincero and Sincero, 2003). 

 

In the evaluation and selection of different methods, there is no universal method that is 

appropriate under all social, financial, economic, environmental and technical conditions.  

None of the methods has been implemented successfully at a large scale in many parts of 

the world. All available defluoridation methods do have disadvantages, such as: 1) High 

Cost-Technology, 2) Unobserved breakthrough, 3) Limited capacity, 4) Deteriorated 

water quality and 6) Taboo limitation (particularly bone charcoal method is culturally not 

acceptable to Hindus) 
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According Feenstra et al. (2007) Activated Alumina and RO are the selected favourite 

techniques for industrial countries when high capacity and proven technology is needed. 

Activated alumina is a favorable technique for developing countries in case high removal 

capacity is needed, Nalgonda technique is preferable for moderate removal efficiency and 

Bone charcoal can also be used if frequent monitoring is possible. 

 

1.6 Aluminium Oxide Hydroxide (AlOOH) 

The hydrolysis of the aluminium salts produces aluminium hydroxides with wide 

variations of morphology. 

Al2(SO4)3 + H2O  → Al(OH)3 + H2SO4                                                                 (12) 

 

The formation of Al(OH)3 floe is pH dependent and its stability is around the neutral pH. 

Wefers & Misra (1987) reported aluminium oxide hydroxide, AlOOH is a well-defined 

crystalline phases of aluminium hydroxide which is formed by heating between 200 and 

300 0C under atmospheric conditions. There are two modifications of aluminium oxide 

hydroxide. These are boehmite and diaspore having orthorhombic crystal system and 

density of 3.01 and 3.44 g/cm3 respectively. Boehmite is the major constituent of many 

bauxite minerals. AlOOH consists of O, OH double layers in which the anions are in 

cubic packing. The aluminium ions are octahedrically coordinated. The double layers are 

linked by hydrogen bonds between hydroxyl ions in adjacent planes.  

  

Yoseph (2007) reported the white precipitate of aluminium hydroxide produced in the 

lab, dried at 50 0C in air circulated oven and heated at 300 oC in oxidizing atmosphere to 

produce AlOOH (boehmite) and it has surface area of 110 m2/g and pore volume of 0.29 

cm3/g. 

  

Aluminium oxide hydroxide has ion exchange ability. The hydroxyl groups on 

aluminium oxide hydroxide have selective adsorptivity for anions and could be used for 

the removal of a given anion from water. The selectivity of anion adsorption onto 

aluminium oxide hydroxide was in the order of chloride, nitrate, hydrogen carbonate, 
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fluoride, sulfate, and phosphate (Tanada et al., 2003). These shows that aluminium oxide 

hydroxide could selectively adsorb phosphate ion better than the other anions. The 

adsorption of AlOOH was also influenced by pH and other competing anions. The 

amount of phosphate adsorbed was greatest at pH 4, ranging with pH from 2 to 9. In the 

lower pH range, coulombic attraction can readily occur in conjunction with specific 

chemical adsorption due to an exchange reaction. In the higher pH range, the 

concentration of hydroxide groups is too high, competing strongly with fluoride for the 

active sites.  

 

According to EU (2006) report the effect of pH on the solubility of AlOOH indicated that 

as the pH decreases from 7, the solubility of the media and the concentration of Al3+in the 

treated water increases. The manufacturing process, i.e. media quality and purity also 

contribute to the transfer of aluminium ion from the media to the treated water. 

Srinivasan et al. (1999) also reported temperature, pH and turbidity of the water are 

important factors in determining Al solubility and consequently residual Al. Al being an 

amphoteric element, is soluble at extremely acidic (pH < 6) and alkaline (pH > 8.5) 

conditions, but is insoluble at near neutral pH values (7.0 to 7.5). The maximum limit for 

aluminium in drinking water is 0. 2 mg/L (WHO, 2004) 

 

Feleke et al. (2008) reported, the removal of fluoride based on AlOOH strongly depends 

on the contact time, pH of the water and adsorbent dose. The adsorption data is well fitted 

to the Freundlich isotherm with a minimum capacity of 23.7 mg/g. In the continuous 

process, the adsorption capacity of AlOOH was estimated from BDST model to be 25.79 

mg/g which is slightly higher than the minimum value in batch system. The kinetic 

studies showed that the adsorption reaction of fluoride removal by aluminium oxide 

hydroxide can be well described by a pseudo-second-order rate equation. 

 

Due its high adsorption capacity and high possibility of producing AlOOH from the 

locally existing alum and caustic soda industry, development of household defluoridation 

unit based on this adsorbent is very important to solve the problem of fluorosis in rural 

areas of Ethiopia, where the settlements are scattered.  
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1.7 Breakthrough Studies Using AlOOH 

Using the mini-column experiment in the lab, Feleke et al. (2008) reported that as the bed 

depth of AlOOH increases the breakthrough time (t) and volume of treated water (Vb) 

increases .This was due to an increase in adsorption sites. An increase in flow rate of the 

raw water reduces the service time of the bed and breakthrough volume of treated water 

.This is because of the decrease in the contact time between fluoride and the adsorbent at 

higher flow rates. It is also reported that an increase in the influent concentration of 

fluoride reduces the breakthrough time and volume of treated water. A high influent 

concentration may saturate the media more quickly, and thereby decreasing the 

breakthrough time.  

 

Ghorai and Pant (2003) reported the dependence of the characteristic shape of the 

breakthrough curve on the inlet flow rates, influent concentration, column diameter, bed 

height, etc. The fixed-bed of certain dimensions has a definite capacity to adsorb the 

solute entering the bed which is equivalent to saying that the adsorbent packed in the bed 

would remove pollutant not only until that time when an equilibrium relationship is 

attained but also upon the transfer mechanism and upon the rate of adsorption 

 

Objectives of the Research 
The general objective of the research was to develop household scale defluoridation units 

based on aluminium oxide hydroxide adsorbent and test their performance of fluoride 

removal in order to minimize the health risk in endemic fluorosis areas. 

 

The specific objectives were as follows:          

 To design a household defluoridation units from the mini-column used at 

the lab scale 

 To construct household defluoridation units 

 To investigate the regeneration efficiency of the exhausted AlOOH for 

further reuse. 
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 To evaluate physico-chemical properties of treated water (conductivity, 

TDS, turbidity and conc. of Al3+). 

