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Abstract: 

Dental and skeletal endemic fluorosis continue to be a public health problem in several 

parts of the world including Ethiopia (especially in the Rift Valley Region), where 

drinking water contains fluoride much higher than the WHO permissible limit (1.5 

mg/L). Development of appropriate defluoridation technologies is important in 

developing countries like Ethiopia to mitigate the irreversible health impacts of fluoride 

in drinking water. 

 

In this study, manganese oxide modified aluminium oxide hydroxide (MOAOH) was 

prepared from manganese (II) chloride and aluminium oxide hydroxide and its fluoride 

removal capability has been investigated. The parameters considered were effect of 

percentage of manganese oxide, adsorbent dose, contact time, initial concentration of 

fluoride, and initial pH of the water. Removal efficiency of the adsorbent varied 

significantly with percentage of manganese oxide with an optimum value of about 11% 

of manganese oxide in the adsorbent. The removal efficiency increased with increasing 

adsorbent dosage. It was found that the optimum dose is 4 g/L which corresponds to the 

equilibrium adsorption capacity of 4.8 mg F
-
/g. Adsorption capacity showed an 

increasing trend with an increase in initial fluoride concentration in the water.  

 

The removal of fluoride by MOAOH also varied with the initial pH of the water. The pH 

for optimum fluoride removal was found to be in the range between 5 and 7. At 

optimized conditions removal efficiency exceeding 96% was achieved under the 

experimental conditions used in this study. The adsorption data was analyzed using the 

Ferundlich, Langmuir, and D-R models. The results showed that the experimental data 

can be well described these models. The minimum adsorption capacity obtained using the 

Ferundlich isotherm model is 4.48 mg F
-
/g and the maximum capacity from the Langmuir 

isotherm model is 18.62 mg F
-
/g. The mean free energy estimated from the D-R model is 

9.71 kJ/mole, suggesting that the adsorption process is primarily chemisorption. The 

kinetic analysis showed that the adsorption is well described by a pseudo-second order 

reaction model with an average rate constant of 3.4689 x 10
-2

 g min
-1

 mg
-1

. The adsorbed 

fluoride could be easily desorbed by treating with 1.0% NaOH solution. It is concluded 
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that, MOAOH is highly promising adsorbent for removal of excess fluoride from 

drinking water. 
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1. INTRODUCTION 

1.1. Background  

 

Water is an essential natural resource for sustaining life and natural environment that we 

have always thought to be available in abundance and free gift of nature. Humans need 

healthy drinking water and chemical composition of water determines its suitability for 

domestic, industrial or agricultural purpose.  

 

A number of chemical elements are essential for a healthy existence of human and a 

certain daily minimum supply of these elements is needed to sustain life. Deficiency 

related health problems occur if this need is not met. Some other elements are highly 

toxic and/or carcinogenic, and high concentration of these elements may lead to acute 

poisoning. On the other hand continued exposure over a period of time to modest 

concentrations may lead to severe health problems causing chronic toxicity (Reimann and 

Banks, 2004).  

 

Many elements can be both, beneficial in low concentrations or toxic in high 

concentrations over exposure for a period of time. Fluorine, in the form of fluoride is one 

of them (Harrison, 2005). Major sources of human exposure to fluoride are drinking 

water and dietary sources (Jacks et al., 2005, Medical Research Council, 2002). Drinking 

water can be drawn from streams, lakes and rivers or can be directly collected from rain. 

In areas where surface water which is suitable for human consumption is not available, 

ground water, which can be seen as less vulnerable to pollution by human wastes and 

anthropogenic activities considered to use. This water may not be suitable for human 

consumption, because it may contain some chemical species which can cause serious 

health impact.  

 

The presence of excess fluoride in drinking water with in the permissible limit of 0.5 

mg/L - 1.0 mg/L is beneficial for the production and maintenance of bones and teeth, 

while excessive intake of fluoride (above 1.5 mg/L) causes dental or skeletal fluorosis 
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which is a chronic disease manifested by mottling of teeth in mild cases and softening of 

bones in severe cases. Excess fluoride in drinking water is a world wide problem 

including Ethiopia where fluoride concentration exceeds the guideline value. The Rift 

Valley Region of Ethiopia is a region which is heavily affected with the problem. 

 

There are a range of techniques to remove fluoride from drinking water that have been 

tested in the laboratories and used for household and small community water source 

defluoridation. In developed countries, the fluoride level can be controlled with 

expensive and sophisticated technologies such as reverse osmosis and electrodialysis 

(WHO, 2006). Adsorption with activated alumina, Nalgonda, contact precipitation and 

bone charcoal are widely used in developing countries (WHO, 2006). Among the 

methods, it is widely recognized that adsorption is economical (Viswanathan et al., 2009) 

and ideal and appropriate technique for small community water source defluoridation 

(Worku et al., 2007). Besides the high cost of activated alumina, relatively low 

adsorption capacity and its poor sorption kinetics, limits the use of activated alumina for 

treating large quantity of water (Maliyekkal et al., 2006). It is also reported that the 

fluoride removal capacity of activated alumina vary considerably (Li et al., 2001).  

 

Defluoridation potential of sorbents which were developed, activated alumina as a base 

material and coated with manganese oxide were evaluated and the result showed that the 

adsorbents have shown to have a much more defluoridation potential than the base 

material (Maliyekkal et al., 2006; Tripathy and Raichur, 2008) but their capacity is still 

low. Sorbents based on aluminium hydroxide (hydrated alumina) were developed and 

their defluoridation potential was assessed in a batch and column mode operations. The 

adsorbents were aluminium hydroxide which was treated with heat at 50
o
C for 12 h and 

aluminium oxide hydroxide (aluminium hydroxide which was treated with heat at 300
o
C 

for 1 h) (Beneberu et al., 2006; Feleke et al., 2008; Yoseph, 2007). The result has shown 

that the materials showed excellent adsorption capacity but the material hardness may not 

be good enough for application in continuous packed bed column. Thus, there is a need to 

find a more suitable adsorbent, and this can be achieved by modifying aluminium oxide 

hydroxide. 
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1.2. The origin and distribution of fluoride in ground water  

 

Fluorine, one of the most reactive and most electronegative of the chemical elements has 

a strong tendency to acquire a negative charge and never expected to exist in the free 

state. It exists in the form of fluorides. Fluorine composes about 0.06 – 0.09 % of the 

earth’s crust. Fluoride is naturally found in volcanic rocks. Fluorite (fluorspar, CaF2) is 

the most important fluoride bearing chemical and it is also an essential constituent of 

minerals like topaz, fluorapatite, cryolite, and rock phosphates (Murray, 1986). Thus, 

fluoride exists adequately in the earth’s crust and can enter ground water by natural 

processes and human activity (Raichur and Jyoti, 2001).  

 

Fluoride is found in all natural waters at some concentrations. Sea water typically 

contains about 0.1 mg/L.  Rivers and lakes generally, exhibit concentrations of less than 

0.5 mg/L (British Geological Survey, 2003). In ground waters, however, low or high 

concentration of fluoride can occur, depending on the nature of the rocks and occurrence 

of fluoride-bearing minerals (Hem, 1989). Fluoride concentrations in water are limited by 

fluorite solubility and high fluoride concentrations may therefore be expected in ground 

waters from calcium poor aquifers and in areas where fluoride-bearing minerals are 

common (Gaciri and Davies, 1993; Hem, 1989). Fluoride concentrations may also 

increase in ground waters in which cation exchange of sodium for calcium occurs 

(Edmunds and Smedley, 1996).  

 

1.3. Human health impacts  

1.3.1. Dental Caries  

The most important benefit of fluoride to human health is that it may help prevent dental 

caries. There are three ways by which fluoride modifies the process of tooth decay 

(British Fluoridation Society, 2004):  

• Improvement of the chemical structure of enamel during development thus 

making it more resistant to acid attack.  

• Encouragement of remineralization with an improved quality of enamel crystals.  
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• Reduction of the ability of plaque bacteria to produce acid.  

1.3.2. Dental and skeletal fluorosis  

Fluoride has high tendency to be attracted by positively charged ions like calcium ion. 

Hence the effect of fluoride on mineralized tissues like bone and teeth leading to 

developmental alternations is of proven significance as they have highest amount of 

calcium and thus attract the maximum amount of fluoride that gets deposited as calcium-

fluorapatite crystals (Meenakshi and Maheshwari, 2006). Chronic exposure to fluoride 

can cause various adverse effects.   

 

Dental fluorosis is a form of developmental defect of tooth enamel. In mild form, dental 

fluorosis is characterized by white, opaque areas on the tooth surface and in severe form; 

it is manifested as a yellowish brown to black stains and severe pitting of the teeth. This 

discoloration may depend on the amount of fluoride exposure up to the age of 8-10, as 

fluoride stains only the developing teeth while they are being formed in the jaw bones 

and are still under the gums and the effect of dental fluorosis may not be apparent if the 

teeth are already fully grown prior to the fluoride over exposure (Meenakshi and 

Maheshwari, 2006; Choubisa et al., 1996). 

