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Abstract  

 

Excessive and undesirable level of fluoride in drinking water supplies is a major problem in the 

Rift Valley of Ethiopia. It has been reported that people in the Rift Valley of Ethiopia are 

consuming water up to 33 mg L-1 of fluoride. The WHO has set 1.5 mg L-1 as the maximum 

permissible limit for fluoride in potable water. Sustained intake of fluoride beyond this limit can 

cause dental or skeletal  fluorosis, which is a chronic disease manifested by mottling of teeth in 

mild cases, softening of bones and neurological damage in severe cases, therefore adequate 

measures for the reduction of the level are important. 

 

 It is also expected that the fluoride concentration may increase mainly because of the excessive 

utilization of ground water as these area are characterized by water scarcity. In areas where 

alternative water sources are not available, physical or chemical treatment of water is the best 

option to control fluorosis. The methods of fluoride removal used by industrialized countries 

require more technical support for operation and maintenance than is possible in the rural areas 

of developing countries.  
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In this study, the removal of fluoride using aluminium hydroxide was studied in a fixed bed 

column system. The Bed Depth Service Time design model, Empty Bed Residence Time and 

Thomas model were used to analyze the performance of the column and the effect of the different 

operating variables such as bed depth, flow rate and initial concentration were tested on these 

simplified fixed bed design models. Desorption experiments were conducted to evaluate the 

possibilities of regeneration and reuse of the media. The effects of co-existing ions on the 

adsorption capacity of aluminium hydroxide were also investigated in batch mode. 

 

The breakthrough curves for the adsorption of fluoride on to aluminium hydroxide confirmed that 

the breakthrough volume and breakthrough time were decreased with increasing flow rate and 

initial fluoride concentration or decreasing bed depth. The data estimated from bed depth service 

time model showed that the adsorption capacity (No) of the adsorbent were found to be 24.07, 

25.79 and 12.7 mg g-1 for 12, 23 and 40 mL min-1 flow rate, respectively. The operating line 

seems flatten and no significant reduction in adsorbent exhaustion rate is gained with contact 

time greater than about 3, 6 and 7 min for 40, 23 and 12 mL min-1 flow rates,  respectively,  with 

the corresponding usage rate of 2.2, 0.9 and 1.3 g L-1. The optimum dose for batch system was 

1.6 g L-1 and it is close to the adsorbent exhaustion rate of 12 mL min-1. The application of 

Thomas model has showed that the adsorption capacity is strongly dependent on the flow rate, 

initial fluoride concentration, and bed depth and is greater under conditions of a lower 

concentration of fluoride, lower flow rate and higher bed depth. And the Thomas rate constant 

decreases with increasing bed depth, decreasing initial concentration, and flow rate. Results 

concerning the effects of anions on the adsorption of fluoride on to the aluminium hydroxide 

showed that Cl- and SO4
2- have very little effect on the fluoride removal capacity of adsorbent but 

HCO3
- and PO4

3- had a profound effect on the removal capacity of the adsorbent. 

 

Hence it is concluded that using granular aluminium hydroxide as an adsorbent for fluoride 

removal in a fixed-bed adsorption process is feasible. 

 

Key words: Fluoride, Adsorption, Breakthrough, Fixed-bed column, Aluminium hydroxide, Bed     

depth service time, Empty bed residence time,   

- ix - 
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1. INTRODUCTION 
 

   Background 
 

Throughout history, the quality of drinking water has been a factor in determining human 

welfare. It is clear that water pollution should be a concern of every citizen. Water polluted by 

natural sources has caused great hardship for people forced to drinking it or use it for irrigation. 

Currently, waterborne chemicals pose the greatest threat to the safety of water supplies, 

particularly of ground water in some parts of the world [1]. Contamination of drinking water by 

fluoride, due to its natural presence from dissolution of fluoride containing rocks, or discharge 

by agricultural and industrial activities, such as steel, aluminium, glass, electroplating, [2-4] is 

one that affects human health and wellbeing. 

 

Fluoride is an essential constituent for both humans and animals depending on the total amount 

ingested or its concentration in drinking water. It is purposely added to drinking water in small 

quantities to prevent dental caries. The presence of fluoride in drinking water, within the 

permissible limits of 0.5-1.0 mg L-1, is beneficial for the production and maintenance of healthy 

bones and teeth, while excessive intake of fluoride causes dental or skeletal fluorosis which is a 

chronic disease manifested by mottling of teeth in mild cases, softening of bones and 

neurological damage are severe cases [5-8]. 

 

The WHO has set guidelines of 1.5 mg L-1 as the maximum permissible limit for fluoride in 

potable water [9]. Surface waters seldom contain fluoride beyond this level, whereas excess 

fluoride may be present in ground waters depending on the presence of fluoride rich minerals as 

well as hydro-geological conditions. It should be known, however, that the WHO guidelines are 
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not universal as many countries have established their own standards and hence in setting 

national standards for fluoride in drinking water, it is important to consider the local condition. 

For countries in tropical regions, the recommended fluoride concentration is even lower (about 

0.8 mg L-1) because of the relatively higher water consumption [10].   

 

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

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

[11-13]. The guideline value for drinking water specified by the Ministry of Water Resources in 

Ethiopia [14] indicates that the fluoride concentration should not exceed 3 mg L-1. People in 

several region of the Rift Valley of Ethiopia are consuming water with fluoride up to 33 mg L-1, 

which has resulted in permanent deformities, joint pains, general impairment and suffering. It 

also renders them socially and culturally incapacitated. Estimated population affected by the 

fluorosis problem in the Rift Valley of Ethiopia is about 10 million [11].  

 

For a community that is supplied with water containing excessive fluoride, there are two 

possible control options. The first approach is to seek an alternative water source either for 

direct consumption or for diluting fluoride containing water, the use of bottled water is an 

extreme example of the first approach and the second one is to eliminate fluoride by physical or 

chemical treatment of the water. In areas where alternative sources are not available and the 

provision of bottled water is not economical, as in the case of most tropical regions of 

developing countries, the second option is probably the most reasonable approach. 
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At present, there are few treatment options that are used for controlling excessive levels of 

fluoride in drinking water. Based on the mechanism of fluoride removal, the methods can be 

categorized into chemical precipitation (by alum, lime, lime and alum and calcium chloride), 

adsorption (activated alumina, clay and flay ash), ion exchange (by synthetic resins and bone 

char) and membrane technologies (reverse osmosis and electro dialysis). The methods used by 

industrialized countries such reverse osmosis, electro-dialysis and ion exchange require more 

technical support for operation and maintenance and the capital investment cost is very high. 

 

Adsorption methods particularly in packed bed are preferred over the other defluoridation 

methods mainly because operation will be easier, no daily sludge encountered, have reasonable 

running and investment cost, and the exhausted media can be replaced with virgin one at 

relatively longer period of time.  

 

  Adsorption Methods 

 
Among the unit operations in water and wastewater treatment adsorption occupies an important 

position. Adsorption operations exploit the ability of certain solids preferentially to accumulate 

specific substances from solution onto their surfaces [15]. Sorption, which is a general term 

introduced by McBain [16], includes selective transfer to the surface, and for into the bulk of 

liquid. In a general adsorption process, the adsorbed solutes are referred to as adsorbate and the 

adsorbing agent is the adsorbent.  

 

 

 



 4

Theoretically, the adsorption of solute on to solid particles normally takes four essential steps: 

a) solutes diffuses through the fluid to an area near the solid particle surface, 

b) solute diffuses to the external surface of the particle, 

c) solute diffuses to the pore wall, 

d) solute adsorbs to the internal surfaces of the pore wall.  

 

Adsorption process may be classified as purification or bulk separation, depending on the 

concentration in the feed fluid to the component adsorbed. Early applications of adsorption 

involved only purification, for example adsorption with charred wood to improve the taste of 

water has been known for at least five centuries.  

 

Adsorption methods can be implemented for the removal of fluoride due to physical, chemical, 

or ion exchange interactions with the adsorbents. Two types of contacting systems of 

adsorption are usually encountered, namely, the batch and fixed-bed processes. Batch type 

processes are usually limited to the treatment of small volumes of effluents whereas the bed 

column systems have the advantage of continuous operation up to the point of saturation. 

Fixed-bed processes can be set up with relative ease and provide continuous treatment with a 

long breakthrough time, and they are widely used for small and large scale application. 

 

The criteria for selection of suitable sorbent are; cost of the media and running costs, ease of 

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

of regeneration. Some of the most frequently encountered adsorbents are reviewed in this 

section. 
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Activated Alumina 

Activated alumina is a granular form of aluminium oxide (Al2O3) with very high internal 

surface area, typically in the range of 200-300 m2 g-1. This high surface area allows the material 

a very large number of sites where adsorption can occur. It has been widely used for removal of 

fluoride from drinking water [17, 18]. 

 

The mechanism of fluoride removal from water is similar to those of a weak base ion exchange 

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

removal capacity is optimum in the narrow range of pH 5.5 to 6 [19].  

 

Most studies in the laboratory are performed with single component system, i.e. considering 

fluoride ion only. But in reality water resources to be treated constitute other components such 

as chloride, nitrate, sulfate, bicarbonate and others. These components could have an effect on 

fluoride removal efficiency. The adsorption sites on the activated alumina are also attractive to 

a number of anions other than fluoride. Some studies showed that the presence of other co-

existing ions in water have an effect on fluoride removal efficacy of activated alumina [20]. 

The studies show that chloride and sulfate ions have very little effect on the fluoride removal 

capacity of activated alumina but bicarbonates have a profound effect on fluoride removal 

efficiency of activated alumina [20]. 

 

The selectivity sequence [21] 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-  
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Activated alumina can be regenerated with a solution of 1% sodium hydroxide which displaces 

fluoride ion from the alumina surface. This procedure is followed by rinsing with distilled 

water and then with 0.05 N sulfuric acid which neutralizes residual caustic left after the rinse 

step and also reactivates the alumina [20]. The problem with this method is disposal of 

regenerant waste.  

