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REMOVAL OF EXCESS FLUORIDE FROMWATER USINGWASTE RESIDUE FROM

ALUMMANUFACTURING PROCESS

By Worku Nigussie Gugssa
Advisors: Dr. Feleke Zewge and Prof. B. S. Chandravanshi

Abstract

Fluoride, as a dissolved constituent of drinking water, is the substance with beneficial and

detrimental effects. Drinking water containing fluoride above a level of 1.5 mg/L is considered to

be unsafe for human consumption. People in several regions of the Rift Valley of Ethiopia are

consuming water with fluoride up to 33 mg/L. The necessity of removal of excess fluoride has led

to development of several defluoridation methods. However, most of the methods that have been

suggested in the past have one or more shortcomings. Recent studies have been devoted to

identify materials which has high rate of removal, economically, socially and technically feasible

for applications in rural communities and capable of reducing fluoride ion concentration from

drinking water to levels below regulatory standards. Adoption of economic and locally available

adsorbents obtained from waste material is considered to be promising and sustainable.

In this study, a waste residue generated from the manufacture of alum from kaolin by the sulfuric

acid process, were used for fluoride removal in batch operation. The fluoride removal

performance was investigated as a function of the contact time, amount of adsorbent dose,

thermal pretreatment of the adsorbent, neutralization of the adsorbent, concentration of fluoride,

pH of raw water and co-existing anions. The rate of adsorption was rapid and reaches to

equilibrium within initial 5 minutes. About 85% removal efficiency was obtained within 1 h at an

optimum adsorbent dose of 16 g/L for initial fluoride concentration of 10 mg/L. The removal

efficiency of fluoride was increased with adsorbent dosage. The adsorbent was treated at a

temperature range from 100 to 700 oC. The adsorbent were neutralized using 0.1 M NaOH. Heat

treatment and neutralizing the adsorbent have no importance on improving the material fluoride

removal capacity and efficiency rather these have opposite effect.
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The removal of fluoride from water depends on initial fluoride concentration. For a given mass

of adsorbent, the adsorption of fluoride was efficient but lower capacity for lower initial fluoride

concentration. The pH of the water influences the fluoride removal efficiencies of the adsorbent.

The defluoridation capacity was appreciable in a wide range of pH less than 8. The adsorption

data at ambient pH were well fitted to the Freundlich isotherm model with a minimum capacity of

0.19 mg/g of the media. The kinetic studies showed that the adsorption reaction of fluoride

removal followed a pseudo-second-order rate equation with an average rate constant of 2.25 g

min-1.mg-1. The influence of addition of anions on fluoride removal depends on the relative

affinity of the anions for the surface and the relative concentrations of the anions. Bicarbonate

ions decrease the removal efficiency significantly with concentration, little effect by phosphate

and no considerable change by chloride, sulfate and nitrate. Addition of lime with the adsorbent

improves treated water pH. The overall result shows the adsorbent is efficient defluoridating

material.

Keywords: Fluoride, Waste residue, Fluoride adsorption efficiency, Adsorption capacity, Batch

Defluoridation, Co-existing anions.
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1.2 Health Effects of Fluoride

Fluorine is present as F- in natural waters and it is an essential micronutrient in animals in

preventing dental caries and for the mineralization of hard tissues. The World Health

Organization (WHO) [1] had set guide line limits (permissible upper limit) 1.5 mg/L as the upper

safe level which is based on an average per capita daily water consumption of 2 liters.

Concentration higher than this can lead to fluorosis. Fluorosis is caused by an excess ingestion of

fluoride and has caused a serious health problem for the population. Children metabolize a

higher percentage of ingested fluoride than adults and are therefore particularly susceptible to

fluorosis [14].

The 1984 WHO guidelines suggested that in areas with a warm climate, the optimal fluoride

concentration in drinking water should remain below 1 mg/L, while in cooler climates it could go

up to 1.5 mg/L. The differentiation derives from the fact that we perspire more in hot weather

and consequently drink more water. The WHO guideline value for fluoride in water is not

universal. Many countries have established their own standards considering their local conditions.