 To evaluate the cost of the developed household defluoridation units and 

compare it with the costs of household defluoridation units which are 

mostly used in developing countries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 21



2. MATERIALS AND METHODS 

2.1 Preparation of Aluminium Oxide Hydroxide (AlOOH) 

Aluminium hydroxide was first prepared by mixing 200 g of aluminium sulfate, 

Al2(SO4)3.14H2O in 1 L of distilled water and stirred continuously with magnetic stirrer 

until complete dissolution. The solution was set for some minutes and poured to a 2 L 

small plastic bucket to decant some insoluble substances. The resulting lower pH (2.7) 

was adjusted to pH of 7.00 using 2.0 M NaOH. The solid aluminium hydroxide was 

separated from the solution by suction filtration and later placed in an oven at a 

temperature of 50 0C for 12 hours. The dried aluminium hydroxide was then placed in a 

furnace (Calbolite, ELF Model) and heated at 300 0C for 1 h to produce aluminium oxide 

hydroxide sorbent (Beneberu et al., 2005). 

 

The aluminium oxide hydroxide produced was crushed with mortar and pestle and sieved 

to the particle size between 1-2.36 mm diameters to be packed in the pilot column of the 

defluoridation unit. 

 

Table 2. Properties of AlOOH 

 

No Characteristics Value References 

1 Particle size ( mm) 1-2 Yoseph (2007) 

2 Surface area (m2/g) 110 Yoseph (2007) 

3 Pore volume (cm3/g) 0.29 Yoseph (2007) 

4 Adsorption capacity ,batch  

system  (mg/g) 

23.7 Beneberu et al. (2005) 

5 Adsorption capacity, 

 continuous system(mg/g) 

25.79 Feleke et al.(2008) 

 Textural characterization     -          - 

6 AlOOH Major  Yoseph (2007) 

7 FeO (OH), Fe (OH) 2 and Al2O3 trace Yoseph (2007) 
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 2.2 Reagents and Standard Solutions 

A 1000 mg L-1 sodium fluoride stock solution (99.0% NaF, BDH Chemicals Ltd, Poole, 

England) was prepared by using deionized water. Standards at a required concentration 

range were prepared by appropriated dilution of the stock solution with deionized 

water. 

 

The Ionic Strength Adjustment Buffer (TISAB) was prepared by following a 

recommended procedure (Bailey, 1980), except that EDTA is replaced by CDTA 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 

deionized water (Beneberu et al., 2005). 

 

2.3 Fluoride Measurement 

Fluoride was analyzed using Orion fluoride ion selective electrode. A pH/ISE meter 

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

selective electrode (Orion Model 96-09) was employed. The fluoride ion concentration 

was measured as follows: 

• equal volumes (15 mL) of samples or standards and TISAB were mixed in a 50 

mL plastic beaker and stirred using magnetic stirrer. This was continued through 

out the experiment. 

• the fluoride ion selective electrode was calibrated prior to each measurement over 

the expected range of concentration of the sample and  

• direct potentiometeric method was used to read the concentration directly. 

 

2.4 Household Defluoridation Units (HDU) 

The household defluoridation units, HDU 1 and HDU 2 were constructed using different 

size PVC tubes, chrome gate valves, and plastic buckets as shown schematically in 

Figure 6. 
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The HDU 1 was made from PVC pipe of 110 mm diameter. The AlOOH adsorbent of 

size between 1-2.36 mm Ø was packed in the column to a height of 28.5 cm, below the 

bed 10 cm height of the column (830.15 cm3) had an empty space to collect the incoming 

influent and made to flow uniformly through the bed. In general the unit had a total 

height of 59 cm.  

 

The HDU 2 had column diameter of 90 mm and it was packed with 588 g of AlOOH 

granule of the same size as HDU 1 to a height of 25 cm. The flow pattern of the raw 

water in both units was the same i.e. from the bucket on the top down through the 15 mm 

diameter tube by the force of gravity and then up by the force of pressure in the AlOOH 

bed. The flow rates were adjusted using valves. The structure of the units in both cases 

was identical (Fig. 6). 

 

 

 
                                           Fig. 6. Schematic diagram of the household defluoridation unit. 
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2.5 Defluoridation Experiments 

The HDU 1 packed with AlOOH sorbent was first washed with 16 L of distilled water 

before use to remove any fine particles which block the adsorption sites. Finally the 

turbidity and colour of the water decreased at a greater extent and ready for use. 

 

The raw water for the pilot experiment was prepared by spiking sodium fluoride to tap 

water so as to maintain fluoride concentration at about 20 mg/L. Every day 22.25 L of 

this solution was prepared and run for five hours continuously starting from 8:30 AM - 

1:30 PM. This concentration was kept constant through out the experiment. Raw water 

was placed in the plastic bucket and the outlet valve was turned on to the point marked to 

have flow rate of 4.45 L/h (74.17 mL/min). Every one hour interval the average flow rate 

was calculated and checked from the volume of water treated.  

 

The treated water was collected in a plastic bucket and in every one hour interval the 

volume was measured and samples were collected for physical and chemical analysis. 

This process continued until the time of breakthrough 7.5 % of Co.  

 

In HDU 2, the preparation of the raw water and influent concentration are identical to 

HDU 1. The bed was washed with 12 liters of tap water before use. The flow rate of raw 

water in the unit was 4 L/h or 66.67 mL/min. The column was operated for 4 hours per 

day continuously starting from 8:30 AM-12:30 PM. 

    

2.6 Regeneration Experiments 

The regeneration of exhausted AlOOH was carried out using the methods set for 

activated alumina (Tramfloc INC, 2005). 1 % NaOH, distilled water and 0.1 M HCl were 

used for the purpose of regeneration. When the effluent fluoride concentration was ≥1.5 

mg/L, the exhausted AlOOH bed was regenerated by using 12.6 L of 1 % NaOH at a 

flow rate of 52.5 mL/min followed by rinsing it with 12 liters of distilled water. The 

regenerated bed was neutralized and reactivated with 12.6 L of 0.1 M HCl at a flow rate 
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of 105 mL/min. The flow pattern of the regenerants in the household defluoridation units 

was the same as the flow pattern of the raw water during the treatment process.  

 

For the 2nd cycle of regeneration the volume of the acid was reduced to 8 L while keeping 

the volume of the base and distilled water constant. To increase the EBCT the flow rate 

of the base was made to be 30 mL/min for 7 hours, but the acid flow rate increased to 

133.33 mL/min for 1 hour to decrease the adsorbent lose. 