 

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

But, adsorption of fluoride onto activated alumina has been practiced even in developing 

countries like India [22]. In Ethiopia a method based on adsorption by activated alumina has 

been practiced in Wonji-Shoa and Methara sugar estates since 1962 [23]. Despite the fact that 

activated alumina is the most effective and widely used material, all plants at the sugar factories 

are not functional at present mainly due to high cost of imported activated alumina. 

 

The removal of fluoride by both treated and untreated aluminium hydroxide has been 

investigated [24] and the material showed good adsorption capacity for fluoride ion. The 

adsorbents was prepared from hydrated aluminium sulfate Al2(SO4)3.14H2O, which was 

purchased from Awash Melkasa Aluminium Sulfate and Sulfuric Acid Factory. The effect of 

contact time, adsorbent dose, thermal pre-treatment of adsorbent, initial fluoride concentration 

and pH were studied in batch mode. From the results, it was indicated that greater than 90 % 

the fluoride was removed with in 1 h at an optimum adsorbent dose of 1.6 g L-1 for initial 

fluoride concentration of 20 mg L-1 [24]. The adsorption data was well fitted to the Freundlich 

isotherm model with a minimum capacity of 23.7 mg F-/g and 7.0 mg F-/g for treated and 

untreated aluminium hydroxide, respectively. Ultimately the study demonstrated that the 

adsorbent can be used in continuous operations to suit defluoridation either at household or 
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small community level where 4.5 g of treated aluminium hydroxide could treat 6 L of water 

containing 20 mg L-1 fluoride to the level below 1.5 mg L-1. Therefore, our research is the 

continuation of this work with particular emphasis to generate operation parameters for 

continuous treatment applications.    

 

Bone Char 

Defluoridation by bone char has been studied by several workers [25, 26] with remarkable 

efficiency. The removal process is considered to be ion exchange between fluoride in the 

solution and carbonate of the apatite comprising bone char. The bone char media has the 

capability of producing water with a residual fluoride concentration of less than 0.1 mg L-1 

from an initial fluoride of 12.0 mg L-1 [27]. 

 

The materials are available locally and can also be processed locally by individuals at 

household level for their own use or by a group of local people for selling to other local people. 

Preparation of the bone char can also be done at a centralized station whereby mass production 

and packing in labeled packets can be done. The bones are charred in special kilns fuelled by 

wood charcoal. Different sizes of the kiln have been fabricated and tested. Crushing and sieving 

devices have been developed [27].  

 

Household and community scale bone char defluoridation systems have been developed and 

tested. The packed bone char and columns may then be made available in local shops in 

fluorotic areas. The centralized bone char production however needs bigger investment. The 

investment may involve capital for procurements of raw bones in large quantities, 

transportation of the raw bones to the processing station, bigger kilns and powered crushing and 
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sieving devices. Other requirements may include packing materials and large number plastic 

columns into which the bone char is kept during defluoridation of water. Transportation and 

distribution of processed bone char and columns to local shops in fluorotic areas is another 

obvious cost. Since it is not easy for local people to know when to change the media of their 

household defluoridators, information on the initial fluoride concentration can be used to 

predict when the media should be changed [27]. 

 

Clays and Soils  

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

1967 [28]. Since the above mentioned paper was published, several workers studied the 

adsorption of fluoride. These studies include the use of Ando soils of Kenya [29], Illinois soils 

of USA [30], Alberta soil [31], illite-goethite soils in China [5], clay pottery [32, 33], fired clay 

[34], and fired clay chips in Ethiopia [35]. 

 

Moges et al. [35] studied the defluoridation of water using fired clay chips in Ethiopia. Their 

findings indicated that defluoridation efficiency is affected by factors such as dose of the 

medium, the pH of the solution, the contact time and initial fluoride content. A packed column 

of the ground clay pot chip was also tasted for defluoridation. The column defluoridates 6 L of 

tap water containing 10 mg L-1 fluoride to below 1.5 mg L-1. 

  

Broken bricks also used as domestic defluoridator in Sri Lanka [36] and from this study the 

broken bricks could be used as filter media for concentration of fluoride in raw water around 2 

mg L-1. 
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Natural clays present a major advantage due to their abundance in nature. Since these clay 

minerals are widely available in Ethiopia, it can be used as an alternative defluoridating 

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

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

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

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

 

Other Adsorbents 

In addition to activated alumina, bone char, clays and soils other materials such as spent 

bleaching earth, rare earth oxides, fish bone charcoal, and plant leaves were studied as 

adsorbents for fluoride removal. Mahramanlioglu et al. [37] investigated the adsorption of 

fluoride using spent bleaching earth. They found that the removal of fluoride depends on the 

contact time, pH and adsorbent concentration. Raichur and Basu [38] studied the adsorption of 

fluoride onto rare earth oxides. Rare earth oxides showed great potential for fluoride removal 

from water. Devendra [39] studied the adsorption of fluoride on to fish bone charcoal columns 

at domestic level. It was found out that an influent flow rate of about 0.5 mL min-1 g-1 fish bone 

charcoal containing 20 mg L-1 of fluoride, could produce about 3.5 L of useful effluent having 

less than 1.0 mg L-1 of fluoride breakthrough concentration. Jamode et al. [40] studied the 

removal of fluoride by fresh leaves obtained from khair (Acacia catechu), pepal (Ficus 

religiosa) and neem (Azadirachta indica) trees. The result showed that low-cost bio-adsorbent 

could be efficiently used for the removal of fluoride ions over a wide range of initial fluoride 

ion concentrations and the removal efficiencies decrease with high initial fluoride 

concentration. There is no need to regenerate the adsorbent because they are locally abundant 

and cheap to acquire. 
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  Principles of Adsorption System Design 
 

The design of defluoridation units requires a number of information which are obtained from 

series of batch, mini-column and pilot plant studies that the later is time consuming and 

expensive with regard to the amount of adsorbent and water usage. The purpose of conducting 

pilot-scale column runs is to predict what will happen in a full-scale column with various 

operating parameters. These parameters include flow rate, feed and product concentration, bed 

height, particle size, type of adsorbent, pH, temperature and viscosity [41]. It is sometimes 

difficult to apply small scale laboratory column studies data to design application. Problems in 

large scale units can occur due to uneven flow patterns, selective flow paths and uneven 

packing [41]. 

 

 Batch Adsorption Models 

Generally adsorption process proceeds through varied mechanisms such as external mass 

transfer of solute onto adsorbent followed by intra-particle diffusion. Unless extensive 

experimental data are available concerning the specific adsorption application, determining the 

rate-controlling step is impossible. Therefore, empirical design procedures based on batch 

adsorption equilibrium conditions are the most common method to predict adsorber 

performance. Adsorption equilibrium is a dynamic concept achieved when the rate at which 

solute adsorb onto a surface is equal to the rate at which they desorb [15].  

Knowledge of adsorption models is very important; in addition to informing us of the 

adsorption capacity of a system, it enables us to evaluate to what extent an adsorption system 

can be improved, as well as helping us to predict the type of condition in which we have to 
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work in order to broaden our study and estimate the necessary operation condition for the 

system to be as effective as possible. 

There are a number of batch adsorption models which have been used to explain the adsorption 

of solute on to the adsorbent. Some of them are Langmuir, Freundlich, the sips, the Redkich-

Peterson, BET (Brunauel, Emmet and Teller) and the Toth isotherms. Among these the most 

commonly used equilibrium models to understand the adsorption systems are Freundlich and 

Langmuir isotherm equation [42]. These models are simple and have an ability to describe 

experimental results in wide ranges of concentration. Both models can be easily transformed in 

to linear forms to obtain adjustable parameters just by graphical means or linear regression 

analysis.   

Langmuir Isotherm 

The Langmuir isotherm is one of the most commonly used isotherms for either gas or liquid 

adsorption. It was developed based on the kinetics of condensation and evaporation of gas 

molecules at a unit solid surface. The Langmuir adsorption isotherm is derived from 

consideration based upon an assumption of maximum monolayer adsorption onto a surface 

containing a finite number of adsorption sites of uniform energies of adsorption with no 

transmigration of adsorbate in the plane of the surface. 

The Langmuir adsorption isotherm equation is represented in Eq. (1): 

e

e
m BC

BCqq
+

=
1                                                                                                (1) 

And the linearized form can be represented as: 



 12

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=

emm CBqqq
1111
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Where, q is the amount of solute adsorbed per unit weight of material, qm is the maximum 

adsorption capacity, B is the Langmuir constant, and Ce is the equilibrium solute concentration. 

Freundlich Isotherm 

The Freundlich isotherm model describes a multi-layer adsorption with the assumption of 

heterogeneous surface in which the energy, a term in the Langmuir equation varies as a 

function of the surface coverage. The model can be presented as: 

neF CKq
1

=                                                                                                                (3) 

And the linerzed form can be represented as 

( ) ( ) ( )eF C
n

Kq log1loglog +=                                                                     (4) 

Where q   = the amount of solute adsorbed per unit weight of adsorbent at equilibrium (mg g-1) 

           Ce = the equilibrium solute concentration (mg L-1) 

           KF = the measurement of the adsorption capacity (mg g-1) based on freundlich isotherm 

           n    = the adsorption equilibrium constant 

 

Results obtained in previous studies carried out on a batch reactor showed that the removal of 

fluoride by adsorption on to treated aluminium hydroxide is highly efficient [24]. The 
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adsorption data were well fitted to the Freundlich isotherm model with a minimum capacity of 

23.7 mg F-/g and 7.0 mg F-/g for treated and untreated aluminium hydroxide, respectively.  

 

 Fixed-Bed Design Models 

 
Batch adsorption models are simple and useful to design batch treatment units; their application 

for the design of continuous treatment units is more complicated. A commonly used fixed-bed 

mathematical model for flow and reaction in porous materials is the one dimensional advection-

dispersion equation that assumes linear sorption isotherm of the solute onto the solid surface 

[23]. 