 

Skeletal fluorosis, resulting in, for example chronic joint pain after long-term exposure 

and is therefore mainly affects adults (Heikens et al., 2005). Excess fluoride consumption 

leads to fluorosis which, in severe form causes crippling, with out any effective therapy 

once it sets in (Tekle-Haimanot et al., 2006). Skeletal fluorosis does not easily manifest 

until the disease attains an advanced stage. Fluoride mainly gets deposited in the joints of 

neck, knee, pelvic and shoulder bones and makes it difficult to move or walk (Meenakshi 

and Maheshwari, 2006). 

 

Chronic ingestion of fluoride concentrations greater than 1.5 mg/L (WHO guideline 

value) is linked with development of dental fluorosis and on the extreme case, skeletal 

fluorosis. Health impacts from long-term use of fluoride bearing water are summarized in 

Table 1 below (Dissanayake, 1991): 
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Table 1: Health effects related to long-term use of fluoride in water  

 

 

         

 

 

 

 
 

As a basis for decreasing of fluoride from drinking water, there is a need to establish 

water quality standards and guidelines. Standards in a way imply that the community or 

government is willing to bear certain costs or enforce these costs on others to maintain a 

given level of quality. Standards are not always consistent and sometimes they are not 

properly used. However, standards can provide administrative framework for utilizing the 

information and are definite rules adopted by authorities and therefore it has a legal force. 

In some instances only requirements are set. Requirements may only be guidelines that 

represent the aims towards which to strive to achieve ideal conditions. The difference 

between desirable doses and toxic doses of fluoride is not well defined. Low levels of 

fluoride, less than 0.5 mg/L were associated with high levels of dental decay (Edmunds 

and Smedley, 1996). Concentrations in drinking-water of about 1 mg/L are associated 

with a lower incidence of dental caries, particularly in children. 

 

Optimum fluoride concentration in drinking water therefore, may be defined as one that 

arrests the prevalence of dental carries without causing a significant amount of fluorosis. 

WHO (1984) noted that mottling of teeth (dental fluorosis) is associated with fluoride 

levels in drinking-water above 1.5 mg/L and crippling skeletal fluorosis can develop 

when fluoride levels exceed 10 mg/L. A guideline value of 1.5 mg/L was therefore 

recommended by WHO as a level at which dental fluorosis is minimal (WHO, 1996). The 

1.5 mg/L guideline value of WHO needs to be adapted to take account of local 

conditions.  It is particularly important to consider climatic conditions, volume of water 

intake and other factors, when setting national standards/guidelines for fluoride in 

Concentration of F
-
 (mg/L) Health effect 

< 0.5 Dental caries 

0.5 - 1.5 Promotes dental health 

1.5 - 4.0 Dental fluorosis 

> 4.0 Dental, Skeletal fluorosis 

> 10.0 Crippling 
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drinking water (WHO, 1996; WHO, 2006). The drinking water standard/guideline for 

fluoride adopted by some authorities or countries is given below. 

 

Table 2: Standards/guidelines for fluoride in drinking water 

Country/Organization Max. con. F
-      

(mg/L) 

References 

Tanzania/guideline   8 Mjengera and Mkongo, 2002 

Ethiopia/guideline 1.5 Ethiopian Quality and Standard Authority, 2001  

Ethiopia /guideline  3 Ministry of Water Resources (MoWR), 2002  

India/guideline 1.5 Jacks et al., 2005 

U.S./standard 1.5 U.S. Public Health Service, 1962 

WHO/guideline 1.5 WHO, 1996 

 

1.4. Fluoride and fluorosis in Ethiopia 

 

It is a well known fact that the Rift Valley Region of Ethiopia is part of the country which 

is heavily affected by the fluoride problem (Belachew, 1990) and endemic fluorosis has 

increasingly become a serious public health problem. High rates of dental and skeletal 

fluorosis were observed in log standing government commercial farms of Metahara and 

Wonji Sugar Estates (Tekle-Haimanot et al., 1987). High fluoride concentration in the 

area is attributed to high volcanic activities, high water-rock interaction, particularly 

interaction of water with volcanic sedimentary rocks and low calcium concentration in 

the area restricts the precipitation of F
-
 as CaF2. 

 

Recent survey on the chemical and bacteriological drinking water quality and associated 

defects on public health at Wonji Town indicated that, out of 128 Wonji high school 

students selected for the study, 92 of them (71.88%) were affected by dental fluorosis 

(Mulat, 2006). In another  study, of the total 1438 water samples tested  from several 

parts of the country, 24.2% of all the samples had fluoride concentrations above 1.5 mg/L 

recommended optimum concentration by WHO (Tekle-Haimanot et al., 2006). 
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Regionally by far the highest fluoride levels were recorded in the Rift Valley, where 

41.2% of all samples exceeded the 1.5 mg/L level.  

 

Reimann et al., (2003) collected a total of 138 drinking water samples through out the 

Rift Valley part of the country and separated into water drawn from deep wells (deeper 

than 60 m), shallow wells (up to 60 m), hot springs, springs and rivers and  analyzed for 

70 parameters and compared with the WHO guideline. They concluded that the most 

problematic element was fluoride for which about 33% of all the samples were having 

fluoride concentration above 1.5 mg/L and reached up to 11.6 mg/L that the incidence of 

dental and skeletal fluorosis was well documented in the Rift valley region of the country 

(Tekle-Haimanot et al., 1987; Tekle-Haimanot, 1990; Tekle-Haimanot and Siewersd, 

2003; Kloos and Tekle-Haimanot, 1999).  

 

Although it is one of the serious health issues that have to be considered, Ethiopia does 

not yet have a structured preventive program on fluorosis (Tekle-Haimanot et al., 2006). 

Actions have already been taken to provide safe drinking water (related to fluoride) for 

populations which have been suffering for years from fluorosis at the two sugar estates   

but the problem in this region of Ethiopia seems far from being solved. Large numbers of 

rural communities have no alternative rather than using groundwater containing fluoride 

above the WHO recommended level of 1.5 mg/L as groundwater is the main source of 

drinking water for population in the Rift Valley Regions of Ethiopia (MoWR, 2002).  

 

1.5. Fluorosis mitigation options 

1.5.1. Provision of alternative water sources  

In areas where alternative sources are available possible control options to protect 

fluorosis may include provision of alternative source of water, blending with low fluoride 

containing water and provision of bottled water, at least for young persons (Beneberu et 

al. 2006).  Although there is a limited storage capacity and uneven distribution, rain 

water harvesting for household consumption can be taken as another means to mitigate 

the problem (WHO, 2006). 
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1.5.2. Removal of excessive fluoride  

In cases where alterative sources with low fluoride containing water are not available and 

provision of bottled water is not economical as in the case of the Rift Valley Regions of 

Ethiopia, treatment of contaminated water - defluoridation of water is the only measure 

remaining to prevent fluorosis. Although different defluoridation methods were proposed 

by different studies, there is no universal method which is appropriate under all social, 

economic, environmental and technical conditions. It is therefore most important to select 

an appropriate defluoridation method carefully if a sustainable solution to the problem is 

to be achieved (WHO, 2006). The major types of the methods are discussed briefly 

below.  

 

1.5.2.1. Membrane separation  

 

Membranes reject different ions corresponding to rejection propensity. In reverse osmosis 

membranes reject fluoride from feed water by applying pressure to direct it through a 

semi-permeable membrane thus can provide water that meets the existing WHO standard 

(Alexei et al., 2000). Cost, rejection and raw water characteristics are among factors 

influencing selection of membranes. The process is a non-selective and demineralisation 

process leads to removal of all the ions present in the water though some minerals are 

essential for proper growth and functioning of a body.  

 

In electrodialysis, electric field is applied to move the ions in water through anion 

selective and cation selective membranes. The membranes can block all the anions 

including fluoride to pass through them. Membrane separation processes produce 

concentrated brine which costs a lot to dispose it safely. The process requires pre-

treatment to protect membranes from clogging. It is an energy intensive process and 

expensive to operate, that accounts for short comings to use this method (Meenakshi and 

Maheshawari, 2006).  
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1.5.2.2. Ion-exchange treatments 

 

The products most widely used are tricalcic phosphates (example - bone ash, synthetic 

apatite) and synthetic resins. Ion exchange on tricalcic phosphate takes place between 

hydroxyl and a carbonate ion from apatite and a fluoride ion, thus forming insoluble 

fluoroapatite which can be easily decanted. The use of tricalcic phosphates is limited by 

the relatively low adsorption capacity and their friability. Synthetic anion-exchange 

resins are not usually considered for fluoride removal because of their low capacity and 

relatively high cost.  Usually ion-exchange process with synthetic resins can be effective 

only if the fluoride concentration is less than 10 mg/L (Singh et al., 1999). Sorption 

capacity is usually low as sorption of fluoride is accompanied by desorption of other 

anions (Singh et al., 1999). 

 

1.5.2.3. Precipitation methods  

 

Precipitation methods are based on addition of chemicals to water contaminated with 

fluoride either to precipitate fluoride compounds or remove fluoride from water through 

adsorption of fluoride ion onto the formed precipitate. 