 

2.7 Treated Water Analysis 

The concentrations of Al3+ imparted from AlOOH sorbent during the treatment process 

were analyzed using AAS Vario 6 Analytik Jena (Germany) with the aid of win AAS 3.8 

soft ware. Aluminium hollow cathode lamp was used as a light source and nitrous oxide-

acetylene flame was used to atomize the samples. Treated water samples were taken at 

three different intervals particularly in the beginning, middle and near breakthrough 

points and preserved using nitric acid (Assay = 69.0 - 71.0 %, Specific gravity = 1.42, 

LABORT FINE CHEM PVT LTD) 

 

Standard solutions were prepared using 1000 mg/L reference solution supplied by Fisher 

Scientific Limited; the required concentrations were obtained by diluting with distilled 

water to concentrations of interest. These were used in obtaining calibration curves for 

the concentration range used in the experiment 

 

Conductivity and TDS of the treated water samples were measured using conductivity 

meter, WTW, LF 320 (Germany).  25 mL from each samples was used for measurement. 

The turbidity of these treated samples was also measured using the instrument HACH, 

2100N Turbidimeter (LOVELAND, COLO. USA). The accuracy of reading was first 

checked up by using five standards (0.1, 20, 200, 1000, and 4000 NTU) of different 

turbid solutions set by the company.  
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3. RESULTS AND DISCUSSION 

3.1 Calibration  

The performance of the electrode was checked initially by calibrating the electrode using 

five standard solutions of fluoride in the range of 0.3 to 30 mg/L. The electrode potentials 

of these standard solutions were measured and plotted on the linear axis against their 

concentration on the log axis. The slope of the electrode was -58.19 as shown in Fig 7. 

This was a good response, almost nearer to the theoretical value (-59.2 mV at 25 0C). The 

standard deviation (SD) was 1.4248, which shows good precision. 
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Fig. 7. Calibration curves of five standard solutions. 
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3.2 Simplified Fixed Bed Design Models 

There are two common simplified models to design a fixed-bed adsorption column. 

These are the Bed Depth Service Time, BDST, and the Empty Bed Residence Time, 

EBRT which are used to predict and optimize the fixed bed column operation (Ko Chun 

et al., 2002). 

 

In the designing and operation conditions different parameters should be considered. 

These parameters include flow rate, feed concentration, bed height, particle size, type of 

adsorbent and pH. It is frequently difficult to apply small scale laboratory column studies 

data to design a large scale due to uneven flow patterns, selective flow paths and uneven 

packing (Ghorai & Pant ,2003).    

 

3.2.1 Bed Depth Service Time (BDST) Model 

Adsorption is one of the most important unit processes in a wastewater treatment plant 

and the design of the adsorption column usually requires information from pilot-plant 

experiments (ko Chun et al., 2002). Adsorbents, providing a large surface area on which 

the contaminant molecules can adhere, are generally used in beds through which the 

wastewater passes for treatment continuously. The type of adsorbent is usually 

determined before sizing the column, as different kinds of adsorbent will have significant 

variation in adsorption capacity per unit amount of adsorbent used. 

 

The objective of packed bed operations is to reduce the concentration in the effluent so 

that it does not exceed a pre-defined breakthrough value (Cb). Once the adsorbent has 

been chosen, the next important aspects of adsorption column design will be the sizing of 

the column and the column performance subject to different operating conditions. Bohart 

and Adams (1920) developed a relationship between the bed depth, Z, and service time, t:  

 

                                                               (13)                 
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The relation ℮ (KNo/ν) Ζ    >>1, thus ln(℮ (KNo/ν) Ζ )-1  ≈ (KNo/ν)Ζ

Based on this, Hutchins (1973) proposed the following linear relation between the 

column bed depth (Z) and the service time (t): 

                                                                                            (14) 

Equation 14 enables the service time, t, of an adsorption bed to be determined by a 

specified bed depth, Z, of adsorbent. t and Z are correlated with the process parameters 

and initial solute concentration, water flow-rate and the adsorption capacity. Equation 14 

has the form of a straight line:  

t = mxZ-Cx                                                                                                                                                                                  (15) 

with slope  

mx =No/Coν                                                                                                                      (16) 

 

and intercept  

                                                                                              (17) 

 

                             

The BDST model works well if the specific bed adsorption capacity is constant and does 

not change with time. In practice, the bed adsorption capacity does change with time 

which makes the prediction become less accurate, but the extent of change varies from 

system to system. In order to use the BDST equation with a more accurate result, the 

dependence on time of the bed adsorption capacity has to be investigated 

 

 3.2.2 Empty Bed Residence Time (EBRT) Model 

The empty bed residence time (EBRT) model, sometimes referred to as empty bed 

contact time (EBCT), is a design procedure used to determine the optimum adsorbent 

usage in the fixed-bed adsorption column. McKay and Bino (1920) suggested that the 
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capital and operating costs are basically a function of two variables in a fixed bed 

adsorption system: adsorbent exhaustion rate and empty bed residence time (EBRT). The 

adsorbent exhaustion rate is referred to adsorbent dosage. 

 

The EBRT is the time required for the liquid to fill the column, on the basis that the 

column contains no adsorbent packing, and is a direct function of liquid flow rate and 

column bed volume. 

 EBRT =                  Bed volume                                                                              (18) 

                     Volumetric flow rate of the liquid 

 

The adsorbent exhaustion rate is the weight of adsorbent used in the column per volume 

of liquid treated at the time breakthrough occurs. That is  

 

Adsorbent exhaustion rate =                 Mass of adsorbent used                           (19)        

                                                       Volume of liquid treated at breakthrough 

 

Data used for the EBRT model can be obtained from the BDST analysis. Once a 

breakthrough percentage is specified, the service time for the column before 

breakthrough can be found, thus obtaining the adsorbent exhaustion rate and the EBRT 

at various adsorbent bed heights. Then the adsorbent exhaustion rates are plotted 

against the EBRT values, and a single line relating these two variables is called the 

operating line, would be sketched. The operating line concept can be used to optimize 

the basic design to achieve the lowest cost or other objectives (Ko Chun, 2002).It can 

be predicted that the lower the adsorbent exhaustion rate, the longer the EBRT, the 

smaller the amount of adsorbent is needed per unit volume of feed treated which 

implies a lower operating cost. 