 

t
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∂
∂

ε
ερ 1

2

2

                                                                       (5)             

Where, 

 C = the concentration of the solute; 

 De = effective diffusion coefficient; 

 ρs = the density of the solid phase; 

 ε = the porosity of the bed; 

 q = mass of solute sorbed per unit of sorbent; 

 vx = average linear velocity of pore fluid in the x direction; and  

 Kd = the linear distribution coefficient. 

 

The main objective of the above model is to predict the breakthrough curve in more accurate 

manner. But in order to apply this models we need to have physical and kinetic parameter 

which can be obtained either from batch adsorption studies or form estimated literature values. 
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In addition to that, the models require the solution of a number of non-linear partial differential 

equations which include physical as well as kinetic parameters. These equations can be solved 

only by numerical methods that are time consuming and tedious [43]. Therefore, we need to 

seek other simplified models to design a fixed-bed adsorption column.               

 

The operation of fixed-bed adsorption column is commonly expressed in terms of mass balance 

as shown below.       

                                                  

              

 Fig. 1. Mass balance in a fixed-bed column element. 

 

 

 

 

For this system, the balance can be expressed according to the following equation: 

dt
dqm

dt
dCVCQCQ ptvov ++=                                                                  (6) 

QvCo 

QvCt 

Vp Z 

dz

v 
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Where Qv is the volumetric flow of the solution in the column (L min-1), C0 and Ct, 

respectively, the influent and effluent solute concentrations (mg L-1), QvC0 the influent flow of 

solute in the column (mg min-1), QvCt the effluent flow of solute leaving the column (mg     

min-1), Vp the pore volume (L); ( )ap VV
ε−

=
1

1
 where Va is the bulk volume and ε the 

porosity, ⎟
⎠
⎞

⎜
⎝
⎛

dt
dCV p  the flow rate through the bed depth column (mg min-1) and ⎟

⎠
⎞

⎜
⎝
⎛

dt
dqm  the 

amount of solute adsorbed onto adsorbent (mg min-1) where m is the mass of adsorbent and 
dt
dq  

the adsorption rate. 

 

From mass balance of a fixed-bed reactor, the determining factors of the balance for a given 

bed depth of the column are the linear flow rate v, the initial solute concentration, the 

adsorption potential and the pore volume even if the later parameter may be neglected. 

Therefore, in order to optimize the adsorption process in a packed-bed column it is necessary to 

examine these parameters and to estimate their influence [44].  

 

By varying the above process parameters, the optimum conditions for the column operation can 

be predicted through different design methods. There are a number of simple design models 

available which are based upon general assumption. These include BDST, EBRT, and Thomas 

model.  

 

The applicability of simplified models is extensively studied for the removal of organic solutes 

by activated carbon. And their applicability to model fluoride adsorption is now emerging. 
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Ghorai [45] indicated that bed depth service time (BDST) model was applied successfully for 

fluoride adsorption on to activated alumina. 

  
Bed Depth Service Time (BDST) Design Model 

 

In a fixed-bed system, the main design criterion is to predict how long the adsorbent material 

will be able to sustain removing a specified amount of solute from solution before regeneration 

is needed. This period of time is called the service time of the bed [43]. The BDST model 

describes a relation between the service time of the column and the depth of packed bed 

column. The original work on the BDST model was carried out by Bohart and Adams [46] on 

the adsorption, in dynamic system, of the chlorine onto activated charcoal and those of Thomas 

[47] on the adsorption of the ions by zeolites. The authors demonstrated that the system agrees 

with Eq. (7) (The derivation of Eq. 7 is indicated in appendix A) 

 

( )( ) bo
DvKN

b

o TKCe
C
C

−−=⎥
⎦

⎤
⎢
⎣

⎡
− 1ln1ln /0

                                                  (7) 

 

In this relation
( ) 1/0 >>DvKNe , thus

( )( ) D
v

KN
e oDvKN ≅− 1ln /0

, that is the 

reason why Hutchins [48] proposed the following linear relation between the column bed depth 

(D) and the service time (Tb): 
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Where Tb is the service time at breakthrough point (h), No is the bed capacity (mg cm-3), D the 

packed-bed column depth (cm), v is the linear flow rate through the bed (cm h-1), Co and Cb are, 

respectively, the influent and the breakthrough fluoride concentration (mg L-1) and K is the 

adsorption rate constant (L mg-1 h-1).  

 

The equation of a straight line on BDST curve is expressed as y = ax + b; where y = service 

time, x = bed depth, a = slope, and b = ordinate intercept. The numerical value of the slope (a) 

= N0/C0V and the intercept (b) = -{1/KC0 [ ln (C0/Cb–1)]}, the adsorptive capacity of the 

system, N0, and the rate constant, K, can be evaluated from the slope and intercept of a straight 

line plotted as the service time against the bed depth from experimental data, respectively. The 

minimum bed depth (Dmin) which represents the theoretical depth of adsorbent able to prevent 

the adsorbent concentration from exceeding Cb, is obtained when Tb = 0, according to the 

following equation: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= 1lnmin

b

o

o C
C

KN
vD                                                                                    (9) 

The slope of the line presented by y = ax + b can be used to predict the performance of the bed, 

if there is change in the initial solute concentration Co1 to a new Co2. Hutchins [48] proposed 

that the new slope a2 and new intercept b2 can be estimated by Eq. (10) and Eq. (11), 

respectively: 

     
2

1
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aa =                                                                                              (10) 
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McKay et al. [49] stated that if design data are required for a change in volumetric flow rate of 

solute to the same adsorption system, the new slope with the intercept remaining unchanged 

can be written as: 

2

1
1

2

1
12 v

va
Q
Qaa ==                                                                               (12) 

 

Empty Bed Residence Time Design Model 

 

The empty bed residence time (EBRT) model, or 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 [50] 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.  

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                                                                                (13)       

                     Volumetric flow rate of the liquid 
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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________                 (14) 

                                                     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. 

 

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; however, a larger column will have to be used. In contrast, if the 

adsorbent exhaustion rate is large, the EBRT will be smaller and a small column is needed 

which means a lower capital investment; nevertheless, the amount of adsorbent used will 

increase which requires a higher operation cost. This economic tread-off between the capital 

investment on a larger column and the saving on the adsorbent cost may be used to determine 

the size of the adsorption column [41]. 

 

In order to select the optimum combination of adsorbent exhaustion rate and the liquid retention 

time, the operating line should first be established. Based on the fact that the operating line will 

approach a minimum at both axes, and the relationship between the adsorbent exhaustion rate 
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and the liquid retention time is inversely proportional, the following mathematical form of 

equation for the operating line is assumed [51]: 

             (x-α) (y-β) = γ                                                                      (15)            

Where x is the liquid retention time or EBRT (min) 

            y is the adsorbent exhaustion rate (g L-1) 

           α  is the minimum liquid retention time (min) 

           β is the minimum adsorbent exhaustion rate (g L-1) 

              γ  is a constant (min g L-1) 

   

Thomas Model  

For the continuous flow adsorption system, the Thomas mode1 can be used to describe the 

adsorption kinetics and evaluating the maximum solid phase concentration (qo) and the Thomas 

rate constant (kT) and can be written in the form [52]: 

            ( )⎥
⎦
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t

exp1
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Where, 

Ct = effluent adsorbate concentration. (mg L-1); 

Co = influent adsorbate concentration (mg L-1); 

kT =  Thomas rate constant (L min-1 mg-1); 

qo =  maximum solid phase concentration of the solute (mg g-1); 

m = mass of the adsorbent (g); 
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V = throughput volume (mL); 

Qv = volumetric flow rate (mL min-1). 

 

And the linearized form can be expressed as: 
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From the plot of 1ln −
t

o

C
C

against throughput volume (V), we can determine the Thomas 

rate constant and the maximum adsorption capacity. 

 

 

 

 

 

  The Objectives of the Research 

 

The general objective of the research was to develop defluoridation process which is suitable 

for the household and large scale application by using aluminium hydroxide as an adsorbent. 

 

   The specific objectives were as follows: 
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• To investigate the removal of fluoride from aqueous solutions in continuous process 

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

using treated aluminium hydroxide as an adsorbent. 

 

• To investigate the applicability of simple models (BDST, EBRT and Thomas 

models) for the design of adsorption system for fluoride by treated aluminium 

hydroxide. 

 

• To evaluate the possibility of regeneration and reuse of the media. 

 

• To investigate the effect of co-existing ions on the defluoridation capacity   

                       of treated and untreated aluminium hydroxide in batch mode. 

    

 

 

 

2. MATERIALS AND METHODS 

 

  Adsorbent Material  

 

The adsorbent (aluminium hydroxide) was prepared by mixing 100 g of Al2(SO4)3.14H2O in 

500 mL of distilled water while stirring with magnetic stirrer until complete dissolution. The 

resulting lower pH (2.7) was adjusted to about pH of 7.00 using 2.0 M NaOH. Half of the 



 23

aluminium hydroxide was sun-dried and hence considered as untreated aluminium hydroxide 

and the other half portion was placed in a furnace (Calbolite, ELF Model, Waglech 

International Ltd, UK) and heated at 300 oC for 1 h to produce treated aluminium hydroxide 

[24]. 

 

The untreated aluminium hydroxide was used only in the batch adsorption experiment while the 

treated aluminium hydroxide was used for both batch and continuous process in the form of 

powder and 1-2 mm particle size, respectively.  

 

   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 distilled water. Standards and samples at a required concentration range 

were prepared by appropriated dilution of the stock solution with distilled water. 

 

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

recommended procedure, except that EDTA is replaced by CDTA [53] as follows; 57 mL of 

glacial acetic acid, 58 g of sodium chloride, 7 g of sodium citrate and 2 g of EDTA were added 

to 500 mL distilled water, allowed to dissolve, pH adjusted to 5.3 with 5 M Sodium hydroxide, 

and then made up to 1 L in a volumetric flask with distilled water [24]. 