 

Methods based on F
-
 Precipitation  

Removal of excess fluoride from water using this method is mainly governed by 

solubility of the salt (Parthasarathy et al., 1986). The most common method is the 

precipitation of calcium fluoride where, lime is used to precipitate fluoride as calcium 

fluoride (CaF2). The fundamental problem that exists using lime arises from the low 

solubility of calcium hydroxide. It therefore requires excess of reagent for the removal of 

fluoride. The relatively high solubility of calcium fluoride does not allow a complete 

removal of fluoride ion. 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. Calcium chloride (CaCl2) and sodium 

dihydrogen phosphate or mono sodium phosphate can also be used as a defluoridating 

agent. The following equations illustrate the removal processes (Hubaux, 2006). 
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Dissolution of CaCl2: 

                                  CaCl2.2H2O (s)     Ca
2+

 + 2C1
-
 + 2H2O                                (1)  

Dissolution of monosodium phosphate: 

                                 NaH2PO4.H2O (s)            PO4
3-

 + Na
+ 

+ 2H
+
 + H2O                        (2) 

Precipitation of calcium fluoride: 

                                          Ca
2+ 

+ 2F
- 
                CaF2 (s)                                                   (3) 

Precipitation of fluorapatite:  

                       10Ca
2+ 

+ 6PO4
3- 

+ 2F
-
                 Ca10

 
(PO4)6F2                                                               (4)      

 

Precipitation of calcium fluoride and/or fluorapatite is theoretically feasible, but 

practically is too slow reaction kinetics. The precipitation is greatly enhanced by the use 

of bone char. The bone char acts as a catalyst and the fluoride precipitate to a significant 

amount in a short period of time (Hubaux, 2006; WHO, 2006).  

 

Methods based on F
-
 Co-precipitation  

The Nalgonda process which was first adapted and developed in India by the National 

Environmental Engineering Research Institute can be used at both the house hold and 

community level and is a widely used and accepted technique especially in developing 

countries. In such a technique aluminium sulfate (A12(SO4)3.18H2O) is added with lime 

to fluoride contaminated water to form flocs. The flocs, aluminium hydroxide (Al(OH)3) 

in turn remove fluoride by co-precipitation. As the aluminium sulfate solution is acidic, 

simultaneous addition of lime is often needed to ensure neutral pH in the treated water 

and complete precipitation of aluminium. Filtration as a final stage is required in order to 

ensure that no sludge particles escape with the treated water (Tripathy and Raichur, 2008; 

WHO, 2006). 

 

The process removes a portion of fluoride as soluble aluminium fluoride complex ion, 

which it self is toxic, the residual sulfate ion and aluminium ion which may exceed the 

common threshold limit of 400 mg/L and 0.2 mg/L, respectively in some cases can have 

a dangerous effects on human health (Nayak, 2002). Thus, the process requires regular 

attendant for addition of chemicals and looking after treatment process. The production 
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of large amount of sludge is also among the limitations to this technique, although it is 

claimed as the most effective technique for fluoride removal from water (WHO, 2006). 

 

1.5.2.4. Adsorption methods  

 

Removal of excess fluoride from water by adsorption involves, physical, chemical or ion 

exchange interactions with the adsorbent in which fluoride is adsorbed on to a fixed bed 

packed with resin or other mineral particles (Fan et al., 2003).  Several adsorbent 

materials have been tried in the past to find out an efficient and economical 

defluoridating agent. Still efforts are continuing to find a suitable adsorbent and 

technique that is appropriate to the local situation. At present, there are many adsorbents 

that have been tested for fluoride removal from drinking water (Masamba et al., 2005; 

Mohapatra et al., 2004; Gopal and Elango, 2006). Brief review about some adsorbents is 

given below. 

 

Activated alumina 

Activated alumina is composed of aluminium oxide (Al2O3) adsorbent with a very high 

internal surface area, which provides a large number of sites for adsorption to occur. It is 

usually prepared by dehydration of Al(OH)3 (Tsukada et al., 1999). Activated alumina is 

commonly used but its efficiency is reported to vary widely (Schoeman and Botha, 

1985). Fluoride removal efficiency of activated alumina is affected by hardness and 

surface loading (the ratio of total fluoride concentration to activated alumina dosage). 

The process of adsorption of fluoride on activated alumina is pH specific (works best 

between pH 5 and 6). Its poor sorption kinetics (Maliyekkal et al., 2006) and low 

adsorption capacity (Meenakshi and Maheshawari, 2006) limits the use of this adsorbent 

for treating large amount of water and the process requires pH adjustment before 

treatment that are the major limitations of this technique. Silicate and hydroxide ions 

become strong competitors of fluoride ions for sites at pH > 7 and, high cost for 

commercially available activated alumina are among its other limitations (Bishop and 

Sansoucy, 1978). 
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Bone Charcoal  

Bone charcoal can be produced by charring animal bones at approximately 550 
o
C for 4 

hours in a low oxygen atmosphere. After charring, the bones are washed and 

subsequently used as a filter media to remove fluoride (Mjengera and Mkongo, 2002). 

The fluoride uptake by bone char is due to its chemical composition, mainly as 

hydroxyapatite (Ca10(PO4)6(OH)2) where one or both of the hydroxyl groups can be 

replaced with fluoride (Nayak, 2002). Unless carried out properly, the bone charring 

process may result in a product of low defluoridation capacity and/or deterioration in 

treated water quality. One of the constraints of defluoridation by bone charcoal is related 

to religious beliefs (WHO, 2006). 

 

Clay 

Both clay powder and fired clay are capable of sorption of fluoride from water (Moges et 

al. 1996; Pranab, 2004). Moges et al. (1996) found that fired clay can remove up to 0.2 

mg F
-
/g of the adsorbent. Similarly, Pranab (2004) in his investigation found that 0.1032 

mg F
-
/g of the adsorbent was removed when 50 g of the fired clay is used in 1 L water 

containing initial fluoride concentration of 10 mg/L.  In addition, Agarwal et al. (2003) in 

their investigation found that soils which have high percentage of clays have a significant 

potential to remove fluoride from water. They also observed that adding a calculated 

quantity of fluoride free salts of A12O3, FeCl2, and CaCO3 in the clay-rich soil during 

fabrication of the vessels greatly enhance the fluoride removal capacity of conventionally 

used clay vessels or pots, where they may be used in rural areas. From practical point of 

view the main disadvantage of this process are low adsorption capacity and the contact 

time required to reach completion of the process is very high (Moges et al. 1996). 

 

Aluminium hydroxide 

Beneberu et al. (2006) investigated the fluoride removal efficiency and capacity of 

hydrated alumina and thermally treated hydrated alumina, which is produced by 

hydrolysis of aluminium sulfate from aqueous solutions in a batch and continuous 

operations. The effect of contact time, adsorbent dose, thermal treatment of the adsorbent, 

initial fluoride concentration and pH were studied in a batch mode. The result showed 
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that greater than 90 % the fluoride was removed with in 1 h at an optimum adsorbent 

dose of 1.6 g/L for initial fluoride concentration of 20 mg/L. Fluoride adsorption 

efficiencies increase with increase in the thermal treatment temperature up to 200
o
C, but 

further increase in temperature resulted in decreased removal efficiency. For application 

in continuous packed bed column, treatment at 300
o
C was taken as an optimum value.   

 

In addition, the work of Beneberu et al., (2006) batch test experiments has shown that the 

minimum adsorption capacity of aluminium oxide hydroxide is 23.70 mg F
-
/g, which is 

several times higher than adsorption capacity of adsorbents studied and reported in 

literatures so far, and the adsorption rate is high and thus fluoride adsorption reaches 

equilibrium in a relatively short period of time (1 h). Although these characteristics of 

aluminium oxide hydroxide make it significantly important and different than other 

adsorbents whose capacity and adsorption rates reported in literatures, it has its own 

limitations. 

 

In 2006, Eyobel studied the removal of fluoride from aqueous solutions in continuous 

process at different operating conditions (bed depth, flow rate and influent concentration) 

using granular aluminium oxide hydroxide thermally treated at 300
o
C for 1 h. The result 

showed that the performance of fluoride removal is a function of bed depth, flow rate and 

influent fluoride concentration.  In the same study, investigation on the effects of 

common anions in ground water on the adsorption of fluoride showed that Cl
-
 and SO4

2-
 

have very little effect but HCO3
- 

and PO4
3-

 had significant effect on fluoride removal 

efficiency. 

  

Yoseph, (2007) developed and tested a domestic defluoridator in a pilot column unit 

based on aluminium oxide hydroxide (treated at 300
o
C for 1 h). Characterization of the 

adsorbent showed that the adsorbent is comprised AlOOH as a major component and 

traces of FeO(OH), Fe(OH)2 and Al2O3. The same study indicated that the pilot 

household defluoridator has a capacity of treating about 20 L of water daily, containing 

20 mg/L of fluoride, for a period of one and half a month before the breakthrough 

concentration of 1.5 mg/L. This quantity of water could be used by a family of five, each 
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consuming four liters per day for cooking and drinking purposes and the amount of 

AlOOH granules needed for such a purpose is 0.785 kg.  