 

The household units were designed by scaling up of the mini-column. BDST parameters, 

K and No, calculated from mini-column experiments were used to predict the service time 

of large scale adsorption bed (Eyobel, 2006). 
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The mini-column experiments were conducted using influent fluoride concentration of 20 

mg/L with different bed depths (10, 15, 20, and 25 cm) at a flow rate of 23 mL/min. The 

BDST plot of t (7.5 % breakthrough time) versus Z (bed depths), was constructed. From 

this figure, the slop and the intercept can be obtained (Figure 8). No and K are calculated 

based on Equation 15 and 16 respectively. 

 

Table 3. Data of variable bed depth at a fixed flow rate in a fixed-bed column for the  

               removal of 20 mg L-1 of fluoride by AlOOH in the lab (Eyobel, 2006). 

  

Flow rate 

(mL/min) 

Bed depth 

(cm) 

Bed volume 

(cm3) 

Adsorbent 

weight (g) 

EBCT 

(min) 

Vb  

(L) 

t (h) Adsorbent 

exhaustion 

rate(g L-1) 

10 41.55 15 1.81 2.031 1.5 7.39 

15 62.32 22.5 2.71 7.988 6 2.82 

20 83.10 30 3.61 19.26 14 1.56 

23 

25 103.87 37.5 4.52 30.998 22.5 1.21 

 

3.3 The HDU Design   

Two household defluoridation units were designed and used in this study. These are HDU 

1 and HDU 2.  In the designing process flow rate of raw water, particle size, bed depth, 

influent concentration and others were taken in to consideration. The specifications are 

summarized in Table 5.  

 

To scale-up the system, the linear flow rate through the bed was similar to mini-column 

results and the influent concentration (Co) was also identical, but the raw water sample 

for the mini-column was prepared from distilled water. In the case of household 

defluoridation units tap water was used to simulate real water. The volumetric flow rate 

would be 117.42 mL/min from direct scale up of the mini-column. This high flow rate 

could shorten the service time of the bed; thus the volumetric flow rate of the HDU was 

adjusted to be 74.17 mL/min. This makes the adsorbate to have more time to diffuse in to 
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the internal pores of the particles of the adsorbent. The service time of the HDU was 

predicted using the BDST model Eq. (14). The constants of the BDST model parameters 

K and No were calculated from 7.5 % breakthrough time to bed depths curve of the mini-

column experiment at a flow rate of 23 mL/min (Fig. 8). 
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Fig. 8.  BDST plot of the mini-column at 7.5 % breakthrough; bed height = 25 cm              

            AlOOH weight = 37.5 g, flow rate = 23 mL/min and Co = 20 mg L-1 (Feleke et              

            al., 2008). 

 

  Table 4. Constants of BDST curve 

 

   ν (cm 

min-1) 

 Slope Intercept N0  

(mg cm-3) 

  K 

(L mg-1 h-1) x 10-3

 X 

(mg g-1) 

5.54 1.4 -13.25 9.31 9.48 25.79 
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Table 5. Specifications of HDUs 

 

Parameter Mini column HDU 1 HDU 2 

Internal diameter (cm) 2.3 10.3 8.3 

Area (cm2) 4.15 83.28 54.08 

Bed depth (cm) 25 28.5 25 

Linear flow rate (cm/min) 5.54 0.891 1.23 

Influent conc. (mg/L) 20 20 20 

Volumetric flow rate (L/h) 1.38 4.45 4 

Adsorbent weight (g) 37.5 900 588 

Particle size Between 1-2 mm Between 1-2.36 mm Between 1-2.36 mm 

Bed volume (cm3) 103.75 2373.499 1351.97 

EBCT (min) 4.51 32 20.28 

 

The service time of the HDU 1 was calculated using the above constants of the mini-

column k = 9.48 L mg-1 h-1 x10-3, N0 = 9.31 mgcm-3, Linear flow rate (v) = 0.891 cm/min 

and influent fluoride concentration 20 mg/L. The anticipated service time was found to be 

232.43 hrs. Based on this, the bed was designed to operate for 5 hours per day to treat 

22.25 L of raw water continuously at an average flow rate of 4.45 L/h for 1.55 months to 

produce treated water for a family having 5 to 7 persons for cooking and drinking 

purposes. 

 

The HDU 2 was also designed from the mini-column .The column was packed with 588 g 

of AlOOH, flow rate 66.67 mL/min for four hours per day to yield 16 liters of treated 

water. The anticipated service time was 1.23 months for a family having 4 persons for 

cooking and drinking purposes. 

 

According to Karthikeyan et al. (1994), a household defluoridation unit was designed to 

treat 12 liters per day for a family of three to five for cooking and drinking purposes, but 

the rate of consumption of water can be varied depending on the local conditions. In this 
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study, it is assumed that 3-4.5 liters/person of treated water may be sufficient for cooking 

and drinking purposes in endemic fluorosis regions of Ethiopia. 

 

The bed heights of the pilot columns were within the acceptable range as used in many 

household defluoridation units. The storage for the treated water was placed at the bottom 

to make them user friendly. Selection of a suitable height of the adsorbent column is 

essential before designing any defluoridation unit in order to determine minimum contact 

time and to meet the daily water demand of the households (Karthikeyan et al., 1994). 

Bed depth of the adsorbent is an important determinant of column efficiency in the 

process of removing fluoride (Chauhan et al., 2007). Tall narrow columns achieve high 

removal efficiencies; however the application of these in the household is often not 

practical (CRC, 2008).  

 

3.4 Performance of HDU  

Fig. 9 presents the plot of normalized fluoride concentration versus service time. The 

total volume of treated water at the breakthrough concentration (Cb) was 823.79 liters or 

347 bed volumes. The breakthrough time (t) of HDU 1 was 185 hours, i.e. 1.23 months.  

This was lower than the predicted service time of 1.55 months. This may be due to 

uneven flow patterns and selective flow paths through the bed (Ghorai & Pant, 2003). An 

increase in the column diameter and the presence of competing ions as compared to the 

mini-column may also contribute to the decrease of breakthrough time of the HDU, 

though there was an increase of EBCT to lengthen the service time of the bed.  