India, for example, lowered its permissible upper limit from 1.5 mg/L to 1.0 mg/L [15], In

Ethiopia, Quality and Standard Authority, considering its health effect, proposed standard value

of 1.5 mg/L [16], and the Ministry of Water Resources on the bases of economical, practical and

technical considerations proposed guide line for drinking water quality of fluoride at 3.0 mg/L

[17]. This is to mean that when alternatives are not available, as in the fluoride endemic Rift

Valley, the Ministry of Water Resource has chosen the lesser of two evils: to make high fluoride

water (3.0 mg/L) available to thirsty populations.
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At low concentrations, fluoride reduces tooth decay and stabilizes the skeletal system by

increasing the size of apatite crystals and reducing their solubility [18]. But, it has much

detrimental effects when its presence exceeds the threshold limit. Fluoride in bone increases very

rapidly with higher fluoride levels in drinking water [14].

Dental fluorosis, which is characterized by discolored, blackened, mottled or chalky-white teeth,

is a clear indication of overexposure during childhood when the teeth were developing. These

effects are not apparent if the teeth were already fully grown prior to the fluoride overexposure;

therefore, the fact that an adult may show no signs of dental fluorosis does not necessarily means

that the fluoride intake is with in safe limit.

Chronic intake of excessive fluoride can lead to the severe and permanent bone and joint

deformations called skeletal fluorosis. Early symptoms include sporadic pain and stiffness of

joints: headache, stomach-ache and muscle weakness can also be warning signs. The next stage

is osteosclerosis (hardening and calcifying of the bones), and finally the spine, major joints,

muscles and nervous system are damaged.

Both dental and skeletal fluorosis are prevalent in the Ethiopian Rift Valley, owing to high

fluoride waters that originate from ground waters (spring and boreholes) [19, 12]. Though the

exact number of population affected by fluorosis is not known, those ingest ground water in the

Rift Valley are adversely affected by the disease. Whether dental or skeletal, fluorosis is

irreversible and no treatment exists. The only remedy is prevention, by keeping fluoride intake

with in safe limits.
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Fluoride poisoning can be prevented or minimized by using alternative water sources (which

include surface water, rain water, and low-fluoride ground water), blending with low fluoride

containing water, by removing excessive fluoride from drinking water at sources and at the point

of use, and by improving the nutritional status of populations at risk. For communities in

developing countries like the Rift Valley Regions of Ethiopia where the ground water is fluoride

rich and not able to provide alternative water sources, treatment of contaminated water has to be

the choice for provision of safe drinking water.

In many Rift Valley Region of Ethiopia, peoples are currently using drinking water with high

fluoride ion concentrations supplied from wells and boreholes; the development of sustainable

method for the defluoridation of fluoride contaminated ground waters is of critical importance.

Several methods have been proposed for reducing the fluoride content of water for household use.

The ideal method for defluoridation of high fluoride drinking water in developing countries

should meet the following criteria: low-cost, low-technology, sustainable, rely on locally

available resources and must be accessible to the community at risk. Some of the methods are

discussed in detail in the following section.

1.3 Defluoridation Methods

Defluoridation is the process of removal of fluoride ion from drinking water. Several

defluoridation methods, using a variety of materials, have been suggested in the past. The

different methods so far tried for the removal of excess fluoride from water can be broadly
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classified in to four categories: separation by membranes, ion exchange resins, adsorption and

precipitations.

1.3.1 Membrane Processes

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

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

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

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

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

The method is effective to reduce concentration of fluoride to a suitable level but frequent

cleaning of membrane is required [20, 21].

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

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

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

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

another problem associated with these methods [2].

1.3.2 Ion Exchange Resins

Removal of fluoride from drinking water using ion exchange materials such as zeolite consist of

SiO2:Al2O3, (5:1), and resins have also been reported in the literatures [22, 23]. The results show
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that this process can effectively reduce the concentration of fluoride from water to less than 0.5

mg/L.

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

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

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

sorption of other anions, the sorption capacity is normally lower [24].