 

Up on heating, aluminium hydroxide will be transformed through a series of metastable 

transition phases and finally forms thermodynamically stableα -Al2O3 (corundum). 

Furthermore, the material becomes strong on heating (Tsukada et al. 1999). Similar 

observation was found from Beneberu et al., (2006) investigation. They reported that the 

material strength increases with increase in treatment temperature but fluoride removal 

efficiency decreases as the treatment temperature increases beyond 200
 o

C for aluminium 

oxide hydroxide.  

 

Yoseph, (2007) when investigates effect of presence of some cations on fluoride 

adsorption of aluminium oxide hydroxide at ambient pH in a pilot column, aluminium ion 

which was kept at an initial concentration of 0.0339 mg/L in the water that is going to be 

treated at the beginning of the experiment, was found to have a concentration of 0.4914 

mg/L near the breakthrough concentration. He reasoned that it was probably due to 

dissolution of the AlOOH that released and resulted in an increased in concentration of 

aluminium ion in the treated water. As this material is treated at a lower temperature it is 

relatively soft and can easily be crushed when used in large columns due to excess 

pressure especially in the lower part of the column. Friability of this adsorbent results in 

small particles, which can easily pack together to disturb and limit normal flow of water 

that is being treated. In addition tiny particles of the adsorbent have a chance to easily 

pass through the final filter medium and come out with the treated water. This will 

decrease the quality of treated water and may impose serious health impact. Thus, 

modification of aluminium oxide hydroxide to prepare an adsorbent which is strong 

enough to withstand pressure when used in a packed bed column with reasonable 

adsorption capacity is vital. 

 

In recent years, studies have shown that oxides of manganese have a good ability to 

remove anions from aquatic environments. For example, manganese dioxide is observed 
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to be effective and has a good adsorption capacity towards anions (Hering and Chiu, 

2000) that it can be used in water treatments. 

 

In 2006, Maliyekkal et al. prepared and studied the defluoridation potential of manganese 

oxide coated activated alumina where almost all the mineral phase of the coating on 

activated alumina is manganese dioxide. The study showed that the loading capacity of 

the defluoridating media is found to be around 2.65 times than the base material activated 

alumina, which was used for the preparation of the defluoridating media. From the results 

of the batch and column experiments the conclusion taken is that it could be a promising 

sorbet for defluoridation of water. 

 

In another study, defluoridation media which is prepared by coating manganese dioxide 

by chemical treatment of the base material activated alumina, with potassium 

permanganate to coat it, has shown to be a good adsorbent for enhanced defluoridation of 

excess fluoride containing water as compared to activated alumina used in the preparation 

of the adsorbent (Tripathy and Raichur, 2008). In the study, it is observed that the 

adsorbent was able to decrease the concentration of fluoride up to 0.2 mg/L when water 

containing 10 mg/L fluoride is treated with 8 g/L dose of the adsorbent when the initial 

pH of the solution is 7. 

 

According to the evaluation of the Ad Hoc Working Group (2007) on the assessment of 

natural mineral water treatments, synthetic materials which can be produced by coating a 

film of manganese dioxide on the surface of sand grains or iron oxyhydroxides on sands 

by chemical means, besides it’s selective adsorption behavior of arsenic by a physico-

chemical adsorption action, it can adsorb anions like fluoride and arsenates from water.  

In addition, the group reported that the media also allows co-removal of other undesirable 

cations which may be found in water such as nickel, cadmium, mercury, lead, 

manganese, iron barium ions , etc.. Therefore, it is worthwhile to consider materials 

containing manganese oxide on their surface in search of an appropriate technique for 

removal of excess fluoride from drinking water. 
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In this study, a sorbent named manganese oxide modified aluminium oxide hydroxide 

(MOAOH) was prepared and its defluoridation potential was assessed. For this, batch 

mode sorption experiments were conducted. 

 

1.6. Objectives 

 

The general objective of the research was to develop and assess the defluoridation 

potential of a new sorbent named manganese oxide modified aluminium oxide hydroxide 

(MOAOH). 

 

The specific objectives were to: 

• prepare manganese oxide modified aluminium oxide hydroxide (MOAOH) 

• investigate effect of varying proportion of manganese oxide on fluoride 

adsorption potential  

• investigate effect of dose and contact time on defluoridation efficiency 

• investigate the effect of initial fluoride concentrations and initial pH of the water 

on defluoridation  efficiency  

• establish adsorption isotherms 

• determine fluoride adsorption capacity 

• investigate the kinetics of adsorption of fluoride  

• investigate desorption and readsorption capacity 

• compare capacity of the adsorbent with activated alumina, aluminum oxide 

hydroxide and some other adsorbents 
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2. MATERIALS AND METHODS  

 

2.1. Preparation of aluminium oxide hydroxide  

 

Hydrated aluminium sulfate (Al2(SO4)3.14H2O) was used for the preparation of 

aluminium oxide hydroxide. 100 g of this material was added to 500 mL of deionized 

water, while stirring with a magnetic stirrer until complete dissolution and the resulting 

lower pH (about 2.7) was adjusted to pH
 
7 with 2 M NaOH. The precipitate (aluminium 

hydroxide) was separated and dried in an oven for 12 h at 50
o
C. Then, the same material 

was placed in a furnace (Calbolite, ELF Model, Waglech International Ltd., UK) at 300 

o
C for 1 h to produce aluminium oxide hydroxide (Beneberu et al., 2006). 

 

2.2. Preparation of manganese oxide modified aluminium oxide 
hydroxide 

 

Aluminium oxide hydroxide which was prepared previously was crushed and used as a 

base material for the preparation of manganese oxide modified aluminium oxide 

hydroxide (MOAOH). The adsorbent was prepared in two steps. In the first step, mixture 

of 50 mL solution containing 4.58 g of MnCl2.H2O and 0.5 mL of 10 M NaOH was 

poured over 50 g of aluminium oxide hydroxide in a heat resistance dish, and the mixture 

was heated to 150
o
C for about 5 h in an oven. In the second step, the same mixture was 

again heated at 500
o
C for 3 h in a furnace. A dark color manganese dioxide was obtained 

on the surface of aluminium oxide hydroxide. The reaction proceeds as follows 

(Maliyekkal et al., 2006):               

 

nMn
2+

 (aq.) + 2nCl
-
(aq.) + nH2O (g) +

2

n
O2 (g)  

 presence of air
     nMnO2 (s) + 2nHCl (g)   (5) 

where, n = number of moles. 

To assess the effect of varying proportions of manganese oxide in manganese oxide 

modified aluminium oxide hydroxide on defluoridation potential, the amount of 

MnCl2.H2O in the mixture was varied (8.88 g, 13.69 g, 19.09 g, and 25.24 g) in order to 



 18

obtain 11%, 16%, 21% and 26% manganese oxide in MOAOH, respectively. The 

material was washed with deionized water 3 times and dried. 50 g of aluminium oxide 

hydroxide which was treated at 300 
o
C for 1 h was taken and heated at 150

o
C for 5 h and 

then heated at 500
o
C for 3 h. The weight loss due to water desorption and hydroxyl group 

removal during thermal treatment caused loss in mass by 13.2% on aluminium oxide 

hydroxide, and this mass loss was taken into account in the preparation of varying 

proportions of  manganese oxide in MOAOH.  

 

2.3. Reagents and standard solutions 

 
A 1000 mg/L fluoride stock solution was prepared by dissolving 2.21 g of anhydrous 

sodium fluoride (99.0% NaF, BDH Chemicals Ltd Poole England) in 1000 mL of 

deionized water in volumetric flask. All other standards and required fluoride 

concentrations were prepared by serial dilution of the stock solution. 

 

The total ionic strength adjustment buffer (TISAB) was prepared according to a 

recommended procedure (Agarwal et al., 2003) as follows: 57 mL of glacial acetic acid, 

58 g of sodium chloride, 7 g of sodium citrate and 2 g of EDTA (ethylene diamine tetra 

acetic acid) were added to 500 mL of deionized water and allowed to dissolve, and then 

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

volumetric flask with deionized water. 

  

2.4. Instrumentation 

 

A pH/ISE meter (Orion model, EA-940 Expandable Ion Analyzer) equipped with 

combination fluoride selective electrode (Orion Model, 96-09) was employed for the 

determination of fluoride in the samples and standard solutions. The
 
pH was measured 

with pH/ION meter (WTW Inolab pH/ION Level 2, Germany) using unfilled
 
pH

 
glass 

electrode. The liquid phase fluoride concentration was measured according to the 

procedure described in the instruments manual. The method of direct potentiometry was 

used, where the concentration can be read directly (Orion, 1991).  
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The fluoride ion selective electrode was calibrated prior to the measurements of fluoride 

concentration in samples during each experiment in order to determine the slope and 

intercept which in turn used to convert potential response to concentration using the 

following equation: 

                      S
constE

F
C

)(

10
−

=−                                                                                    (6) 

Where CF
-
 is free fluoride concentration, E is potential, S is the slope of the calibration 

curve and const is its intercept.  