 

At the rate of consumption of 22.25 liters per day, for a family of five to seven, 

exclusively for drinking and cooking purposes, the 900 g AlOOH bed was exhausted 

after 1.23 months. 
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Fig. 9. Breakthrough time for HDU 1 packed with 900 g of AlOOH granules flow rate =     

            4.45 L/h, Co = 20 mg/L and bed height = 28.5 cm.  

 

During the long gap in between the treatment days, i.e. 19 hours, there may be a good 

chance for the accumulated fluoride on the surface to diffuse into the inner pore of 

AlOOH granules. Internal diffusion is an important mass transport process during the 

removal of inorganic ions by porous metal oxides/hydroxides (Ko Chun, 2002).  As a 

consequence of this the effluent fluoride concentration decreases in the next day than the 

last hours of treatment of the day before (See Figure 9). 
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The 900 g original AlOOH bed adsorbed about 16,121.214 mg of fluoride in 185 hours of 

service time. This indicated the adsorption capacity of the bed to be about 17.91 mg/g in 

37 days of treatment to the point of breakthrough. Feleke et al. (2008) reported the 

sorption capacity of AlOOH in batch system was 23.7 mg/g and in a column system, the 

maximum capacity was estimated using the BDST model to be 25.79 mg/g, at the flow 

rate of 23 mL min-1 to the breakthrough concentration of 1.5 mg/L. This decrease of 

adsorption may be due to the increase in the pH and computing anions of the pipe water 

as compared to distilled water during the process of treatment 

 

This fluoride uptake capacity of AlOOH is higher as compared to activated alumina. It 

was reported that fluoride uptake capacity of activated alumina has ranged from 1 to 9 

mg/g depending on adsorption conditions (Wu and Nitya, 1979; Ghorai and Pant, 2005).  

 

Chauhan et al. (2007) reported that a domestic defluoridation unit packed with 3 kg AA; 

bed depth of 9.0 cm; raw water pH: 7.9–8.0; initial fluoride concentration: 10.5±0.5 mg/L 

from NaF spiked pipe water and flow rate: ≈9.5 L/h the breakthrough volume was 549 

liters. The Vb of HDU 1 using 900 g of AlOOH sorbent was 823.79 liters. This developed 

HDU showed better capacity than the domestic defluoridation unit developed by AA, 

under the operating conditions used in this study. 

 

The calculated adsorbent exhaustion rate of the HDU 1 was 1.09 g L-1 and the EBRT was 

32 min. This indicated a smaller amount of adsorbent is needed per unit volume of feed 

water which can reduce operating cost. As McKay and Bino (1990) proposed that the 

capital and operation costs of the adsorption system for a fixed liquid flow rate, feed 

concentration and adsorbent characteristics were almost entirely dependent on EBRT and 

adsorbent exhaustion rate only. 
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Table 6. Observed and predicted service time of the household adsorption HDU 1 at  

               different initial fluoride concentrations 

 

Z (cm), v (cm min-1), 

Co (mgL-1) 

Observed bed service 

time (months) 

Predicted bed service 

time (months) 

[28.5,0.891,20] 1.23 1.55 

[28.5,0.891,15] - 2.11 

[28.5,0.891,10] - 3.19 

[28.5,0.891,5] - 6.50 

 

From table 4, the service time of the HDU 1 developed was predicted at different 

concentrations. If the concentration of the raw water is 10 mg/L, the predicted service 

time of the HDU is about 3.19 months and if the concentration is lowered to 5 mg/g, the 

expected service time is about 6.5 months. This implies the method has high potential to 

treat fluoride depending on the concentration of the raw water. In the Rift Valley Regions 

of Ethiopia, about 90 % of the water samples analyzed have fluoride concentrations ≤ 7 

mg/L (Redda et al., 2006). The service time and volume of breakthrough were compared  

from the lab scale studies using groundwater(GW) and simulated solution of fluoride 

concentration 9.6 and 20 mg/L ,respectively(Beneberu et al., 2005).In this study the t and 

Vb  using GW decreased nearly by ¼ of  the simulated solution. Based on this, HDU 1 is 

anticipated to produce 22.25 liters of treated water per day for 3-6 months with low 

fluoride concentrations in the Rift Valley Regions of Ethiopia. 

 

Fig.10 shows the plot of normalized fluoride concentration versus service time for HDU 

2. As can be seen in the Figure, breakthrough occurred on 36th day. It is one day before 

the expected service time of the bed. On average at flow rate of 66.67 mL/min, 576.1 

liters of treated water was collected. The HDU can serve for a family of four persons, 

each consuming four liters per day for cooking and drinking purposes. If the fluoride 

concentration is reduced to 10 mg/L and 5 mg/L, the predicted service time of the bed 

will be 2.58 and 5.28 months, respectively. 
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Fig. 10. Breakthrough time for HDU 2, Co = 20 mg/L, 588 g of AlOOH granules, Qv = 4  

              L/min, bed height = 25 and raw water pH = 7.6-7.8 

 

The fluoride uptake capacity of HDU 2 was around 20 mg/g of AlOOH. The calculated 

adsorbent exhaustion rate and EBRT of this unit was 1.02 g L-1 and 20.28 min., 

respectively.  The adsorbent exhaustion rate HDU 2 was relatively lower than the first 

HDU 1.This may be due to lower flow rate of influent raw water and being packed in 

narrow column of higher depth as compared to the amount packed bed of HDU 1.       

 

The breakthrough time and breakthrough volume of HDU 1 was lower as compared to 

HDU 2. This was possibly due to the increased flow rate of raw water in HDU 1 as 
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compared to that of HDU 2. The column diameter of HDU 1 is 1.24 times higher than 

that of HDU 2, but the increase of bed has no influence on the volume of treated water.  
 

Yoseph developed a household defluoridation unit from PVC tube of internal diameter 

10.3 cm. The unit was packed with 753.65 g AlOOH. to a height of 25 cm and an influent 

feed of 20 mg/L fluoride at a flow rate of 100.2 mL/min (Yoseph,2007). He reported that 

the specific safe water yield (≤ 1.5 mg/L F- concentration) was 833.22 L. This value is 

higher than the specific safe water yield (SSY) of HDU 1 and HDU 2. But as a fact, 

lower flow rate and increased bed height of HDU 1 as compared to Yoseph’s HDU 

expected to have long breakthrough time and high volume of SSY. HDU 2 had the same 

bed height and lower flow rate as compared to Yoseph’s HDU, which makes it to have 

better SSY (Chauhan et al., 2007; Ko Chun, 2002). Whatever, the difference is not much 

significant. 

 

The household defluoridation units developed in this study showed high performance of 

fluoride removal, especially HDU 2 with narrow column showed increased breakthrough 

time and high adsorption capacity as compared to HDU 1. This indicates that HDUs with 

tall and narrow columns achieve high fluoride removal efficiencies. In general the 

developed units may be appropriate to tackle the problem of fluorosis in rural areas where 

the settlements are scattered. 