 

   Fluoride Measurement 
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Orion fluoride ion selective electrodes were used for routine determination of fluoride. A 

pH/ISE meter (Orion Model, EA 940 Expandable Ion Analyzer, U.S.A) equipped with 

combination fluoride-selective electrode (Orion Model 96-09, U.S.A) was employed. The 

liquid phase fluoride concentration was measured as follows: 

 

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

plastic beaker and the mixture was stirred manually. The same amounts of samples were 

used throughout the experiment, unless indicated. 

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

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

of interest.  

• The method of direct potentiometry was used, where the concentration can be read 

directly. 

 

The fluoride ion selective electrode was calibrated prior to each experiment in order to 

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

experimentally obtained potential-time diagram to concentration-time diagram by: 

 

      
( ) SconsE

F
C /10 −=−                                                                                        (18) 

 

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

and const is its intercept.  
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  Fixed-Bed Column Experiments 

 

                        

Fig. 2. Schematic design of column unit for laboratory scale experiments: A: Feed tank, B: 

Peristaltic Pump, C: Fixed-bed column, D: Storage tank, E: Cotton pad, F: Bed height. 

 

A glass column of various lengths (10, 15, 20 and 25 cm) and 2.3 cm internal diameter were 

used to contain the weighted amount of treated aluminium hydroxide (TAH) having a particle 

size of 1-2 mm as a fixed-bed absorber. The bed was supported and closed by cotton pad and 

rubber, respectively, to prevent the flow of adsorbent together with the effluent. Then the bed 

was rinsed with distilled water and left overnight to ensure a closely packed arrangement of 

particles without voids, channels, or cracks. Synthetic fluoride solution of known concentration 

(10 and 20 mg L-1) was fed through a bed of TAH in up-flow mode to avoid channeling due to 

gravity and to ensure a uniform distribution of the effluent thought out the column. The 

experiments were carried out at room temperature (22 ± 2 0C). 

 

B

C

D 

E 

A

F 
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A peristaltic pump (Heldoph pump drive 5006, Germany) was used to control the flow rates 

(12, 23 and 40 mL min-1) and maintained constant during each experiment. Periodic flow rate 

checks were carried out by collecting samples at the effluent for a given time and measured 

using measuring cylinder. Samples of the effluent were collected at 1 h interval and analyzed 

using Orion fluoride ion selective electrode. The volume of treated water was measured at 1 h 

interval and the average flow rate was calculated based on these values, because the flow rate 

becomes unstable as the bed depth is high due to a higher flow resistance. The desired 

breakthrough concentration (Cb) was determined at 7.5 % of the initial concentrations (20 mg 

L-1), which is 0.075 Ct/Co or 1.5 mg L-1. 

 

  Desorption Experiments  

Regeneration of the adsorbent was carried out using the procedure adapted from the 

TRAMFLOC, INC [20]. The regenerant were 1 % NaOH, distilled water and 0.05 N H2SO4.   

50 g of saturated adsorbent were soaked with 500 mL of 1 % NaOH for 15, 30 and 100 min and 

then rinsed with 380 mL of distilled water for 10, 20 and 80 min and then with 500 mL of 0.05 

N H2SO4 for 15, 30 and 100 min. The adsorbent was then allowed to dry and packed in a 25 cm 

column and 20 mg L-1 fluoride solution were allowed to pass through the column with 23 mL 

min-1 flow rate. 

 

   Effect of Co-existing Ions on the Defluoridation Capacity of Treated and 

Untreated Aluminium Hydroxide  

 

The effect of anions (HCO3
-, SO4

2-, Cl- and PO4
3-) on the adsorption of fluoride was studied 

in batch mode by determining the residual fluoride concentration in the presence of each 
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anion and all anions together. The solutions of the required concentration of anions (0, 100, 

200, 300, 400, and 500 mg L-1) were prepared by dissolving the sodium salts of the 

corresponding anions in the 20 mg L-1 fluoride solution in a 500 mL Erlenmeyer flask and the 

pH of the solution were determined. Then, 0.8 g of adsorbent (TAH and UAH) were added 

and stirred for 60 min. After overnight settling the residual fluoride concentration and pH of 

the solution were determined using Orion fluoride ion selective electrode and pH/Ion meter 

(WTW Inolab pH/ION level 2, Germany), respectively. The experiments were carried out at 

room temperature (22 ± 2 0C). The adsorption efficiency of the adsorbents was calculated 

based on the residual fluoride concentration. The adsorbent dose and the contact time were 

selected based on the previous study [24]. 

 

 

3. RESULTS AND DISCUSSION 

   Fixed-Bed Design Models 

The Bed Depth Service Time model, BDST, the Empty Bed Residence Time model, EBRT and 

the Thomas model are selected for this study which are used to predict, optimize and describe 

the fixed-bed column operation, respectively.  

 

 Bed Depth Service Time Model 

Figure 3 shows the BDST plots (Tb versus D), which is constructed from the data in Table 1 for 

the influent fluoride concentration of 20 mg L-1 and flow rates of 12, 23 and 40 mL min-1 at 7.5 

% breakthrough time for 10, 15, 20 and 25 cm bed heights. The coefficients No and K for the 

three flow rates are calculated based on Eq. (8). The slopes and intercepts for the BDST plots 

for the three flow rate are shown in Table 2. 
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Fig. 3. BDST plot at 7.5 % breakthrough in a fixed-bed column at different flow rates: ( )    

          12; ( ) 23; ( ) 40 mL min-1 (Co = 20 mg L-1). 

Table 1. 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 TAH.  

y = 2.5066x - 20.533

R2 = 0.9984

y = 1.4x - 13.25 
R2 = 0.9909

y = 0.3962x - 3.196 
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Table 2. Constants of BDST curve 

 

  

 

 

 

The data in Table 1 show that EBRT, Vb and Tb increased with decreasing flow rate or 

increasing bed depth. The equations of linear relation ship were obtained with R2 = 0.9984, 

Q  flow rate  

(mL min-1cm-2) 

D  bed depth  

    (cm) 

Bed volume 

(Cm3) 

Weight of 
adsorbent  

m (g) 

EBRT 

(min) 

Vb 

(L) 

Tb 

(h) 

Adsorbent 
exhaustion 
rate (g L-1) 

 

2.89 

 

10 41.55 15 3.46 2.947 4 5.09 
15 62.32 22.5 5.19 13.465 18 1.67 
20 83.10 30 6.93 20.818 29.33 1.44 

25 103.87 37.5 8.66 29.042 42 1.29 

 

 5.54 

 

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 19.260 14 1.56 

25 103.87 37.5 4.52 30.998 22.5 1.21 

 

        9.63 

10 41.55 15 1.03 1.074 0.45 13.97 

15 62.32 22.5 1.56 7.574 3.17 2.97 

20 83.10 30 2.08 11.676 4.83 2.57 

25 103.87 37.5 2.596 15.644 6.5 2.39 

Q  flow rate  
(mL min-1cm-2) 

v 
(cm h-1) 

Slope Intercept D min 
(cm) 

N0  
(mg cm-3) 

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

X 
(mg g-1) 

2.89 173.3 2.5066 -20.533 8.19 8.69 6.12 24.07 

5.54 332.4 1.4 -13.25 9.46 9.31 9.48 25.79 

       9.63 577.8 0.3962 -3.196 8.06 4.58 39.3 12.7 
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0.9909 and 0.9833 for 12, 23 and 40 mL min-1 flow rates, respectively. The adsorption capacity 

(No) of the adsorbent was calculated to be 24.07, 25.79 and 12.7 mg g-1 for 12, 23 and 40 mL 

min-1 flow rate, respectively. This shows that as the flow rate increases the adsorption capacity 

decreases. This may be due to decrease in contact time.  

 

The minimum adsorption capacity of aluminium hydroxide which was determined by the 

previous study [23] in batch experiment was 23.7 mg g-1. This shows that the capacity of 

column system in the flow rate of 12 and 23 mL min-1 is slightly higher than the minimum 

value in batch system. This can be explained as follows in the batch process, the adsorption 

reached equilibrium in 60 min, while the EBRT of this column study was less than 9 min. 

Netpradit [54] explained that in the batch process there is much interaction of adsorbate with 

adsorbent, but in column experiment, due to the lower surface area, channeling effect and low 

contact time the adsorption capacity may not be as expected. The rate constants also increased 

with increasing flow rate. The rate constant is dependent on the effect of both external film 

diffusional mass transport, which varies with fluid velocity, and inter-particle diffusion, which 

is independent of fluid velocity [43]. Therefore, external film diffusional mass transport is 

important rate determining factor in fluoride adsorption on to treated aluminium hydroxide. 

Further study is required to verify this aspect.  

 

The BDST model can be applied to predict a model slope at other flow rates once the slope at a 

given flow rate is determined. The y-intercept value change is insignificant with respect to 

changing flow rate [55], the main assumption in the BDST mode is that the adsorbate is 

adsorbed on the adsorbent surface immediately such that there is no diffusion problem. Table 3 

shows the experimental and calculated BDST model constants. The calculated and 
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experimental values of slopes are in good agreement. It is the advantage of the BDST model 

that any experimental test can be reliably scaled up for other flow rates without further 

experimental data and analyses.  

 

Table 3. Experimental and calculated Bed Depth Service Time equation constants for    

              adsorption of fluoride on to treated aluminium hydroxide (C0 = 20 mg L-1). 

 

Flow rate 

(mL min-1) 

Slope (a) 

Experimental Calculated

12 2.5006  

23 1.4  

40 0.3962  

23  1.31 

40  0.7502 

  

Effect of Bed Depth 

The adsorption of fluoride on to treated aluminium hydroxide is presented in the form of 

breakthrough curves where the concentration ratio Ct / Co is plotted versus time. Figures 4-6 

show the breakthrough curves of fluoride adsorption on to treated aluminium hydroxide at 

different bed depths (10, 15, 20, and 25 cm) and at a constant flow rate of 12, 23 and 40 mL 

min-1. Results indicate that the breakthrough volume Vb and breakthrough time Tb increases 

with increasing bed depth. The breakthrough time Tb is directly related with D according to   

Eq. (8), thus as the bed depth increases the breakthrough time also increase and which is in turn 

leads to an increase in treated water volume (Vb). When the bed depth increases, the adsorption 
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performance increases due to the increase in adsorbent mass which provides greater adsorption 

sites.  