 

To check the performance of the electrode particularly in the concentration range of 

interest it was initially calibrated using five standards of fluoride solutions ranging from 

0.3 mg/L to 20 mg/L. 

  

Figure 1: Calibration curve (Data for triplicate measurements) 
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Table 3: Potential (mV) value as a function of Log CF-  

 

Log CF-   -0.523       0     0.699         1      1.301 

Potential   

(mV) 

2.54 ±2.48 -28.43 ±2.48 -69.43 ±2.66 -87.53 ±1.94 -104.40 ±2.96 

 

It is clear from the above result that the slope of the electrode (-58.8 mV/dec) is in the 

acceptable range (-56.0 mV/dec to -60.0 mV/dec). 

 

2.5. Batch adsorption studies 

 

Batch experiments were conducted using 250 mL of deionized water spiked with fluoride 

in 500 mL Erlenmeyer flask under continuous mixing condition with magnetic stirrers at 

room temperature (20 ± 2
o
C). 

 

A sample was taken as required, filtered and analyzed immediately for its fluoride 

content. All the measurements were made in triplicates and average values are reported. 

 

The defluoridation capacity and percentage of adsorption at a given time under specified 

conditions were determined using the following equations. 

        % Adsorption (efficiency) = 100×
−

o

to

C

CC
                                                              (7) 

           Defluoridation capacity = 
m

CC to −
                                                                       (8) 

             (mg F
-
/g of adsorbent)                

Where, 

                  Co = initial fluoride concentration in mg/L 

                  Ct = concentration of fluoride at time t in mg/L 

                   m = adsorbent dose in g/L 
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2.6. Effect of varying proportion of manganese oxide to 
aluminium oxide hydroxide 

 
To investigate the effect of varying proportion of manganese oxide on the defluoridation 

efficiency, 4 g/L of each adsorbent with a percentage of 0%, 6%, 11%, 16%, 21% and 

26% of manganese oxide were mixed with 20 mg/L fluoride solution for a contact time of 

3 h. An adsorbent with 11% manganese oxide in MOAOH was selected for further 

studies. 

 

2.7. Effect of dose and contact time  

 

To investigate the effect of dose and contact time, experiments were conducted by 

varying adsorbent doses in the range between 0.8 and 4.8 g/L using initial fluoride 

concentration of 20 mg/L and contact time of 3 h. The dosages were selected based on 

initial preliminary screening tests.  

 

2.8. Effect of initial concentration and contact time  

 

To investigate the effect of initial fluoride concentration and contact time, experiments 

were conducted by taking initial fluoride concentrations of 5, 10, 15, 20 and 25 mg/L 

using constant adsorbent dose of 4 g/L. 

 

2.9. Effect of initial solution pH  

 

Experimental studies were conducted with initial fluoride concentration of 20 mg/L and 

adsorbent dose of 4 g/L by varying the initial solution
 
pH from 3 to 10. pH was adjusted 

to the desired level with 0.1 M HCl or 0.1 M NaOH. 
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2.10. Adsorption isotherms 

 

Isotherm experiments were conducted to investigate the relationship between the solid 

phase concentration and liquid phase concentration of fluoride ion at equilibrium 

condition under constant temperature. Isotherm experiments were conducted using 

adsorbent dose of 4 g/L and varying initial fluoride concentration in the range between 5 

and 70 mg/L at constant pH of 7. 

 

2.11. Adsorption kinetics 

 

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

order and pseudo-second order reaction mechanisms. Adsorption kinetics was determined 

using constant surface loadings of 10, 20 and 40 mg/L of fluoride corresponding to 

adsorbent doses of 1, 2 and 4 g/L, respectively.  

 

2.12. Desorption and readsorption capacity 

 

To investigate desorption of fluoride from exhausted adsorbent, the adsorbent (MOAOH) 

at 4 g/L dose was subjected to adsorption for 120 min (equilibrium time) in 100 mL of 20 

mg/L fluoride solution at a pH of 7. Then, the solution was filtered and the concentration 

of fluoride in the filtrate was measured to determine the amount of fluoride on the 

adsorbent (Raichur and Jyoti, 2001; Maliyekkal et al., 2006). The exhausted adsorbent 

was conditioned in 100 mL of 0.1%, 0.5% and 1.0% NaOH solutions. Samples were 

taken after 1 h and 3 h and were neutralized with 0.1 M HCl to pH 7, and concentration 

of fluoride was determined. Regenerated adsorbent from 1% NaOH, which was 

neutralized and maintained for some time at pH 7 washed with deionized water, dried and 

readsorption capacity was determined. 
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3. RESULTS AND DISCUSSION  
 

3.1. Effect of varying manganese oxide proportion 

 

The effect of varying proportion of manganese oxide in MOAOH on fluoride removal 

efficiency is shown in Figure 2 and Table 3.  For comparison purpose, the performance of 

aluminium oxide hydroxide treated at 300
o
C for 1 h (the starting material) is also shown 

in Figure 2.  

 

 

Figure 2: Effect of thermal treatment and percentage of manganese oxide on 

fluoride removal efficiency of MOAOH (Adsorbent dose = 4 g/L, initial fluoride 

concentration = 20 mg/L, contact time = 180 min,
 
pH = 7.0 ± 0.20) 

 

As can be seen from Figure 2, fluoride removal efficiency of AlOOH-300 is much larger 

than that of AlOOH-500. This may be due to the fact that AlOOH-500 has lost a 

considerable amount of hydroxyl groups compared to AlOOH-300 which accounts for 

reduction in fluoride removal efficiency. 
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Table 4: Percentage of manganese oxide, residual fluoride concentration and 

fluoride removal efficiency of the adsorbents (Adsorbent dose = 4 g/L, initial 

fluoride concentration = 20 mg/L, contact time = 180 min, pH = 7.0 ± 0.20) 

 

 

It can also be seen from Figure 2 that fluoride removal efficiency is higher around 11% to 

16% manganese oxide in the adsorbent and then decreased. An increase in fluoride 

removal efficiency with percentage of manganese oxide in the adsorbent (up to around 

11%) is possibly due to the formation of porous manganese oxide crystals on the outside 

and inner surfaces of aluminium oxide hydroxide that may have contributed for a greater 

fluoride adsorption potential. As more and more manganese oxide crystals are formed 

especially on the inner surfaces of the base material, surface area available per unit mass 

of the adsorbent for the adsorption may decrease and may result reduction in fluoride 

removal efficiency. An adsorbent with 11% manganese oxide showed relatively greater 

adsorption efficiency that it was used for further study and was considered simply as 

manganese oxide modified aluminium oxide hydroxide (MOAOH). 

 

3.2. Effect of adsorbent dose and contact time 

  

The effect of adsorbent dose and contact time on the fluoride removal performance is 

shown in Figure 3. 

 Adsorbents  % of manganese oxide Removal efficiency  Residual F
- 
con. (mg/L) 

AlOOH-300 0 98.10 ± 0.12 0.38 ± 0.04 

AlOOH-500 0 82.02 ± 0.34 3.59 ± 0.12 

MOAOH-6 6 93.80 ± 0.33 1.26 ± 0.08 

MOAOH-11 11 96.61 ± 0.58 0.68 ± 0.02 

MOAOH-16 16 95.21 ± 0.70 0.96 ± 0.24 

MOAOH-21 21 91.51 ± 0.32 1.70 ± 0.11 

MOAOH-26 26 86.02 ± 0.62 2.80 ± 0.21 
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Figure 3: Time concentration profile at different doses of MOAOH (Initial fluoride 

concentration = 20 mg/L, initial solution pH
 
= 7.0 ± 0.20) 

 

It can be seen that the residual fluoride concentration decreases as the adsorbent dose and 

contact time increases. The rate of removal of fluoride is fast during the first 5 min. After 

30 min the rate of removal of fluoride decreases and reaches equilibrium with in 120 min. 

The time to reach equilibrium appears to be independent of adsorbent dose under the 

experimental conditions used in this study. However, after 30 min the rate of change in 

residual fluoride concentration was smaller for higher adsorbent doses ( ≥ 3.2 g/L) 

 

The fluoride removal efficiency and capacity as a function of adsorbent dose are shown 

in Figure 4. The increase in fluoride removal efficiency was possibly due to increase in 

availability of fluoride binding sites resulting from an increase in adsorbent dosage. 
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When the adsorbent dose was increased, beyond 4 g/L there was no significant change on 

the percentage of fluoride removed.  