 

3.5 Regeneration and Reuse potential (HDU 1) 

The exhausted AlOOH sorbent was regenerated using 1% NaOH, distilled water and 0.1 

M HCl by scaling up of the volume used in the laboratory to the HDU scale following the 

same pattern of raw water treatment (Tramfloc INC, 2005; Feleke et al., 2008; CRC, 

2008). The first regeneration cycle of the pilot column was carried out using the 

following volume and contact time of the regenerants. 
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Table 7.  First cycle regeneration of exhausted AlOOH bed  

 

Regenerants Total volume (mL)  Flow rate (mL/min) 

1% NaOH          12600 52.5 

Distilled H2O 12000 133.33 

0.1 M HCl 12600 105 

 

The amount of fluoride removed from the AlOOH sorbent during the process of 

regeneration was about 2000 mg. This was lower as compared to the total fluoride 

adsorbed to the bed in the 37 days of raw water treatment. 

 

Table 8.  Second cycle regeneration of exhausted AlOOH bed 

 

Regenerants Total volume (mL) Flow rate 

(mL/min) 

1% NaOH        12600 30 

H2O 12000 133.33 

0.1 M HCl 8000 133.333 

 

The second cycle of regeneration was carried out by increasing the contact time of the 

base from four hours to seven hours so as to increase the rate of desorption of fluoride 

from the AlOOH bed .The volume and contact time of the acid was decreased to 8 liters 

and 60 minutes respectively to decrease its attack on the bed. During desorption process, 

about 1800 mg of fluoride was removed. 

 

Fig.11. shows the removal of adsorbed fluoride from AlOOH in a unit time. In both 

cycles of regeneration the rate of removal of fluoride from AlOOH bed was lower up to 

one hour. After one hour, the removal of fluoride increased and reached maximum 

between 2-3 hours and then gradually decreased. This indicates decreasing the flow rate 

and increasing the contact time may remove more fluoride ions. 
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Fig. 11. Desorption of saturated AlOOH bed by 1℅ NaOH in the two cycles of  

              regeneration. 

 

The regenerated bed was rinsed with distilled water and finally the higher pH (about 13) 

was neutralized and reactivated with 0.1 M HCl. As the pH decreased, the rate of 

dissolution of the bed was increased. In the first and second cycles of regeneration the 

AlOOH bed height decreased by 17.54 and 27.66% respectively. In these two 

regeneration cycles the height of the bed decreased by 40.35%, this was another main 

stack encountered in the process of regeneration. 
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Fig.12. Comparisons adsorbent losses during regeneration cycle. 

 

After regeneration the AlOOH adsorbent was rinsed with 6 liters of distilled water until 

the fine particles were removed and the pH of the outlet water rose above 5 to make the 

bed ready for treatment.  

 

 In both cycles of regeneration the rate of desorption was very small. From the total 

fluoride adsorbed by the bed nearly 12.2 ℅ and 9.45 ℅ removed in the 1st and 2nd cycle 

of regeneration, respectively. This was very small as compared to the amount of fluoride 

adsorbed to it. The regeneration efficiency was low as compared to activated alumina. 

Regeneration of the exhausted activated alumina using 1 ℅ NaOH and 1 ℅ H2SO4 could 

remove nearly all the fluoride ions adsorbed to the surface and it could be reused for five 

cycles yielding more or less a comparable volume of treated water as the original 

(Chauhan et al., 2007). 
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The breakthrough time of AlOOH bed was compared before and after regeneration. The 

service time of the bed before regeneration was 185 hours and the service time of the bed 

in the 1st and 2nd cycle regeneration were 30 and 15 hours, respectively. This is shown in 

Figure 15 below     
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         Fig.13. HDU 1 breakthrough time comparisons of regeneration treatment.                                               
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The volume of treated water of the 1st and the 2nd cycle of regeneration was 133.457 and 

66.837 liters, respectively. This indicated the volume of treated water was very small as 

compared to the expense of chemicals spent to regeneration. The volume of treated water 

at breakthrough concentration of 1.5 mg/L before and after regeneration is shown in 

Figure 14 below. 

 

       

     

Fig. 14. Comparisions of treated water volume to the point of breakthrough before and  

              after regeneration 

 

The regeneration process may be improved by increasing the strength of aluminium oxide 

hydroxide sorbent to resist its attack by the acid during neutralization and reactivation of 

the media. This may be done by increasing the time of thermal treatment at 300 0C from 

one hour to two hours or more. Another alternative may be to treat thermally the 
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dehydrated aluminium hydroxide up to a temperature of 400 0C. At this temperature the 

removal efficiency of the material is not significantly lowered than 300 0C (Beneberu et 

al., 2008). 

 

In general regeneration of the exhausted AlOOH adsorbent using 1% NaOH, distilled 

water and 0.1 M HCl was promising but the regeneration capacity is low. Further study is 

required to improve the regeneration process. As an alternative, AlOOH can be used in 

household defluoridation units by replacement of the exhausted media without 

regeneration. The disposal of exhausted AlOOH may be similar to that of activated 

alumina. According to US EPA (2003b) report the exhausted activated alumina 

considered non-toxic and may be disposed of in municipal solid waste landfill. Although 

the toxicity of the exhausted media may need to be verified by testing as other possibly 

toxic contaminants may also be absorbed this can easily be remobilized. Therefore if the 

exhausted media is classified as hazardous it requires proper disposal that will add 

additional costs to the systems. 

 

3.6 Treated Water Quality (HDU 1) 

Some of the physico-chemical properties of the treated water such as turbidity, 

conductivity, TDS and concentration of Al3+ in the treated water were measured. 
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Table 9.  Physico-chemical analysis of treated water. 

 Sample  ID TDS 

(mg/L)       

Conductivity 

   (μs/cm)        

Turbidity  

(NTU) 

Dist. water       11 13 0.438 

Raw water (20 mg/L, F-) 109 228 1.60 

Pipe water 92 106 1.13 

    1(1) 284   320 1.67 

    3(3) 207 233 1.45 

    5(3) 203 227 0.722 

    6(2) 207 255 1.23 

    19(3) 190             233 0.515 

     20(1) 203 250 0.505 

    20(3) 193 236 0.895 

    21(4) 185            228   0.716 

    23(5) 188             232    0.466 

    35(3) 205 241 0.895 

    36(1) 238 281 0.832 

    37(5) 203 250 0.650 

    RI 1(1) 303 350 2.34 

    RI 4(5) 217 254 0.854 

    RI 6(2) 223  267 0.868 

    RII 1(1) 329 369 2.19 

    RII 2(5) 262 301 2.05 

    RII 3(3) 260 305 1.88 

 

 * The treated water sample code, the number before the parenthesis denotes treatment day and in the 

parenthesis is the time of treatment in of the day. RI and RII indicate regeneration 1st cycle and 2nd cycle, 

respectively. 