 

The breakthrough curve indicated in Figure 4 shows that at lower bed depths, the shape of the 

curve does not show the characteristic S shape profile produced in ideal adsorption systems, but 

exclusively for the 25 cm column the shape is approaching S shape curve. Increasing bed depth 

increases the EBRT from 3.46 to 8.66 for 12 mL min-1 flow rate and similar trends were also 

followed with other flow rates.   
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Fig. 4. Effect of bed depth on breakthrough time at a constant flow rate of 23 mL min-1  
           (Co = 20 mg L-1). 
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Fig. 5. Effect of bed depth on breakthrough time at a constant flow rate of 12 mL min-1  
           (Co = 20 mg L-1). 
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Fig. 6. Effect of bed depth on breakthrough time at a constant flow rate of 40 mL min-1  
            (Co = 20 mg L-1). 
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Effect of flow rate 

Figure 7, shows that the influence of flow rate on the time of breakthrough at fixed-bed depth 

of 25 cm. An increase in flow rate from 23 to 40 mL min-1 reduces the volume of treated at the 

breakthrough and therefore decreases the service time of the bed. As can be seen from Table 1, 

30.998 L of water was treated at a flow rate of 23 mL min-1 while 15.644 L was treated at a 

flow rate of 40 mL min-1 and the break through time also reduced from 22.5 to 6.5 h for 23 and 

40 mL min-1 flow rates, respectively.  This is due to the decrease in contact time between the 

fluoride and the adsorbent at higher flow rate. As the adsorption rate is controlled by intra-

particle diffusion, an early breakthrough occurs and leading to a low bed adsorption capacity 

[44]. When the flow rate decreases the contact time in the column is longer, intra-particulate 

diffusion then becomes effective. Thus the adsorbate will have more time to diffuse in to the 

particles of the adsorbent and a better adsorption capacity is obtained. The slope of the BDST 

plot will be higher for smaller flow rates. 

 
Fig. 7. Effect of flow rate on breakthrough time in a 25 cm fixed-bed column: ( ) 40; ( ) 23; ( ) 12  
            mL min-1 (C0 = 20 mg L-1). 
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The effect of influent concentration at 10 and 20 mg L-1 fluoride with fixed flow rate of 23 mL 

min-1 is shown in Figure 8. It can be seen that rising in the influent concentration reduces the 

breakthrough time and also the volume of treated water. A high influent concentration may 

saturate the media more quickly, and thereby decreasing the breakthrough time. The service 

time Tb (51.7 h) which is calculated using Eq. (10) and (11) for 10 mg L-1 fluoride solution with 

25 cm bed depth was almost equal to the experimental value which is 51 h.    
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Fig. 8. Effect of initial fluoride concentration on bed service time (Qv = 23 mL min-1, D = 25 cm). 
 

 

 

Scale-Up of the Fixed-Bed Adsorption System. 
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For applications in large continuous system, service time is an important parameter which is 

obtained from a series of mini-column experiments. The longer the service time, the better the 

bed performance. In the present work, it is possible to predict the service time of large scale 

adsorption bed based on the parameters from the mini-column tests. 

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

results and the internal diameter and the bed depth would increase while keeping constant their 

ratio. BDST parameters, K and No, calculated from mini-column experiments are used to 

predict the service time of large scale adsorption bed. 

 

Table 4. Scale-up parameters. 
 

 
 

If we assume that, on average an Ethiopian family consists of five individuals and each 

individual consumes 2 liter per day, then the service time of the adsorption column can be 

predicted as follows: 

 

Table 5.  Service time of household adsorption column at different operating conditions. 
 

Parameters Mini-column Large column Scale-up ratio 

Geometric    

Internal diameter (cm) 2.3 6.4 0.36 

Area (cm2) 4.15 32.15 0.13 

Bed depth (cm) 25 70 0.36 

Operating    

Linear flow rate (cm min-1) 5.54 2.89 5.54 5.54 2.89 5.54 1 1 1 

Influent concentration (mgL-1) 20 20 10 20 20 10 1 1 1 

Volumetric flow rate (Lh-1) 1.38 0.72 1.38 10.7 5.6 10.7 0.13 0.13 0.13 

Adsorbent weight (g) 37.5 813 0.05 
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D  (cm), Co ( mgL-1) , 

v (cm min-1) 

Service time of the bed 

(months) 

[50, 20, 5.54] 1.05 

[70, 20, 5.54] 3.00 

[100, 20, 5.54] 9.4 

[50, 10, 5.54] 2.24 

[70, 10, 5.54] 6.3 

[100, 10, 5.54] 19.4 

[50, 20, 2.89] 1.01 

[70, 20, 2.89] 2.88 

[100, 20, 2.89] 8.8 

[70, 7, 5.54] 9.2 

[70, 5, 5.54] 13.3 

 

 Empty Bed Residence Time Model 

 

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 and 

thus the adsorbent exhaustion rate and the EBRT at various adsorbent bed heights can be 

obtained. By plotting the adsorbent exhaustion rate against EBRT and minimizing the sum of 

square error (SSE) between the experimental data and the predicted value ( ( )2expyycal−∑  

based on Eq. (15), the constants α, β and γ are calculated using OriginPro 7.0 software and 

shown in Table 4. After obtaining the constants, the operating line, which is the best-fit line for 

the experimental data following the pattern of Eq. (15), can be constructed. 

 

Table 6. EBRT constants for changing flow rate (Co = 20 mg L-1 at 7.5 % breakthrough) 
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Flow rate mL min-1 Min. EBRT [α (min)] Min. adsorbent  

exhaustion rate [β (g L-1] 

Constant γ 

12 3.17 1.09 1.18 

23 1.23 0.12 4.39 

40 0.99 2.09 0.51 

  

It is clear that when the EBRT increases with a fixed flow rate and mass of adsorbent used, the 

bed volume will have to be larger, thus allowing more solution to be treated but resulting in a 

lower adsorbent exhaustion rate. However, if the EBRT becomes larger (i.e. the volumetric 

flow rate decreases), then the adsorbent will have more time in contact with the solution. When 

the EBRT value is so large such that exhausted adsorbent is in equilibrium with the influent, the 

total volume of liquid treated at breakthrough will not increase with the increase of EBRT, and 

a constant EBRT, which corresponds to the minimum adsorbent exhaustion rate, will be obtain 

[41].  

 

From the data of Vb in Table 1, the adsorbent exhaustion rate was determined by dividing m 

with Vb. Then the plot of the adsorbent exhaustion rate versus EBRT was constructed, as shown 

in Figure 9. It can be seen from the Figure that the adsorbent exhaustion rate decreased with 

increasing EBRT and at lower flow rate the operating line shifted to the right indicating that it 

has got higher EBRT.       
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Fig. 9. Adsorbent exhaustion rate versus EBRT for ( ) 12; (•) 23; ( ) 40 mL min-1. 

The curves seem flatten and no significant reduction in adsorbent exhaustion rate is gained with 

contact time greater than about 3, 6 and 7 min for 40, 23 and 12 mL min-1 flow rates, 

respectively, with the corresponding usage rate of 2.2, 0.9 and 1.3 g L-1. The optimum dose for 

batch system was 1.6 g L-1 [24] and it is close to the adsorbent exhaustion rate of 12 mL min-1. 

This means that the same dose of adsorbent can be used either in column or batch systems 

under the same volume treated unless the service time is considered [54].  

 
 
 
 
 
 
 
 

 Thomas model  
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The data collected from continuous flow mode studies was used to determine the kinetic 

parameters using the Thomas model which is widely used for column studies. The Thomas 

model was used in describing the adsorption kinetics and evaluating the maximum solid phase 

concentration (qo) and the rate constant (kT). The linearized Thomas model plot is shown in 

Figure, 10-13. From the plot, the rate constant kT and the maximum solid phase concentration 

of the solute qo, were calculated and Table 7 shows summary of the linearized Thomas model 

parameters. 

  
Fig. 10. Linearized Thomas model plot at 7.5 % breakthrough for adsorption of 20 mg L-1     

             fluoride solution with 12 mL min-1 flow rate at a different bed depths: 

             ( ) 10; ( ) 15; ( ) 20; (•) 25 cm.   
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      Fig. 11. Linearized Thomas model plot at 7.5 % breakthrough for adsorption of 20 mg L-1    
                   fluoride solution with 23 mL min-1 flow rate at different bed depths : 

                   ( ) 10; ( ) 15; ( ) 20; (•) 25 cm.   

 
Fig. 12. Linearized Thomas model plot at 7.5 % breakthrough for adsorption of 20 mg L-1       
             fluoride solution with 40 mL min-1 flow rate at different bed depths: 

             (•) 10; ( ) 15; ( ) 20; ( ) 25 cm.   
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Fig. 13. Linearized Thomas model plot at 7.5 % breakthrough for adsorption of 10 mg L-1    

             fluoride solution with 23 mL min-1 flow rate at 25 cm bed depth.        

 
 
 
 Table 7. Linearized Thomas model parameters at 7.5 % breakthrough.  
 

[D (cm), Co (mgL-1), 
Q (mLmin-1)] 

kT (L mg-1 min-1) x 10-3 qo (mg g-1) 
 

Equation of the line. 
 