      

On the other hand, the adsorption capacity decreases with increasing dose. 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. The surface loading 

for optimum fluoride removal obtained from Figure 4 is less or equal to 5 mg/g. A dose 

of 4 g/L corresponding to the capacity of 4.8 mg F
-
/g of the adsorbent was considered for 

further adsorption studies. 
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Figure 4: Adsorption capacity and % of F
-
 removal as a function of adsorbent dose 

(Initial F
-
 concentration = 20 mg/L, contact time = 120 min, pH = 7.0 ± 0.20) 
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A distribution coefficient Kd, reflects the binding ability of the surface for an element and 

is dependent on pH of the solution and type adsorbent surface. The distribution 

coefficient values for fluoride adsorbed on the adsorbent at pH 7 was calculated using the 

following equation (Sigg, 1987) 

                      )/( gL
Cw

Cs
Kd =                                                                (9) 

Where Cs is the concentration of fluoride on the adsorbent (mg/g) and Cw is the 

concentration of fluoride in water (mg/L). The concentration of fluoride in the solid phase 

was calculated from the measurement of fluoride in the water before and after adsorption 

of fluoride on the adsorbent. Figure 5 shows the value of Kd as a function of adsorbent 

dose. 
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Figure 5: Plot of Kd (Distribution coefficient) value as a function of adsorbent dose 

(Initial fluoride concentration = 20 mg/L, pH = 7.0 ± 0.20) 
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The result shows that the Kd value increases with an increase in adsorbent dose in the 

experimental condition indicated at constant pH, that implies the heterogeneous nature of 

the adsorbent surface. If the surface is homogeneous, the Kd values at a given pH should 

not change with adsorbent dose. 

 

3.3. Effect of initial fluoride concentration  

 

The effect of initial fluoride concentration on adsorption of fluoride at equilibrium was 

studied at a constant adsorbent dose of 4 g/L. 
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Figure 6: Fluoride removal efficiency at different initial fluoride concentrations 

(Adsorbent dose = 4 g/L, pH = 7.0 ± 0.20, contact time = 120 min)  
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Figure 6 shows percentage of fluoride removal efficiency and adsorption capacity as a 

function of initial fluoride concentration at equilibrium. As clearly seen from the figure, 

there is no significant difference on the percentage of adsorption of fluoride at 

equilibrium with an increase in initial fluoride concentrations. However, residual 

concentration at equilibrium increases with an increase in initial fluoride concentration. 

When the concentration of fluoride increases, an increase in concentration gradient may 

force more fluoride ions to bind on the adsorption sites.  

 

The adsorption capacity has increased with an increase in initial concentration. This is 

may be due to the utilization of less accessible or energetically less active sites because of 

increasing diffusivity of fluoride ions when initial concentration increases. The 

adsorption sites become less difficult to adsorption of the adsorbate up on increasing 

concentration. This resulted for more fluoride ions to bind per unit mass of the adsorbent 

(increase in adsorption capacity) when the initial concentration increases and a strong 

linear relationship (R
2
 = 0. 9982) between adsorption capacity with initial concentration 

was observed. 

 

3.4. Effect of initial pH 

 

The effect of initial solution pH on the adsorption of fluoride was studied by varying the 

pH from 3 to 10. Results are shown in Figure 7. Strong dependence of removal efficiency 

on pH is observed with in a pH range studied. The most common single factor that 

controls the adsorption of ions on the oxide surface is the pH of aqueous solution 

(Cengeloglu et al., 2002). 

 

Surface charge of an oxide mineral in aqueous systems will change with changing pH and 

would be hydroxylated to develop a surface condition in which there is uneven charge 

distribution over the surface (Agrawal et al., 2003; Mohapatra et al., 2004). Thus, 

significant and rapid removal of fluoride in the acidic pH range and decreased removal at 

high pH can be explained due to ion exchange adsorption mechanism. Protonation of the 

oxide surface followed adsorption of fluoride through ligand exchange can explain the 
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adsorption process in the acidic pH range. The specific reactions can be written as the 

follows: 

                            ≡MOH + H
+                                 ≡ MOH2

+ 
                                                   (10) 

                      ≡MOH2
+ 

+ F
- 
 
                             ≡ MF + H2O                                              (11) 

Where;  

        ≡ M is bulk body of the oxide, 

This two-step mechanism is favourable at pH < 7. However, at pH > 7 , fluoride ion is 

predominantly adsorbed by the following mechanism: 

                   ≡MOH  + F
-                                   

≡ MF  + OH
−
                                                   (12)              
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Figure 7: Effect of initial solution pH on fluoride removal efficiency and capacity 

(Initial F
-
 concentration = 20 mg/L, adsorbent dose = 4 g/L, contact time = 120 min) 

(Data for triplicate measurements) 
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Figure 7 shows initially the adsorption of fluoride increased from pH 3 to 5 reached 

maximum of about 96.42% at pH 5. Then very slight change in fluoride removal was 

observed up to pH around 7.0. The high removal efficiency in the acidic pH range is due 

to the existence of positive sites and neutral sites on the surface of the adsorbent that 

creates a favorable condition for more fluoride ions to be adsorbed on the surface 

resulting in high fluoride removal efficiency. This is consistent with the results reported 

by several workers (Maliyekkal et al., 2006; Tripathy and Raichur, 2008). In addition, 

Mohapatra et al., 2004 reported that refractory grade bauxite which mainly containing 

oxides of Al, Si, and Fe has shown maximum adsorption efficiency in the pH range of 5.5 

to 7. Similarly, fluoride removal efficiency of titanium rich bauxite mainly containing 

oxides and oxyhydroxides of Al and Ti reached maximum in the pH range of 5.5 and 6.5 

(Das et al., 2005).   

 

Figure 7 also shows that after pH 7, fluoride adsorption decreased sharply and as low as 

61.10% was removed at pH 10. The low adsorption efficiency of the media at high pH 

value is attributed to the strong competition of hydroxide ions for the adsorption site as 

well as the repulsion of fluoride ions by the negatively charged surface of the adsorbent. 

At lower pH the adsorption efficiency is less, which is possibly due to the formation of 

weakly ionized hydrofluoric acid.  

 

3.5. Adsorption isotherms 

 

The adsorption equilibrium for any particular adsorbent-adsorbate system is generally 

quantified by means of an adsorption isotherm, which provides descriptions of adsorption 

data. Equilibrium adsorption isotherms have fundamental importance in the design of 

adsorption systems. They indicate how adsorbates are partitioned between the adsorbent 

and liquid phases at equilibrium at a constant temperature as a function of adsorbate 

concentration or adsorbent dose. Adsorption equilibrium provides fundamental physico-

chemical data for evaluating the applicability of adsorption processes, usually described 

by isotherm models whose parameters express the surface properties and affinity of the 

adsorbent at a fixed operating condition. 



 32

There are a number of models to describe adsorption isotherms.  The model most suitable 

in a particular case depends on the characteristics of the system. In many cases, the 

constants contained in the models have direct physical significance. The strength of linear 

relationship can be expressed by correlation coefficient (R
2
). Its value is used to evaluate 

how the isotherm model describes the experimental data.  In this study Langmuir, 

Freundlich and Dubinin–Radushkevich (D-R) isotherm models are used to describe the 

experimental data.  

 

The isotherm experiments were carried out with 10 different initial fluoride 

concentrations ranging from 5 mg/L to 70 mg/L. Figure 8 shows an adsorption isotherm, 

which relate the bulk aqueous phase concentration of the adsorbate to the amount 

adsorbed on the solid phase at constant temperature. 
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Figure 8: Adsorption isotherm of different initial F

-
 concentration (Adsorbent dose 

= 4 g/L, contact time = 4 h, pH = 7.0 ± 0.20) (Data for triplicate measurements) 
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3.5.1. Langmuir isotherm 

The Langmuir isotherm assumes monolayer adsorption onto a surface containing a finite 

number of adsorption sites of uniform strategies of adsorption with no transmigration of 

adsorbate in the plane of a surface. The Langmuir equation is useful for the estimation of 

maximum adsorption capacity corresponding to complete monolayer coverage expressed 

by: 

                              
e

em

e
bC

bCq
q

+
=

1
                                                                   (13)  

The linear form of equation 13 is given as: 

          

1e e

e m m

C C

q q b q
= +

                                                                                           (14)                    

Where, 

Ce is the equilibrium concentration of the adsorbate (mg/L), eq is the amount of adsorbate 

adsorbed per unit mass of adsorbent (mg/g), qm and b are Langmuir constants related to 

adsorption capacity or the amount of a solute adsorbed per unit mass of the adsorbent for 

monolayer coverage of the surface and heat of adsorption or the binding strength, 

respectively.  

 

The higher the value of b the higher is the affinity of the adsorbent for the adsorbate. The 

constants can be determined from the slope and intercept of the Ce/qe versus Ce plot. The 

slope of the straight line, gives 1/qm and the constant b can be determined from the 

intercept. 

 

Figure 9 shows Langmuir isotherm model fit for the experimental data. The result of the 

Langmuir isotherm model shows that the experimental data well fitted to the model with 

a correlation coefficient (R
2
) greater than 0.97. The maximum sorption capacity 

corresponding to complete monolayer coverage is found to be 18.62 mg F
-
/g and the 

constant b related to adsorption intensity is 0.383 L/mg. 
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The essential characteristics of Langmuir isotherm can be expressed in terms of a 

dimensionless constant, RL (Hall et al., 1966). 

                   

o

L
bC

R
+

=
1

1
                                                                                                                                          (15) 

Where Co is the initial concentration in mg/L and b is the Langmuir constant (L/mg). 