 

The TDS, conductivity and turbidity of the treated water were higher near the beginning 

but decreased soon. This may be due to release of fine and unstable soluble particle of the 
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media .The turbidity value of the treated water was very low. This indicated AlOOH filter 

was efficient in its filtering activity of the raw water (Table 9). After regeneration 

treatment TDS, conductivity and turbidity of the treated water was increased, this was 

due to loss of strength of the media as consequence of attack by the base and acid. This 

also contributed to an increase in the concentration of aluminium ion (Table 10). This is 

analogous to the regeneration treatment of AA, which increases the pH and dissolves 

some of the media, resulting in elevated concentrations of TDS, aluminium and fluoride 

in the solution produced (US EPA, 2003b). 

 

Table 10. Analysis of aluminium ion in the treated water (HDU 1) 

 

Sample  ID Mean value of [Al3+] in 

the treated water (mg/L) 

Blank  0 

Raw water( 20 mg/L  F- ) 0.068 ±  0.012 

           1(1) 0.235 ± 0.126 

           3(3) 0.169  ± 0.1 

           5(3) 0.205  ± 0.004 

          19(3) ND 

          21(4) 0.073 ± 0.005 

          23(5) 0.058 ±0.017  

         35(3) ND 

         36(1) 0.095 ± 0.051 

        37(1) 0.082  ± 0.015 

         RI1(1) 0.326  ± 0.095 

        RI 4(5) 0.195  ± 0.082 

        RI 6(2) 0.221  ± 0.077 

        RII 1(1) 0.348  ± 0.101 

        RII 2(5) 0.300  ± 0.085 

        RII 3(3) 0.321  ± 0.113 
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             ND = Not Detected 

          MDL = 0.048 

Aluminium concentration in the beginning of the treatment of water was almost above 

0.2 mg/L at pH ≥ 5, average temperature of 20 0C and high turbidity as compared to other 

values of the treated water before regeneration. This may be due to low pH value of the 

treated water. The aluminium transfer from the media depends on the pH value of the 

treated water and the alumina manufacturing process, i.e. media quality and purity (EU, 

2006). Srinivasan et al. (1999) also reported temperature, pH and turbidity of the water 

are important factors in determining Al solubility and consequently residual Al. Al being 

an amphoteric element, is soluble at extremely acidic (pH < 6) and alkaline (pH > 8.5) 

conditions, but is insoluble at near neutral pH values (7.0 to 7.5). 

 

The concentration of aluminium in the treated water was within the permissible guide 

line limit as set by WHO, i.e. 0.2 mg/L, except some days at the beginning of the 

treatment as shown Table 8 above. Many countries and organizations have different 

guide line values of the concentration of aluminium ion in drinking water but these values 

are not based on any assessment of risks to health but they provide a compromise 

between the use of Al salts in water treatment and discoloration due to Al(OH)3 floc of 

distributed water (Srinivasan et al.,1999). Al is suspected as a causative agent of 

neurological disorders such as Alzheimer’s disease and presenile dementia. 

 

 3.7 Cost Estimation of HDU 

The cost of the household defluoridation unit was estimated based on the current market 

price of 2000 E.C. or 2008 G.C. In the initial capital cost estimations the materials used 

to construct the unit, chemicals used to produce AlOOH sorbent, electrical energy and 

labour costs were included.  
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Table 11. Cost estimation of HDU 1 

 

No Description of the items Current approximate 

cost (in Birr) 

1 Ø 110 mm PVC tube with cups 57 

2 ½ inch  Chrome plated valves 80 

3 Ø 15 mm PVC tube 15 

4 ½ inch  PVC joints 80 

5 125 g PVC, 717-21 heavy duty clear cement 23 

6 Ø 103 mm perforated circular PVC plate 20 

7 1.5 kg sodium hydroxide 210 

8 3 kg hydrated aluminium sulfate, Al2(SO4)3.14H2O 17.25 

9 15 kwh electrical heat energy 5 

10 Labour 40 

                                                                                   Total 547.25 

 

0.9 kg of AlOOH was used to treat 0.824 m3 of 20 mg/L influent fluoride water until the 

breakthrough concentration (Cb). At the rate of consumption of 22.25 liters per day, for a 

family of five to seven, exclusively for drinking and cooking purposes, the treatment cost 

is about 664.14 Birr/m3.This was at the time when the household defluoridation unit was 

installed. But later the running cost will be reduced to 281.86 Birr/m3 for replacement of 

the filter medium. The defluoridation cost will be reduced depending on the 

concentration of the raw water. If the raw water has concentration 10 mg/L, the expected 

running cost for three months will be 88.37 Birr/m3; and if the raw water concentration is 

lowered to 5 mg/L, the running cost for about 6.5 months will be 43.37 Birr/m3
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Table 12. Cost estimation of pilot column 2 household defluoridation unit 

   

No Description of the items Current approximate 

cost (in Birr) 

1 Ø 90 mm PVC tube with cups 20 

2 ½ inch  Chrome plated valves 70 

3 Ø 15 mm PVC tube 15 

4 ½ inch  PVC joints 80 

5 125 g PVC, 717-21 heavy duty clear cement 23 

6 Ø 83 mm perforated circular PVC plate 10 

7 10 mm thickness flat PVC plate 10 

8 1 kg sodium hydroxide 140 

9 2 kg hydrated aluminium sulfate, Al2(SO4)3.14H2O 11.50 

10 10 kwh electrical heat energy 4 

11 Labour 40 

                                                                                Total 423.5 

  

The estimated cost of the whole HDU 2 is 423.5 Birr; the defluoridation cost is 735.24 

Birr/m3 at the time of installation of the unit. The running cost of the unit will be 269.97 

Birr/m3 with low maintenance cost.  If the fluoride concentration is reduced to 10 mg/L 

and 5 mg/L, the predicted running cost will be 125.5 and 61.34 Birr/m3, respectively. 