R2 
 

[10, 20, 12] 0.463 7.78 Y = -0.7723x + 4.5006 0.8153 
[15, 20, 12] 0.094 25.14 Y = -0.1573x + 4.4305 0.9434 
[20, 20, 12] 0.086 28.40 Y = -0.1434x + 6.1059 0.8701 
[25, 20, 12] 0.071 28.08 Y = -0.118x + 6.2296 0.8648 
[10, 20, 23] 0.346 13.37 Y = -0.3009x + 3.093 0.9939 
[15, 20, 23] 0.319 15.03 Y = -0.2776x + 4.6905 0.9033 
[20, 20, 23] 0.147 25.62 Y = -0.1274x + 4.9126 0.971 
[25, 20, 23] 0.147 28.56 Y = -0.1278x + 6.844 0.9696 
[10, 20, 40] 1.46 5.9 Y = -0.7342x + 3.2351 0.9396 
[15, 20, 40] 0.409 17.9 Y = -0.2045x + 4.1215 0.9523 
[20, 20, 40] 0.3008 18.5 Y = -0.1504x + 4.1761 0.9673 
[25, 20, 40] 0.238 20.1 Y = -0.119x + 4.4837 0.9425 
[25, 10, 23] 0.0699 39.35 Y = -0.0304x + 4.4844 0.8472 

 

 

y = -0.0304x + 4.4844
R2 = 0.8472
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From Table 7, it can be seen that as height increases the Thomas rate constant decreases but the 

adsorption capacity increases. The decrease in Thomas rate constant may be explained as, the 

height increases the fluoride adsorption may took place in the pores rater than on the surface of 

the adsorbent and the adsorption may be controlled by intraparticle diffusion. And increase in 

mass of adsorbent to the column might have enhanced the removal capacity of the material. For 

25 cm bed depth, the adsorption capacity is greater than 23 mg g-1 (minimum adsorption 

capacity from batch system) except for 40 mL min-1 flow rate. Generally as the flow rate 

increases the adsorption capacity was reduced. The effect of influent concentration was studied 

by using the initial concentration of 20 and 10 mg L-1 at constant flow rate and bed depth. 

Results show that the adsorption capacity was increased from 28.56 mg g-1 to 39.35 mg g-1 as 

the influent concentration decreases from 20 to 10 mg L-1.  

 
 

  Regeneration of the Exhausted Media 
 

The saturated media was regenerated using 1 % NaOH and 0.05 N H2SO4 and the possibility of 

regenerating the adsorbent was studied by varying the time where the regenerants remains in 

contact with the saturated adsorbent. Results showed that desorption of fluoride is effective at 

higher time of contact (100 min) which is consistent with the result reported for activated 

alumina saturated with fluoride [20]. 

   Table 8. Desorption of fluoride from the media at various time of contact. 

Regenerants Effluent fluoride 

concentration (mg L-1) 1 % NaOH  Dis. H2O 0.05 N H2SO4 

15 min 10 min 15 min 5.22 

30 min 20 min 30 min 1.78 

100 min 80 min 100 min 0.104 
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Fig. 14. The breakthrough curve for regenerated and original adsorbent at a constant flow   
              rate of 23 mL min-1 (Co = 20 mg L-1). 
 
 

From Figure 14, it can be seen that the breakthrough time for the regenerated media is smaller 

than the original adsorbent. Hence regeneration reduces the service time of the bed.  The 

capacity of the regenerated media was calculated by using Thomas model (Figure 15) and 

presented in Table 9.  
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Fig. 15. Linearized Thomas model plot at 7.5 % breakthrough for adsorption of 20 mg L-1    

                   fluoride solution with 23 mL min-1 flow rate at 25 cm bed depth for the    
             regenerated adsorbent. 
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                 adsorbents. 
 
Adsorbent Breakthrough Time  

(h) 

Breakthrough Volume 

(mL) 

Adsorption Capacity 

(mg g-1) 

Regenerated  16 22,250 25.79 

Original/Unused 22.5 30,998 28.56 

  
 

The data in Table 9 show that the breakthrough time (Tb) and volume (Vb) of the regenerated 

adsorbent were reduced as compared with that of the original adsorbent. The adsorption 

capacity of the regenerated adsorbent is slightly inferior but comparable with the original 

adsorbent; this may be due to the presence of unwashed F- or other ions like SO4
2- from the 

regenerants.   

 

 Effect of Co-existing Ions on the Defluoridation Capacity of Treated and 

Untreated Aluminium Hydroxide 
 

The results obtained for the effect of bicarbonate, sulfate, chloride and phosphate on fluoride 

adsorption on each of treated and untreated adsorbents in batch mode using different anion 

concentrations are shown in Table 10 and Figures (16-19). 

 

The results in Table 10 showed that, the fluoride removal efficiency in the absence of anions in 

both TAH and UAH is above 90 %, but it declines to 70.5 % (UAH) and 73.9 % (TAH) for the 

one which contain 500 mg L-1 of HCO3
- and for the solution containing 500 mg L-1 of PO4

3- it 

declines to 79.5 % (UAH) and 71.3 % (TAH). 

 And from Figure 16 and 19, it showed that as the concentration of both anions increased from 

100-500 mg L-1, the fluoride removal efficiency reduced in the same manner but the effect is 
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more pronounced in HCO3
- .This may be due to competitive nature of the two ions on to 

adsorption site. Further more, the phosphate ion is binuclear and hence the inner sphere surface 

complexation indicates that the phosphate ion can bound in to two adsorption sites 

simultaneously. So it reduces the number of available sites for fluoride which is mononuclear 

[56].   

 

From these two Figures (16 and 19) one can see that, the removal efficiency of TAH is more 

affected by PO4
3- than UAH, and vise versa for HCO3

-. This can be explained in terms of pH of 

the solution. From Table 10, we can see that the initial and final pH of the solution which 

contains PO4
3- is more or less similar for UAH, but for the case of TAH the final pH becomes 

higher than the initial pH. Therefore, as the pH of the solution becomes higher to certain level 

then the percentage adsorption of the phosphate ions on to aluminum oxide surface is increased. 

Some studies [56] showed that the pick % adsorption of H2PO4
- and HPO4

2- on to aluminum 

oxide surface is around 80 % at pH 6 and 60 % at pH 8, respectively. From this study and from 

Table 11, it is considered that the type of phosphate ion present in this solution is HPO4
2-.  

 

 

 

 

 

 

 

    Table 10. Data of adsorption efficiency of treated and untreated aluminium hydroxide at     

                    different concentrations of anions. 
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 Table 11. Effect of phosphate ion at different pH on adsorption of untreated aluminium    
                 hydroxide. 
 

pHi  [F-]i [F-]f pHf Efficiency (%) 

Anion Concentration 
(mg/L) 

UAH TAH 
Effi. (%) pHi pHf Effi (%) pHi pHf 

HCO3
- 0 90.7 6.30 6.00 93.1 6.25 6.12 

 100 85.1 8.45 7.62 87.6 8.42 7.59 
 200 76.9 8.63 7.81 83.4 8.60 8.10 
 300 75.0 8.68 8.26 78.9 8.68 8.27 
 400 72.5 8.69 8.11 74.8 8.67 8.37 
 500 70.5 8.70 8.37 73.9 8.71 8.47 
SO4

2- 0 90.0 7.07 6.29 94.6 7.07 5.94 
 100 91.3 7.04 6.24 93.7 7.13 6.02 
 200 90.9 7.04 6.30 92.5 7.05 6.18 
 300 89.8 7.06 6.32 92.0 7.12 6.15 
 400 88.2 7.16 6.41 91.9 7.11 6.14 
 500 88.6 7.10 6.38 92.0 7.08 6.09 
Cl- 0 90.7 5.98 5.96 93.7 6.32 5.65 
 100 91.1 6.32 5.94 93.8 6.23 5.69 
 200 89.5 6.34 5.97 93.5 6.17 5.69 
 300 90.1 6.40 5.96 94.5 6.17 5.57 
 400 91.9 6.38 5.90 93.8 6.14 5.69 
 500 90.5 6.25 5.98 93.7 5.88 5.68 
PO4

3- 0 90.1 6.89 6.19 93.5 6.53 6.24 
 100 84.7 5.66 5.99 78.8 5.50 7.09 
 200 83.1 5.42 5.87 75.4 5.17 6.86 
 300 81.9 5.16 5.84 75.6 5.11 6.68 
 400 79.9 5.18 5.80 71.6 5.19 6.63 
 500 79.5 5.00 5.76 71.3 5.23 6.53 
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3 21.4 6.98 5.09 67.4 
4 21.4 2.21 5.99 89.7 
5 21.2 2.34 6.20 88.9 
6 21.4 2.25 6.31 89.5 
7 21.1 1.89 6.41 91.0 
8 21.2 2.63 6.54 87.6 
9 21.1 2.47 6.60 88.3 
10 20.6 2.97 6.70 85.6 
11 21.2 7.37 8.56 65.2 

        
N.B. all the data are the mean value of triplicate measurements. 

 
Phosphate doesn’t exist in such higher concentration in real water samples, but the effect is still 

exists at lower concentration which is indicated in Table 12, and from Figure 19 we can see that 

the adsorption efficiency is reduced to large extent with in the range of 0-100 mg L-1 but as the 

concentration increases from 100 to 500 mg L-1 the effect becomes stagnant. 

 

   Table 12.  Effect of  PO4
3- ion at lower concentration on removal efficiency of untreated    

                    aluminium hydroxide.  

 

Anion Conc. (mg/L) UAH 
Effi. (%) pHi pHf 

PO4
- 0 86.7 6.78 6.75 

 3 79.3 6.34 6.90 
 6 73.1 6.04 6.96 
 9 60.7 6.06 7.16 
 12 57.4 6.04 7.17 

 
N.B. all the data are the mean value of triplicate measurements. 

 
 

Regarding the other two ions Cl- and SO4
2-, from Figure 17 and 18, it is found out that the 

adsorption efficiency of TAH and UAH is not that much affected by the presence of these ions. 

In other words they do have very little effect on removal efficiency of the adsorbents, but in 

relative terms the effect is more pronounced in UAH than TAH. The two anions (SO4
2- and Cl-) 

affect the fluoride removal almost to the same extent, but in relative terms SO4
2- affect the 
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fluoride removal than Cl-. Hence, the adsorption of anions by aluminium hydroxide can be take 

place in the following order. 