According to Hall et al. (1966) the parameter, RL indicates the shape of the isotherm such 

that:    if  RL > 1 it is unfavorable, 

        if  RL = 1 it is linear, 

           if  RL = 0 < RL <1 it is favorable. 

Adsorption of fluoride on the adsorbent under the experimental conditions is favorable, 

as the value of RL in all cases is between 0 and 1 (Hall et al., 1966).  
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Figure 9: Linear Langmuir isotherm (Adsorbent dose = 4 g/L, contact time = 4 h,  

 pH = 7.0 ± 0.20) 



 35

3.5.2. Freundlich Isotherm 

The basic assumption of this model is that there is an exponential variation in site 

energies of the adsorbent. The Freundlich equation is presented below in both the 

standard form and linearized form, respectively.  

                                       
1

n
e F e

q K C=                                                        (16) 

Rearranging equation (16) 

                                 
1

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

= +                                                        (17) 

Where,   

qe is the amount of fluoride adsorbed per unit mass of adsorbent (mg/g) at equilibrium, Ce 

is the equilibrium fluoride concentration (mg/L), KF and n are Freundlich constants 

indicative of adsorption capacity (mg/g) and adsorption intensity, respectively. When 

log(qe) versus log(Ce) is plotted a straight line with slope 1/n was obtained. Thus, the 

constants adsorption intensity and adsorption capacity can be determined from the slope 

and intercept of the graph, respectively. 

 

Figure 10 shows Freundlich isotherm model fit of the experimental data. The Freundlich 

parameters along with correlation coefficients were obtained for the adsorbent (Table 4). 

The result indicated that the experimental fluoride adsorption data well fitted to this 

model with the correlation coefficient of 0.9529, suggesting that the average energy of 

adsorption is decreasing with increasing adsorption density with a minimum adsorption 

capacity of 4.48 mg/g and adsorption intensity, n of 1.67. The value of n obtained, lies 

between 1 and 10 indicating Freundlich favorable sorption. The increase in equilibrium 

fluoride removal capacity with residual fluoride concentration observed indicated the 

heterogeneous nature of adsorbent surface which is characteristics of adsorption 

following Freundlich isotherm model fit.  
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Table 5: Summary of Freundlich, Langmuir and Dubinin–Radushkevich isotherm 

model constants and correlation coefficients for adsorption of fluoride 

 

          Isotherm 

          model 

      Constants Correlation 

coefficient (R
2
) 

 

Langmuir 

    b (L/mg)     qm (mg/g)  

0.9712 
 

   0.38344 

 

18.62 

Freundlich   KF (mg/g)          n  

0.9529 
 

4.48177 

 

1.67 

Dubinin-Radushkevich 

         (D-R) 

qs (mg/g) E (kJ/mol) 0.9644 

99.87 9.71 
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Figure 10: Linear Freundlich isotherm (Adsorbent dose = 4 g/L, contact time = 4 h,            

pH = 7.0 ± 0.20) 
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3.5.3. Dubinin–Radushkevich isotherm (D-R Isotherm) 

Though the Freundlich and Langmuir isotherm models are widely used, these models do 

not give any idea about the adsorption mechanism. Therefore, to develop the mechanism 

of adsorption process, the equilibrium data was tested with the Dubinin–Radushkevich 

isotherm (D–R isotherm) model. 

 

Dubinin–Radushkevich model predicts the sorption nature of the adsorbate on adsorbent 

and it is used to calculate the mean free energy of sorption. 

The D–R equation is given as:                            

                                          ( )2exp βε−= se qq                                                               (18)                                                                

The linear form of equation 18 is written as:                                                    

                                          2lnln βε−= se qq                                                                 (19)                                                        

where qe and qs are, sorbed concentration and maximum sorption (theoretical saturation) 

at equilibrium respectively at the sorbent surface in units of mg/g, and β is a constant 

related to mean free energy of adsorption per mole of adsorbent (mol
2
 J

-2
) and ε  is 

Polanyi potential, that is the work required to remove a molecule or ion away from its 

location in the sorption space. ε  is calculated as: 

                                  )
1

1ln(
eC

RT +=ε                                                                          (20)                                              

T is temperature (in K) and R is a universal gas constant (R = 8.314 Jmol
-1

K
-1

) 

The value of β can be correlated to sorption energy (E) using the following relationship 

(Hobson, 1969) 

                                 ( ) 2
1

2
−

−= βE                                                                                  (21)                                                              

When ln qe is plotted against ε2
, a straight line is obtained if the sorption data follow the 

D–R isotherm.  

 

Figure 11 shows the D-R isotherm plot for the adsorption of fluoride on to MOAOH. The 

correlation coefficient, R
2
 value found to be 0.9644, which confirmed that the adsorption 

process can be described by this model. The sorption capacity evaluated from this model 

is 99.87 mg/g. From the magnitude of E, the type of adsorption such as chemical sorption 
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or physical sorption can be determined. If the value of E ranges from 1.0 to 8.0 kJ/mol, 

sorption is due to physical adsorption and if the value ranges from 9.0 to 16.0 kJ/mol, 

then the adsorption is due to chemical adsorption (Donat et al., 2005; Tripathy and 

Raichur, 2008). The mean free energy of adsorption (E) is found to be 9.71 kJ/mol, which 

implies that the adsorption is predominantly chemical in nature. This result is in 

agreement in relation to proposed reaction mechanism, in discussion under the pH effect - 

an ion exchange reaction which is chemical in nature. 

 

  

 

Figure11: Dubinin-Radushkevich isotherm (Adsorbent dose = 4 g/L, contact time = 

4 h, pH = 7.0 ± 0.20, T = 20
o
C) 
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3.6. Kinetics 

 

The rate of sorption onto a solid surface depends upon a number of parameters like 

structural properties of the sorbent, initial concentration of the solute, and the active sites 

of the sorbent (Oliveira et al., 2005). For this, kinetic data analysis of fluoride sorption on 

to MOAOH was studied with pseudo-first order reaction rate model (result not shown) 

and pseudo-second order reaction rate model to describe the kinetic process. 

3.6.1. The pseudo-second order kinetics 

Constant surface loadings of 10 mg/g with initial fluoride concentrations of 10 mg/L, 20 

mg/L and 40 mg/L were subjected to under similar conditions to study the adsorption 

kinetics. The results of  the three cases are shown in Figure 12.  

 

Figure 12: Adsorption kinetics of fluoride at constant surface loading of 10 mg/g 

(pH = 7.0 ± 0.20) 
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It can be seen in Figure 12 that in all the three cases, initially the rate of adsorption of 

fluoride is high during the first 15 minutes. Beyond that, the rate decreases with time, as 

the liquid phase concentration decreased. From the figure we can also observe that the 

time to reach equilibrium seems shorter as the concentration becomes lower.  

  

Kinetic analysis of fluoride adsorption was studied based on reaction kinetics of pseudo-

second order mechanism using the Lagergren rate equation as shown below (Lee et al., 

1996; Mohapatra et al., 2004; Fan et al., 2003)  

 

                                       2

2 )( te

t qqk
dt

dq
−=                                                                   (22) 

                                       dtk
qq

qqd

te

te

22)(

)(
−=

−

−
                                                                  (23) 

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

                                            tk
qqq ete

2

11
+=

−
                                                              (24) 

                                              
eet q

t

qkq

t
+=

2

2

1
                                                               (25) 

Where, 

e
q  and 

t
q  are amount of adsorbed fluoride at equilibrium and any time t (mg/g), 

respectively, k2 is the rate constant (g mg
-1

min
-1

), t is the stirring time (min). K2 can be 

determined by plotting 
t

t
q

against t based on equation 25. The larger the k2 value, the 

slower the adsorption rate. 

 

Figure 13 shows pseudo-second order plot of fluoride adsorption kinetics at different 

initial fluoride concentrations on the adsorbent with same loading. Table 5 shows rate 

constants, rate equations and correlation coefficients of pseudo-second order plot of the 

three different initial concentrations but with same loading and their computed average of 

rate constant, rate equation and correlation coefficient. 
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Figure 13: Pseudo-second order plot of fluoride adsorption kinetics on the 

adsorbent each with initial fluoride concentrations of 10, 20 and 40 mg/L, to 

adsorbent doses of 1.0, 2.0 and 4 g/L, respectively (pH = 7.0 ± 0.20, contact time = 10 

h) 

 

 

From Table 5 it can be easily seen that the rate constants for the three initial 

concentrations were very close. Therefore, the three constants were averaged to obtain a 

single rate constant, rate equation and correlation coefficient as shown in Figure 14 and 

Table 5. The result seen from Figure 14 and Table 5 indicates that the reaction is 

described very well by pseudo-second order reaction model.  
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Figure 14: Average pseudo-second order plot of fluoride adsorption kinetics (pH = 

7.0 ± 0.20, contact time = 10 h) 

 

 

Table 6: Pseudo-second order rate constants, rate equations, correlation coefficients 

and their averages for the three different initial fluoride concentrations of same 

loadings 

 

 

Initial F
-
 con. and adso. dose k2 (g  mg

-1
min

-1
) Rate equation R

2
 

10 mg/L F
-
 with 1 g/L dose 2.1976 x 10

-2
 t/qt = 0.5976 + 0.1146t 0.9999 

20 mg/L F
-
 with 2 g/L dose 3.6695 x 10

-2
 t/qt = 0.3579 + 0.1077t 0.9998 

40 mg/L F
-
 with 4 g/L dose 4.5396 x 10

-2
 t/qt = 0.2893 + 0.1040t 0.9998 

Average 3.4689 x 10
-2

 t/qt = 0.4138 + 0.1088t 0.9998 
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3.6.2. Intraparticle diffusion   

Even though adsorption is a surface phenomenon, the adsorbate may also diffuse into the 

interior pores of the adsorbent, which may influence the rate of the reaction. In order to 

check the contribution of intraparticle diffusion, intraparticle diffusion model (Weber and 

Morris, 1963)
 
was used (equation 26). 