1.3.3 Adsorption Methods

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

interactions with the adsorbent. Studies in Ethiopia as well as other developing countries

indicated the possibility of using aluminum hydroxide, aluminium sulfate, lime, bone char, clay

and other related materials [25, 26, 2, 7]. In recent years, considerable attention has been devoted

to the study of different types of low cost materials such as tree bark, wood charcoal, saw dust,

weeds, and other waste materials for adsorption of some toxic elements. The use of inexpensive

adsorbents has been demonstrated to be effective in removing fluoride from water and such

materials include: hydroxy apatite, calcite, fluorspar, quartz [27], fly ash [28], silica gel [29],

bone char [30], spent catalyst [31], zeolites [32], red mud [33], activated carbon and bentonite

[34].

Few natural materials such as red soil, untreated charcoal, local powdered brick, fly ash, coal-

based sorbets (Lignite, Fine coke and Bituminous coal) and mineral serpentine were also tested
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as defluoridating material [35, 36]. However, with fluoride concentration decreasing, a lot of

adsorbents lose the fluoride removal capacity, and some of them can only work at an extreme pH

value, such as activated carbon, which is only effective for fluoride removal at pH less than 3.0.

Fluoride Removal by Carbon

Defluoridation method reported by McKee et al. [37] involves the adsorption of fluoride by

carbon. This method is simple and considered to be economical, but the process is handicapped

by the fact that the water being treated must have a pH of 3 or less at the time of treatment.

Bone and Bone Char

Appropriate and promising techniques developed by various researchers are the methods based

on the adsorption of fluoride by bone and bone char [38, 39]. The methods require readily

available materials, simple process, and repeatedly regeneration of charred bone without

significant loss of binding capacity for fluoride or loss of efficiency. These techniques are

recommended by World Health Organization (WHO), to be used in developing countries where

drinking water contains excessive fluoride [40]. The problem connected with the bone char

method is the disagreeable smell of burning fats released from bone meal in the furnace and lack

of public acceptance.

Clay Materials

Clay materials that are suggested by various researchers for removing fluoride from drinking

water are china clay [41] and fired clay chips [7]. Adsorption of fluoride ion on china clay is

favored by low concentration of fluoride, high temperature and the acidity of fluoride rich water.

Therefore, china clay may not be effective for removal of fluoride from highly fluoride ground

waters of the Ethiopian Rift Valley. Moreover, a research report that has been published from the
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preliminary investigation on the defluoridation of water using fired clay chips showed relatively

low defluoridating capacity. The findings indicated that F- adsorption is affected by factors such

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

Latertic soils from central Ethiopia have also been tested for removing excessive fluoride from

drinking water [42]. It is reported that the soil samples which were selected in mountainous areas

of central Ethiopia showed great variations in fluoride binding patterns. The residual fluoride

concentrations in the solutions, as compared to the original fluoride concentration (10.1 mg/L),

reduced to 58 % at 1-hour contact time and 100 g/L soil samples. Hence, this has a problem in

that it requires high dose and longer contact time with less efficiency.

Activated Alumina

The most popular method for defluoridation of drinking water in developed countries is the

activated alumina. This technique is reported by various researchers as the most promising and

convenient technique for reliable specific removal of fluoride [43, 44]. Activated alumina which

involves the adsorption of fluoride has been practiced even in developing countries like India [45]

and in some parts of the Ethiopian Rift Valley (Wonji/Shoa and Mathahara sugar estates). The

method is attractive because the material is effective in fluoride removal in the pH range 6.5-8.5.

However the high cost of activated alumina has resulted in limitation of its use as an adsorbent

especially in developing countries like Ethiopia and thus the need to explore other cheaper

adsorbents.

The removal of excess fluoride from water by adsorption on locally produced aluminum

hydroxide or hydrated alumina has been demonstrated [26]. The finding indicated that F-

adsorption is affected by factors such as initial fluoride concentration, heat pretreatment, mass of
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adsorbent, contact time and the pH of the solution. It was found that the treated adsorbent has a

highest fluoride adsorption capacity than the untreated adsorbent. The thermally untreated

hydrated alumina has fluoride removal efficiency of about 90 % at 1-hour contact time and 1.6

g/L dose at a pH of 7.0, and has an appreciable defluoridation capacity with a pH range of 4.0-

9.0. Hence, it can be applicable to remove fluoride from potable water. Further the adsorbent was

investigated as applicable in batch as well as in continuous operational to suit defluoridation

either at household or small community level.