 

 The whole costs of the HDU 1 and HDU 2 were about 55.39 and 42.86 USD 

respectively. The cost of these defluoridation units are higher as compared to a domestic 

activated alumina filter which costs around 30-35 USD(Daw,2004).The higher cost of 

these household defluoridation units developed were due to the cost of sodium hydroxide 

imported from overseas. The cost of HDUs can be reduced by using cheap lighter PVC 

tubes, locally made NaOH to produce AlOOH adsorbent and make the cost lower than 

AA domestic defluoridation unit.  
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 The cost of 30 L of 43-45.5 % NaOH made in Ziway, Ethiopia is 207 Birr. Using the 

locally produced chemical, the cost of HDUs and the defluoridation cost were assumed. 

If 6 L of NaOH is used for HDU 1, the cost of the unit will be 378.65 Birr. The 

defluoridation cost of 20 mg/L at the time of installation will be 459.5 Birr/m3 and 

running cost 77.25 Birr/m3. If the fluoride concentration is reduced to 10 mg/L and 5 

mg/L, the running costs assumed to decrease to 29.78 and 14.62 Birr/m3, respectively. 

 

In Kenya CDN (Catholic Diocese of Nakuru) developed household defluoridation units 

using bone char. In the bucket defluoridation system about 8.4 kg of BC was placed in 

the 20 L bucket fitted with a tap. In total 10 L of raw water was placed in the bucket. The 

cost of the whole defluoridation unit was about 23 USD and the running cost was 1.8 

USD to treat 1000L of 6 mg/L fluoride contaminated water to breakthrough concentration 

1.5 mg/L (CDN, 2007).This cost may be lower as compared to the whole cost of the 

defluoridation unit and running cost of AlOOH, but it is not universally accepted, impart 

bad taste and odor to water (Poor quality BC) and requires continuous monitoring 

(Feenstra et al., 2007). 

 

According to Fawell et al. (2006) based on Nalgonda technique, the cost of a bucket 

defluoridation unit fitted with tap in the United Republic of Tanzania was about 5.021 

USD at 1995 prices. The treatment cost was 0.278 USD at the time of installation and the 

running cost was about 0.001USD per liter, but the cost varies depending on the quality 

of raw water. These costs are lower as compared to the whole treatment cost and running 

cost of the two units developed based on AlOOH adsorbent. But Nalgonda technique 

requires continual correct chemical dosing and close monitoring, increases TDS of the 

treated water, produces large quantity of sludge and  increased Al3+ concentration from 

deviation of pH 7 (CRC, 2008, Fawell et al., 2006) . 

 

The running costs of defluoridation of raw water with low fluoride concentration in both 

household units developed may be affordable by the rural community, if the locally 

produced NaOH is used to make AlOOH adsorbent. Although the running cost of  

developed household defluoridation units are higher in comparision to Nalgonda and BC 
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systems, its higher adsorption capacity and better quality of treated water can make it  to 

be used as an alternative household  defluoridation method in endemic fluorosis regions 

of the Rift Valley of Ethiopia.. 

 

In general the increased cost of the household units developed was due to the sky up of 

materials and chemicals price in the world market in 2008. To overcome the problem of 

increased cost of HDU: 

• The government and NGOs should work together to aid financially for the 

development of the house hold unit  

• Promote the locally available aluminium sulfate industry to produce AlOOH 

at a reasonable price  

• To launch projects to produce AlOOH locally with some incentives and to be 

competitive with them selves to reduce the price in the market.  
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4. CONCLUSIONS 
The household defluoridation units (HDU) were developed based on locally available 

materials .The developed unit is simple to operate with good performance. 

 

The specific safe water yield of HDU 1 was 823.79 liters with 0.9 kg of aluminium oxide 

hydroxide. The breakthrough time of the bed was 1.23 months. The unit treated 22.25 L 

per day of an influent fluoride concentration of 20 mg/L, for a family of 5-7 persons 

exclusively for cooking and drinking purposes. The SSY of HDU 2 was 576.1 liters with 

0.588 kg of AlOOH. The bed reached breakthrough at 1.2 months treating 16 L per day 

of the same concentration of fluoride as unit 1 for a family of four persons for cooking 

and drinking purposes. 

 

Regeneration of the exhausted AlOOH sorbent of HDU 1 was carried out using 1% 

NaOH, distilled water and 0.1 M HCl. In the 1st and 2nd cycles of regeneration about 

12.2% and 9.45%, respectively of the total fluoride adsorbed was removed. During the 

process of regeneration using 0.1 M HCl, as the pH is reduced the rate of dissolution of 

the AlOOH granule increases. The volume of treated water after regeneration of the 

media in the 1st cycle was reduced significantly. Further study is required to improve the 

regeneration performance. Until proper reuse mechanism is developed, replacement of 

the exhausted media is recommended.  

 

The conductivity, TDS, turbidity and concentration of aluminium ions increased in the 

beginning of the treatment and after regeneration (Table 9 and Table 10). This may be 

due to an increase of fine and soluble AlOOH bed in the treated water. In general the 

concentration of Al3+ was less than 0.2 mg/L except in the beginning of the treatment and 

after regeneration. This concentration may not have a detrimental effect to the health of 

the users. 

 

The costs of the household defluoridation units were estimated on the current price of 

2008. The total cost of HDU 1 and 2 were 547.25 and 423.5 Birr, respectively. These 

costs were at the time when the new household defluoridation units were installed. After 
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installation the treatment cost of HDU 1 would be about 281.86 Birr/m3 and HDU 2, 

269.97 Birr/m3 (Table 9 and Table 10). These running costs of HDU 1 and HDU 2 can be 

reduced by 75.59 and 72.28 %, respectively using locally produced NaOH. Therefore the 

developed HDU will be one best alternative defluoridation method in endemic fluorosis 

regions of Ethiopia. 
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5. RECOMMENDATIONS 

 
 Further research should be done to improve the regeneration capacity of 

AlOOH adsorbent to be used in multiple defluoridation cycles. 
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7. APPENDIX 

Calibration 

Aluminium ion concentration after treatment of fluoride ion using AlOOH filter of the 

HDU 1  

Name of the instrument: AAS Vario 6 Analytik Jena, using win AAS 3.8 soft ware 

Atomizer flame 
Flame: C2H2/N2O ; Slit width: 1.2 nm ; HCL current: 6 mA ; Energy: 75.2  

No of standards: 4 

 

 Sample ID Conc. 

(mg/L) 

Mean 

absorbance 

Cal Zero 0 0.000309 

Standard 1 0.1 0.001425 

Standard 2 0.4 0.002567 

Standard 3 0.8 0.004235 

Standard 4 1 0.005454 

 

 

 

 

 

 

 

 
Instrument Detection Limit (IDL) for the element Al is 0.0250 mg/L 
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