                                            2/1
tkq it =                                                                             (26) 

Where, qt is the amount adsorbed (mg/g) at time t and ki is the intraparticle diffusion rate 

constant (mg g
-1

 min
-1/2
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Figure 15: Adsorption capacity (mg/g) as a function of square root of time (min)
1/2

 

 

Figure15 shows the amount of fluoride adsorbed (qt) versus the square root of time (t
1/2

). 

If plot of qt versus t
1/2

 gives a straight line that pass through the origin, then it suggests 

that the intraparticle diffusion contributes predominantly in the rate-determining step 

(Namasivayam and Yamuna, 1995). However, if the data reveal multi-linear regions, it is 

expected that other mechanisms are also involved along with intra-particle diffusion. 
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Three different regimes can be identified in Figure 15. The first, sharp portion of the 

curve corresponds to the external surface adsorption stage or instantaneous adsorption 

stage. The second portion of the curve indicates the intraparticle diffusion, which is 

predominant rate-controlling process. Under this condition, the diffusive transport of 

fluoride ions occurs through the internal pores of the adsorbent. When the bulk fluoride 

concentration become low, the third regime becomes dominant. In this model, the 

adsorbent is treated as being surrounded by a boundary layer film of water molecules 

through which the fluoride ions must diffuse prior to adsorption. Linear portion of the 

curve did not pass through the origin (not shown), which indicates the complex nature of 

the adsorption process. This unusual behavior is possibly due to the heterogeneous nature 

of the adsorbent. Therefore, adsorption of fluoride on to MOAOH is influenced by both 

surface reactions as well as intraparticle diffusion effects.  

 

3.7. Desorption study  

  

After exhaustion, adsorbent was treated with 0.1%, 0.5% and 1% NaOH solution. The 

results of desorption of fluoride under various concentrations of NaOH and different 

conditioning durations are indicated in Figure 16.  
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Figure 16: Percentage of fluoride desorbed with different concentrations of NaOH 

solution after 1 h and 3 h (Adsorbent dose = 4 g/L, pH = 7). 
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It can be seen from the result that desorption was highest in 1% NaOH after 3 h. The 

displacement of adsorbed fluoride from the solid surface seems a slower process as 

compared to adsorption. About 86.2% of fluoride is desorbed from the adsorbent after 3 

h. Although the result indicates the possibility of increased desorption as the contact time 

increases, further study is required to optimize desorption process for the efficient 

utilization of the adsorbent. 

 

The regenerated adsorbent was investigated for its readsorption capacity to assess its 

reuse potential. It was found that the adsorption efficiency is 82.1% during the second 

cycle, suggesting that the adsorbent can be reused. From the results of desorption and 

readsorption, it can be concluded that regeneration and reuse is promising.  

3.8. Comparison of defluoridation capacities  

 

Comparison of defluoridation capacity of different sorbents is essential to evaluate their 

relative performance. Comparison of adsorption capacity was made for few sorbents 

investigated by different researchers in a batch mode experiment. The contact time 

required for the maximum adsorption of fluoride (equilibrium time) was also compared 

and is indicated in Table 6. 

 

Table 7: Defluoridation capacities of a few sorbents 

 

Adsorbents Adsorption 

capacity (mg/g) 

Equilibrium 

time (h) 

References 

Activated alumina 

(grade: A-25) 

1.78 6 Ghorai and Pant, 2005 

Activated alumina 

(grade: AD101-F) 

0.415 10 Maliyekkal et al., 2006 

AlOOH 23.70 1 Beneberu et al., 2006 

MCAA < 0.15 3 Tripathy and Raichur, 2008 

MOCA 1.10 3 Maliyekkal et al., 2006 

MOAOH 4.48 2 The present work 
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AlOOH = aluminium oxide hydroxide 

MCAA = manganese dioxide-coated activated alumina 

MOCA = manganese oxide-coated alumina 

 

The results in Table 6 clearly indicate that manganese oxide modified aluminium oxide 

hydroxide (MOAOH) has a much higher defluoridation capacity than the other 

adsorbents except AlOOH.  The required contact time for maximum fluoride adsorption 

is also lower in the case of MOAOH except for AlOOH. When capacity and equilibrium 

time are taken to make a choice among the adsorbents indicated above, use of MOAOH 

as a defluoridation media is preferable than the other adsorbents except AlOOH. 

MOAOH is preferable over AlOOH in that AlOOH is a relatively soft material and is not 

strong enough to withstand pressure when used for application in continuous packed bed 

column that its friability results in small particles which can easily pack together to 

disturb and limit normal flow of water and cause operational problem. In addition, tiny 

particles of the adsorbent which can easily pass through the final filter medium and come 

out with the treated water may impose serious health impact. Thus, comparison of 

defluoridation capacities and kinetics of adsorption shows MOAOH is a promising 

sorbent for removal of excess fluoride from drinking water.  

  

 

. 

 

 

 

 

 
 



 47

4. CONCLUSIONS 
 

In this study, the fluoride adsorption capability of manganese oxide modified aluminium 

oxide hydroxide has been demonstrated. Adsorption efficiency of aluminium oxide 

hydroxide was changed significantly with modification of the surface with manganese 

oxide. Percentage difference of manganese oxide made a difference on defluoridating 

potential and efficiency of adsorption was maximum when the percentage was around 

11%. The dose of the adsorbent was found to affect the percentage removal of fluoride. 

Similarly, it was seen in the study that initial concentration of fluoride affected the 

defluoridation capacity of the adsorbent. Fluoride adsorption capacity increased with 

initial fluoride concentration. Initial pH of water had an affect on the defluoridation 

efficiency of the adsorbent. High fluoride removal efficiency was observed in the acidic 

pH range. The adsorbent was found to be very efficient in removing fluoride in a pH 

range of 5 to 7.  

 

The adsorption isotherm fitted well to Langmuir isotherm model and then fitted to the 

Freundlich isotherm model in the concentration range studied during the experiment. The 

result revealed that maximum sorption capacity corresponding to complete monolayer 

coverage and minimum sorption capacity is found to be equal to 18.62 mg F
-
/g and 4.48 

mg F
-
/g of the adsorbent, respectively under the experimental conditions. Examination of 

adsorption data also showed that the Dubinin-Radushkevich isotherm model also 

provides description of the data very well for the concentration range studied. The 

adsorption process has adsorption energy value of 9.71 kJ/mole for fluoride ions, 

indicating the adsorption process is predominantly chemisorption and the kinetic studies 

showed that the adsorption of fluoride on the adsorbent was well described by pseudo-

second order reaction model and the adsorption of fluoride on the adsorbent takes place 

through both surface adsorption as well as intraparticle diffusion effect. 

 

Investigation of desorption has shown that percentage of NaOH in the eluant and 

conditioning time affect desorption of fluoride from exhausted adsorbent. About 86.20% 

of fluoride was desorbed in 1% NaOH in 3 h. Readsorption efficiency of the regenerated 
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adsorbent is about 82.10% in the second cycle indicating there is a possibility of reusing 

the adsorbent. Detail study is needed to optimize the conditions for desorption and to 

determine reusability of the adsorbent. Comparison of adsorption capacity and contact 

time required for maximum adsorption of fluoride (equilibrium time) with other few 

adsorbents, has shown that the adsorbent has a good performance.  

 

Thus, manganese oxide modified aluminium oxide hydroxide which is efficient and very 

promising adsorbent with reasonable defluoridation performance could be considered in 

finding a suitable adsorbent for a sustainable solution for the fluoride problem. 
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5. RECOMMENDATIONS 
 

Most peoples in the rift valley regions of the country are victims from the health impact 

imposed on them from excess fluoride in their drinking water. Although the momentum 

is getting more and more to contribute for a sustainable solution for the fluoride problem 

in the area by some responsible and concerned organizations, institutions, and individuals 

they have to strengthen their role to mitigate the problem. 

 

Regarding the adsorbent studied  

� Further studies on characterization of the adsorbent. 

� Optimizing conditions for desorption of fluoride from the exhausted 

adsorbent. 

� Assessing effect of presence of cations in water on defluoridation 

potential of the adsorbent. 

� Studies on use of the adsorbent in a column operational mode at the lab 

scale and scaling up. 

� Assessing efficiency and capacity of the adsorbent with real water 

samples; needs further study.  
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