    F- >> OH- >> HCO3
- >> PO4

3- >>> SO4
2-  ≅ Cl-  

 
The above data indicate that the presence of bicarbonate and phosphate ions continue to depress 

the removal efficiency (capacity) of both adsorbents more than the remaining two anions tested. 

So, special consideration has to be given to designing a system for fluoride removal in the 

presence of these two ions. Either the anions should be removed first, or the system has to be 

designed for much lower fluoride capacity (or efficiency). 
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Fig. 16. Fluoride removal efficiency of treated and untreated aluminium hydroxide at different     
              concentration of Bicarbonate ion (Co = 20 mg L-1). 
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Fig. 17. Fluoride removal efficiency of treated and untreated aluminium hydroxide at different        
             concentration of  Sulfate  ion (Co = 20 mg L-1) . 
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Fig. 18. Fluoride removal efficiency of treated and untreated aluminium hydroxide at different          
             concentration of  chloride ion (Co = 20 mg L-1). 
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Fig. 19. Fluoride removal efficiency of treated and untreated aluminium hydroxide at different            
             concentration of phosphate ion(Co = 20 mg L-1). 
 
 

In this study the effect of all anions in a mixture on to adsorption of TAH and UAH were 

studied and presented in Table 13 and Figure 20 and 21. 

 
Table 13. The mixture effect of the four anions on to treated and untreated aluminium hydroxide. 
 
Expt. Conc. of ion Adsorbent [F-]in pHin [F-] fi pH fi Efficiency 

(%)  
1st 
Trial 

400 mg/L SO4
2-, Cl-, and HCO3

-

 

10 mg/L   PO4
3- 

UAH 19.3 8.15 5.99 8.40 68.9 

TAH 19.9 7.98 6.23 8.00 68.7 

2nd 
Trial 

200 mg/L SO4
2-, Cl-, and HCO3

-

 

5 mg/L   PO4
3- 

UAH 19.6 8.16 5.09 7.88 74.0 

TAH 19.8 8.24 7.22 8.27 63.5 

3rd 
Trial 

100 mg/L SO4
2-, Cl-, and HCO3

-

 

2.5 mg/L  PO4
3- 

UAH 19.1 8.02 3.99 7.90 79.1 
TAH 19.6 7.97 4.31 7.69 78.0 

 
 N.B. all the data are the mean value of triplicate measurements. 
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Fig. 20. Fluoride removal efficiency of treated and untreated aluminium hydroxide at different          
             concentration of SO4

2- , Cl-, and HCO3
- (Co = 20 mg L-1) . 
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Fig. 21. Fluoride removal efficiency of treated and untreated aluminium hydroxide at different            
             concentration of   PO4

3- (Co = 20 mg L-1).  
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The mixture effect can be governed more predominantly by the presence of the two ions 

(HCO3
- and PO4

3-). As the concentration of anions increases the efficiency decreases in the 

same manner for UAH but for TAH at concentration of 200 mg L-1 of the three ions and 5 mg 

L-1 of PO4
3- it decreases to large extent. This may be due to the role played by PO4

- ions at pH 

8.27 where the adsorption of HPO4
2- on to TAH becomes higher. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

             

 
 

 

 

 

 

 

4. CONCLUSIONS 
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The adsorption of fluoride on to granular aluminium hydroxide in a packed bed column was 

studied. The experimental results showed that it is feasible to use treated aluminium hydroxide 

as an adsorbent for fluoride removal in a fixed-bed adsorption process. 

 

The effect of changing the column operating variables, such as bed depth, flow rate and initial 

concentration were investigated, and lower bed depth, higher influent concentration and flow 

rate could result in lower treated volumes (Vb) and therefore decreases the service time of the 

bed.   

 

The capacity of column system estimated from BDST model, in the flow rates of 12 and 23 mL 

min-1 were 24.07 and 25.79 mg g-1 which are slightly higher than the minimum value in batch 

system (23.7 mg g-1).  

 

The BDST model was successfully applied to analyze column performance and evaluate the 

model parameters. The BDST equations of linear relationship between the bed depth and the 

service time were obtained with R2 = 0.9984, 0.9909 and 0.9833 for 12, 23 and 40 mL min-1 

flow rates, respectively. The BDST model gave a good prediction for the change of system 

parameters, such as flow rate and the initial concentration (Table 3). This model was used to 

scale-up the process from mini-column to large column (Table 4). Moreover, the service time 

of the large column at different operating condition were predicted (Table 5).  
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The Empty Bed Residence Time (EBRT) model which optimizes the empty bed residence time 

and the sorbent utilization rate was successfully applied with optimum contact time greater than 

about 3, 6 and 7 min for 40, 23 and 12 mL min-1 flow rates, respectively, with the 

corresponding usage rate of 2.2, 0.9 and 1.3 g L-1. The optimum dose for batch system was 1.6 

g L-1 and it is close to the adsorbent exhaustion rate of 12 mL min-1. 

 

The application of Thomas model has showed that the adsorption capacity is strongly 

dependent on the flow rate, initial fluoride concentration, and bed depth and is greater under 

conditions of a lower concentration of fluoride, lower flow rate and higher bed depth. And the 

Thomas rate constant decreases with increasing bed depth, decreasing initial concentration, and 

flow rate.  

  

The adsorbent can be regenerated easily and efficiently by treating with 1 % NaOH and 0.05 N 

H2SO4.  

 

Finally the effects of anions on the adsorption of fluoride on to the aluminium hydroxide were 

studied, and the result showed that Cl- and SO4
2- have very little effect on the fluoride removal 

capacity of adsorbent but HCO3
- and PO4

3- had an effect on the removal capacity of the 

adsorbent (Table 9). Thus, special consideration has to be given to designing a system for 

fluoride removal in the presence of bicarbonate and phosphate. Either the anions have to be 

removed first or the system has to be designed for much lower fluoride capacities.   

 

 

5. RECOMMENDATIONS 
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The following areas are recommended for further study. 

 

1) The characterization of the adsorbent should be performed in order to provide a better 

understanding of the adsorption mechanism of fluoride on to the adsorbent.  

 

2) By using the BDST model prediction results from mini-column experiments, the pilot 

studies should be performed in order to verify the application of the adsorbent in 

removing fluoride from real ground water samples in a large scale defluoridation unit.  

 

3) An investigation on further optimization of the continuous process in terms of 

adsorbent particle size, column diameter and the presence of competitor ions have to 

be performed. 

 

4) The process cost should be evaluated in order to make the application feasible. 

 

5) An investigation of the chemistry of treated water must be carried out in order to 

reduce the health effect on the people who uses it.   
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APPENDIX 

 
A. Derivation of BDST Equation 
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For modeling the breakthrough data, we used the BDST model which was originally proposed 

by Bohart and Adams in 1920 for the adsorption of chlorine and hydrogen chloride on carbon. 

Considering a given portion of adsorbing material, its adsorption capacity diminishes at a rate 

given by: 

 KNC
t
N

−=
∂
∂                                                                                                                    (19) 

Considering the liquid phase, the solute concentration is diminishing at the rate given by: 

NC
v
K

D
C

−=
∂
∂                                                                                                                   (20) 

Where: 

N = Adsorption capacity per volume of bed (mg cm-3) 

C = Solute concentration in solution (mg L-1) 

K = Adsorption rate constants (L mg-1 h-1) 

v = Linear flow rate through the bed (cm h-1) 

D = bed depth (cm) 

 

If N0 is the average adsorption capacity per volume of the bed and Co is the initial solute 

concentration in solution then the non-dimensional parameters can be defined as: 

   
oN

NN =′   ;
0C

CC =′ ;  D
v

KND 0=′   and    tKCt 0=′  

 

 

Their derivatives being as follows: 
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0N
NN ∂

=′∂  ;
0C

CC ∂
=′∂  ; D

v
KN

D ∂=′∂ 0 ; and tKCt ∂=′∂ 0  

Introducing these new parameters into equation (19) and (20): 

CN
t
N ′′−=
′∂
′∂                                                                                                                    (21) 

CN
D
C ′′−=
′∂
′∂                                                                                                                     (22) 

On the following initial conditions: 

 Where  10 =′⇒=′ Ct                                                                                                             (23) 

             10 =′⇒=′ CD                                                                                                            (24) 

Integrating equation (21) with the initial condition (23), we will have: 

teN ′−=′                                                                                                                (25) 

Integrating equation (22) with the initial condition (24), we will have: 

DeC ′−=′                                                                                                                   (26) 

If equation (22) is divided by (C’) 2: 

( )
C
N

D
CC

′
′

−=
′∂
′′∂ 2/

                                                                                                      (27) 

 

 

 

 

 

Introducing Eq. (25) and Eq. (26) in to Eq. (27): 
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( )
2/( ) D tC C e

D
′ ′−′ ′∂

− =
′∂                                                                                                     (28) 

Integrating Eq. (28): 

( ) )(1 tfe
C

tD ′−=
′

′−′
                                                                                             (29) 

Introducing the initial condition Eq. (24) in to Eq. (29): 

1)( −=′ ′− tetf                                                                                                       (30) 

Then, introducing Eq. (30) in to Eq. (29): 

                       

( )

( )

( )[ ]tD

tD

ttD

ee
C

ee
C

ee
C

′−′

′−′−

′−′−′

−=⎥⎦
⎤

⎢⎣
⎡ −

′

−=−
′

⇒

+−=
′

1ln11ln

111

11

              

                   
1ln 1 ln 1De t

C
′⎡ ⎤ ′⎡ ⎤− = − −⎣ ⎦⎢ ⎥′⎣ ⎦                                                    (31)               

By substituting the non-dimensional parameters by the initial variables (C0 and N0) Eq. (31) 

becomes: 

tKCe
C
C v

DKN

0
0 1ln1ln

0

−
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−=⎥⎦

⎤
⎢⎣
⎡ −

                                                                  (32) 
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Because 
( ) 1/0 >>DvKNe , then the unit term on the right hand side of Eq. (32) is 

often neglected, thus 
( )( ) D

v
KN

e oDvKN ≅− 1ln /0

. So the linear relationship 

between the service time and bed depth can be written as: 

 

⎥⎦
⎤

⎢⎣
⎡ −−= 1ln1 0

00

0

C
C

KC
D

vC
N

t                                                                      (33) 

 

B. Raw Experimental Data 

Table. 14. Raw data of effluent fluoride concentration (mg L-1) and treated water (mL) at    

               different Bed-depth (Qv = 12 mL min-1, Co = 20 mg/L). 