Quartz, SiO2

Defluoridation capacity of Quartz (SiO2) has been investigated by Fan et al. [27]. The adsorption

of fluoride on quartz was found as 6 % of the total fluoride with a size range from 215 to 250 μm.

It is advantageous in that adsorption equilibrium reaches rapidly with in the first 2 minutes of

contact time.

In the same paper [27], it was also reported that activation of quartz using Fe3+, [Fe2(SO4)3]

resulted in a significant increase in fluoride adsorption capacity, which is due to the adsorption of

the ferric ions on to quartz surfaces which act as a bridge to connect fluoride on to quartz surface,

and enhance the adsorption of fluoride.

1.3.4 Precipitation Methods

Precipitation method depends on the addition of chemicals to the water, which leads to the

formation of fluoride precipitates or adsorption of fluoride on to the formed precipitate.
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Precipitation by Calcium and Phosphate Compounds

Many methods of precipitation of fluoride with salts of calcium, aluminium and iron are reported

in the literature [46, 47, 48]. Precipitation processes are governed by the solubility of a forming

salt [49]. The most common method of treatment is the precipitation of calcium fluoride using

calcium as either lime or calcium chloride. The fundamental problem that exists using lime arises

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

effective removal of fluoride. The relatively high solubility of the 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.

Methods Based on Aluminum Sulfate

Precipitation methods that have been employed to defluoridate water with the aids of aluminum

sulfate are reported in the literature [24]. This material is manufactured in Ethiopia and relatively

cheap. The result demonstrated that the treated water is highly acidic (about pH 3.0) and requires

neutralization.

Nalgonda technique, that requires the addition of alum and lime, has been used for domestic as

well as for community water supplies in India, which was first proposed in 1975 [50]. The

limitations of this method are: the daily addition of chemicals; large volume of sludge production;

ineffective with water sources having high total dissolved solid; and defluoridated water should

be checked to ensure that there is no aluminium content arising from the alum.

Currently this technique is being operated at community level in Dalota, Langano and Deko

villages, which are located around the central part of the Ethiopian Rift Valley, where the
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fluoride concentration in ground water is very high [51]. The method could decrease the

concentration of fluoride to acceptable level (below 3 mg/L) at the optimum operating conditions

chosen.

1.3.5 Limitations of the Reported Methods

Most techniques of defluoridations reported so far have high cost and requires sophisticated

technologies. As a result they are not widely practiced in developing countries like Ethiopia.

Hence the need to find locally available, cheap and easily applicable at community level is

desirable. The general advantages and limitations of some methods are summarized in Table 1.

Recent studies have been devoted to identify materials which have high rate of removal,

economically, socially and technically feasible for applications in rural communities and capable

of reducing fluoride ion concentration from drinking water to levels below regulatory standards.

Adoption of economic and locally available adsorbents obtained from waste material is

considered to be promising and sustainable.

In this study the industrial waste residue, generated during the manufacture of aluminium sulfate

(alum) from kaolin by the sulfuric acid process, was used as defluoridating media. This waste

residue is inexpensive and available from Awash Melkassa Aluminum Sulfate and Sulfuric Acid

Factory. A large quantity of waste residue is generated in each batch of alum production.

Currently, an estimated amount of 4500 to 5000 tones of waste is accumulated in an open area,

near to the factory. The waste mainly consists of quartz (SiO2) and kaolin with small amounts of
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aluminum hydroxide and sulfates of aluminum, iron, calcium and magnesium. Each of these

compounds is known to possess precipitation, adsorption or ion exchange properities. The waste

discarded is highly acidic (pH of about 3) and is hazardous. At present, economically viable

methods for disposal or reuse are not known. In this study, its use as a media for the removal of

fluoride from fluoride contaminated waters is examined.

Table 1. Fluoride removal methods with their advantages and limitations.