Time (h) 10 cm 15 cm 20 cm 25 cm 

F- conc. 

(mg L-1) 

Treated water 

 (mL) 

F- conc. 

(mg L-1) 

Treated 

water 

(mL) 

F- conc. 

(mg L-1) 

Treated 

water 

(mL) 

F- conc. 

(mg L-1) 

Treated 

water 

(mL) 

1 0.276 730 0.276 786 0.0688 728 0.132 770 

2 0.989 1,462 0.311 1,568 0.0733 1,458 0.0925 1,474 

3 1.34 2,207 0.322 2,343 0.0822 2,144 0.0899 2,156 

4 1.56 2,947 0.339 3,121 0.0896 2,874 0.0921 2,836 

5 2.06 3,675 0.340 3,873 0.0940 3,552 0.0861 3,524 

6 3.42 4,403 0.381 4,635 0.105 4,236 0.0761 4,188 

7 3.86 5,123 0.502 5,415 0.119 4,954 0.0814 4,880 
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8 4.26 5,853 0.808 6,151 0.107 5,624 0.0725 5,564 

9 4.82 6,581 0.839 6,879 0.0967 6,342 0.0770 6,218 

10 5.01 7,307 0.903 7,609 0.111 7,038 0.0928 6,936 

11   0.968 8,317 0.116 7,742 0.0737 7,644 

12   1.03 9,023 0.128 8,480 0.0743 8,316 

13   1.08 9,723 0.133 9,164 0.0871 9,006 

14   1.21 10,461 0.135 9,884 0.0882 9,678 

15   1.29 11,221 0.138 10,602 0.0892 10,322 

16   1.39 11,989 0.140 11,352 0.0982 10,962 

17   1.46 12,729 0.162 12,104 0.0988 11,618 

18   1.51 13,465 0.171 12,832 0.0982 12,306 

19   1.63 14,203 0.182 13,552 0.114 12,986 

20   1.84 14,963 0.210 14,260 0.117 13,636 

21   1.91 15,745 0.270 14,988 0.120 14,322 

22   1.96 16,507 0.390 15,718 0.124 15,048 

23   2.01 17,267 0.439 16,420 0.181 15,768 

24   2.86 18,003 0.484 17,152 0.206 16,456 

25   3.60 18,723 0.528 17,858 0.239 17,152 

26   4.01 19,451 0.709 18,550 0.265 17,860 

27   4.36 20,181 0.992 19,230 0.310 18,520 

28   4.96 20,921 1.32 19,904 0.323 19,212 

29   5.20 21,681 1.41 20,590 0.369 19,880 

29.2     1.51 20,818 --- --- 
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30     1.62 21,316 0.510 20,598 

31     2.01 22,000 0.334 21,342 

32     3.74 22,694 0.520 22,030 

33     4.08 23,422 0.712 22,724 

34     5.21 24,114 0.869 23,428 

35       0.889 24,114 

36       0.913 24,813 

37       0.976 25,513 

38       1.09 26,188 

39       1.27 26,882 

40       1.37 27,566 

41       1.46 28,314 

42       1.54 29,042 

43       2.33 29,782 

44       2.39 30,456 

45       2.80 31,168 

46       2.94 31,885 

47       3.34 32,582 

48       3.87 33,280 

49       4.10 33,992 

50       4.57 34,680 

51       5.12 35,372 

Table.15. Raw data of effluent fluoride concentration (mg L-1) and treated water (mL) at    

               different Bed-depth (Qv = 23 mL min-1, Co = 20 mg/L). 
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Time 

(h) 

10 cm 15 cm 20 cm 25 cm 

F- 

conc. 

(mg L-

1) 

Treated 

water 

(mL) 

F- conc.

(mg L-

1) 

Treated 

water 

(mL) 

F- conc. 

(mg L-1)

Treated 

water 

(mL) 

F- conc. 

(mg L-

1) 

Treated 

water 

(mL) 

1 1.30 1,358 0.204 1,077 0.163 1,378 0.0303 1,368 

1.5 1.53 2,031 --- --- --- --- --- --- 

2 1.87 2,730 0.414 2,402 0.246 2,754 0.0330 2,756 

3 2.13 4,046 0.625 3,652 0.274 4,156 0.0386 4,164 

4 2.42 5,882 1.04 5,172 0.334 5,538 0.0413 5,592 

5 2.77 6,720 1.46 6,540 0.401 6,938 0.0574 7,036 

6 3.26 8,046 1.49 7,980 0.422 8,262 0.0647 8,400 

7 3.56 9,408 1.55 9,428 0.532 9,584 0.0735 9,752 

8 3.94 10,764 1.68 10,876 0.547 10,942 0.0865 11,106 

9 4.99 12,094 1.80 12,330 0.627 12,340 0.0883 12,486 

10 5.34 13,446 1.92 13,778 0.706 13,718 0.0941 13,842 

11 5.72 14,776 2.34 15,254 1.02 15,126 0.119 15,162 

12 7.19 16,114 2.79 16,534 1.11 16,516 0.217 16,547 

13 7.29 17,473 3.24 17,936 1.37 17,874 0.239 17,901 

14 7.49 18,823 3.57 19,206 1.52 19,260 0.260 19,275 

15 7.59 20,171 3.78 20,617 1.92 20,660 0.284 20,607 

16 8.08 21,477 4.10 21,947 2.14 22,056 0.389 21,961 
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17 8.38 22,783 4.40 23,329 2.41 23,486 0.219 23,437 

18 8.78 23,843 5.24 24,659 2.67 24,828 0.411 24,835 

19 9.17 25,191 6.05 25,989 3.20 26,236 0.593 26,211 

20 9.37 26,579 6.83 27,333 3.74 27,582 0.693 27,591 

21 9.57 27,939 7.46 28,703 4.54 28,964 0.819 28,971 

22 10.2 29,273 8.19 30,043 6.56 30,314 1.23 30,309 

22.5 --- ---- --- --- --- --- 1.52 30,998 

23 10.4 30,623 8.79 31,381 6.94 31,640 1.72 31,663 

24 11.2 31,919 9.03 32,743 7.19 33,014 1.99 32,991 

25 12.1 33,273 9.24 34,071 7.65 34,394 2.70 34,355 

26 12.6 34,183 9.46 35,407 8.12 35,758 3.10 35,707 

27 13.8 35,537 9.89 36,790 8.69 37,094 3.74 37,039 

28 14.7 36,871 10.1 38,070 9.97 38,458 4.12 38,415 

29 15.4 38,233 10.4 39,424 10.3 39,816 4.22 39,813 

30 15.7 39,567 10.8 40,778 10.6 41,180 4.86 41,189 

31 17.6 40,947 11.0 42,146 11.1 42,592 5.12 42,569 

32 18.9 42,343 11.2 43,472 11.3 43,990 5.80 43,907 

33 19.7 43,689 11.4 44,876 12.8 45,402 6.31 45,271 

34   11.8 46,262 13.3 46,816 7.12 46,623 

35   12.0 47,636 13.6 48,214 8.69 47,977 

36   12.8 48,994 14.1 49,610 9.66 49,357 

37   13.7 50,382 14.4 51,018 10.1 50,713 

38   15.9 51,808 14.6 52,486 10.6 52,033 
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39   16.2 53,220 15.5 53,928 11.3 53,413 

40   16.7 54,662 16.6 55,326 11.7 54,769 

41   17.9 56,096 16.9 56,724 12.4 56,141 

42   19.3 57,499 17.4 58,126 13.1 57,517 

43   19.8 58,885 18.1 59,532 13.7 58,915 

44     18.5 60,908 14.4 60,319 

45     19.1 62,298 15.8 61,719 

46     19.4 63,696 16.1 63,107 

47     19.7 65,104 16.7 64,493 

48       17.5 65,883 

49       18.0 67,223 

50       18.3 68,589 

51       18.8 69,969 

52       19.1 71,345 

53       19.4 72,739 

54       19.6 74,131 

 

 

 

 

 

Table. 16. Raw data of effluent fluoride concentration (mgL-1) and treated water (mL) at    

               different Bed-depth (Qv = 40 mL min-1, Co = 20 mg/L). 
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Time (h) 10 cm 15 cm 20 cm 25 cm 

F- conc. 

(mg L-1) 

Treated 

water 

(mL) 

F- conc. 

(mg L-1) 

Treated 

water 

(mL) 

F- conc. 

(mg L-1) 

Treated 

water 

(mL) 

F- conc. 

(mg L-1) 

Treated 

water 

(mL) 

0.17 0.976 408 --- --- --- --- --- --- 

0.33 1.37 754 --- --- --- --- --- --- 

0.45 1.54 1,074 --- --- --- --- --- --- 

1 3.10 2,329 0.479 2,368 0.403 2,402 0.316 2,364 

2 4.80 4,735 0.686 4,760 0.527 4,800 0.393 4,760 

3   1.38 7,164 0.982 7,230 0.419 7,180 

3.16   1.51 7,574 --- --- --- --- 

4   2.08 9,588 1.32 9,652 0.537 9,588 

4.83 --- ---- --- --- 1.53 11,676 --- --- 

5   3.23 11,998 1.57 12,084 0.786 12,048

6   4.02 14,426 2.98 14,486 1.26 14,446

6.5 --- --- --- --- --- --- 1.57 15,644

7   5.43 16,832 3.79 16,918 1.97 16,854

8     4.38 19,328 2.37 19,276

9     5.21 21,740 3.93 21,686

10       5.36 24,084

  