Method Advantages Disadvantages

Membrane process

Reverse osmosis

Electrodialysis

Effective, Reduce

level of salts (in

water with high salt

content)

Not selective to fluoride, energy intensive

and expensive to operate

Adsorption/Ion exchange

Activated alumina

Bone char

Clay

Zeolite

Carbon

Effective

Effective

Locally available

Effective

Simple, economical

Regenerant disposal, Not locally available

Regenerant disposal,

Lack public acceptance

Low capacity

Non-feasible (because of prohibitive

costs)

Requires pH adjustment

Precipitation

Alum

Lime

Lime + Alum

Well known,

locally available

Well known,

locally available

Can use batch

method, locally

available

Large dose, low pH of treated water

High pH of treated water,

Excess sludge

High dose, sludge disposal

Excess sludge
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1.4 Objectives

The general objective of the research was to assess the defluoridation capacity of the waste

residue, produced during the production of aluminum sulfate from kaolin and sulfuric acid, and

its potential application in Ethiopia.

The specific objectives of the study were as follows:

(i) To investigate the effectiveness of this waste residue material in the removal of

fluoride under varying experimental conditions: adsorbent dose, contact time, initial

fluoride concentrations.

(i i) To investigate the possibility of surface modification to enhance fluoride removal.

(i i i) To examine effect of raw water pH on adsorption of fluoride onto the material.

(iv) To establish adsorption isotherms or equilibria.

(v) To investigate adsorption kinetics.

(v i) To investigate the effect of co-existing anions on defluoridation efficiency of the

adsorbent.
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2. Materials and Methods

2.1 Defluoridation Material

The waste residue, generated during the manufacture of aluminum sulfate using local kaolin and

sulfuric acid, used for defluoridation study was collected from Awash Melkasa Aluminum

Sulfate and Sulfuric Acid Factory (15 km from Nazareth in the way to Assella). Samples were

taken from more than 30 batches of aluminum sulfate production residues and then mixed to

maintain homogeneity. The waste discarded contains 50 % of solid. The chemical compositions

of this industrial byproduct are given in Table 2 [52].

Table 2. Chemical composition of the waste residue with their percentage.

Chemical composition Percent (% wt.)

Quartz (SiO2) 39.991

Kaolin 8.883

Al2(SO4)3 1.778

Al(OH)3 0.878

CaSO4 0.194

Fe2(SO4)3 0.023

Fe2O3 0.001

MgSO4 0.008

Na2SO4 0.007

K2SO4 0.005

H2SO4 0.001

H2O 48.178

Others 0.059
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In the production of aluminum sulfate no significant variation in the chemical composition of the

raw materials kaolin and sulfuric acid were recorded since 1989 till October 2005. Since the

reactor and the filter press also work efficiently, there is no considerable variation in the

composition of the waste residue from the different batches of alum production till the date of

this sampling.

The collected waste residues were sun-dried for one day and grinded to fine powder using mortar.

This material is considered as untreated media.

2.2 Heat Pretreatment

To study the effect of heat treatment at different temperatures, the untreated material was heated

to different temperatures in a furnace (Calbolite, ELF Model, Waglech International Ltd, UK) for

one hour from 100 to 700 oC at 100  C intervals. At the end of one hour, the thermally treated

samples were taken out of the furnace, kept in a desiccator and allowed to cool to room

temperature.

2.3 Neutralization of the Adsorbent

To study the effect of neutralizing the adsorbent for improving the fluoride removal efficiency

and for suitability of the treated water for household use the material was dissolved with distilled

water and the resulting lower pH (3.2) was adjusted to pH of 7.30 using 0.1 M NaOH. This
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neutralized sample was filtered using filter paper after two days and dried before use. Then the

dried sample was used to study material capacity, efficiency and the pH of treated water.

2.4 Reagent and Standard Solutions

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 distilled water in volumetric flask.

Working solutions of fluoride were prepared by diluting an aliquot of the stock solution, using

distilled water, to a required concentration. Standard fluoride solutions of 0.5 mg/L, 1.0 mg/L,

5.0 mg/L, 10 mg/L, and 20 mg/L were used for calibrating the instrument.

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

procedure, except that EDTA replaced 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.

2.5 Instrumentation

Fluoride ion was measured by Orion F- ion selective electrode. A pH/ISE meter (Orion Model,

EA 940 Expandable Ion Analyzer) equipped with combination fluoride-selective electrode

(Orion Model 96-09) was employed. The liquid phase fluoride concentration was measured

according to the procedure described in the instrument’s manual. The method of direct

potentiometry was used, where the concentration can be read directly. The pH was measured



17

with pH/ion meter (WTW Inolab pH/ION Level 2, Germany) using unfilled pH glass electrode.

The meter was calibrated each time measurements were being performed by using pH calibration

buffers.

2.6 Batch Adsorption Studies

Batch experiments for defluoridation were conducted in 500 mL Erlenmeyer flask containing

500 mL of fluoride-spiked distilled water at room temperature (22 ± 2 oC), to evaluate fluoride

removal efficiency and capacity of the media. The media (waste residue) was placed in the flask

and then stirred continuously at a constant fast mixing rate with magnetic stirrer (Model 04803-

02, Cole- Palmer-Instrument Company, U.S.A.) during the experiment. The effect of dose of the

media, initial concentration of fluoride, contact time and initial pH were investigated by varying

any one of the process parameters and keeping the other parameters constant. For each trial,

residual fluoride concentration was measured immediately after the TISAB was added on 5 mL

sample solution. All the experiments were performed in triplicate and the mean values were used.

The percent defluoridation efficiency (%) and the defluoridation capacity (mg F- adsorbed/g of

material) at a given contact time for the selected mass of the material m (g/L) were determined

using the following equation [2]:

Defluoridation Efficiency (%)
0

( ) 100o tC C x
C


 (1)

Defluoridation Capacity mg F-/g = 0 tC C
m
 (2)

Where Co and Ct are the F- concentrations in mg/L initially and at a given time t, respectively. To

ensure that F- does not adsorb on the inner walls of the adsorption vessels, blank runs were
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performed. In this procedure a 10 mg F-/L solution was added to a glass vessel and the F-

concentration measured after 1 h, 12 h and again after 24 h. No significant reduction in F-

concentration was found.

2.6.1 Effect of Dose and Contact Time

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

adsorbent doses 4, 6, 10, 16 and 28 g/L at constant initial fluoride concentration of 10 mg/L. The

residual fluoride concentrations were measured by taking samples at different contact time (1

min to 24 h). The effects of adsorbent dose at the optimum contact time were also studied on the

same initial fluoride concentration with adsorbent doses varied between 1.0 and 30.00 g/L in

aqueous solution at the optimal pH value.

2.6.2 Effect of Mixing Rates

To study the change on the adsorption of fluoride on to the media at different mixing rates runs

were conducted at static, slow mixing and fast mixing rates using magnetic stirrer (Model 04803-

02, Cole-Palmer-Instrument Company, U.S.A). A dose of 16 g/L of the media with 10 mg/L

fluoride solution at the optimum pH 7 were considered for the experiment. The residual fluoride

concentrations were measured by taking samples at different contact time.
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2.6.3 Effect of Thermal Pretreatment

To investigate the effect of thermal treatment on fluoride removal efficiency of the material 16

g/L dose of adsorbent treated at 100, 200, 300, 400, 500, 600 and 700 oC were mixed for a

contact time of 1 h with 10 mg/L fluoride solution.

2.6.4 Effect of Neutralization

To investigate the effect of neutralization on fluoride removal efficiency and capacity of the

media different dosages of 6, 16, 28, 36, 42, 50, 55, 60, 65, 70, 80, and 100 g/L were mixed for a

contact time of 1 h with a constant initial adsorbate concentration of 10 mg/L.

2.6.5 Effect of Initial Adsorbate Concentration and Contact Time

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

conducted by varying fluoride concentrations of 5, 10, 20, 30 and 40 mg/L at constant thermally

untreated adsorbent dose of 16 g/L.

2.6.6 Effect of pH

The effect of raw water pH on the adsorption of fluoride on to the media was studied by varying

the adsorbate pH at 3, 4, 5, 6, 7, 8, 9, and 10 which were prepared by adjusting the pH to the

desired level either with 0.1 M NaOH or 0.1 M HCl. The initial fluoride concentrations (10
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mg/L), adsorbent dosages (16 g/L) and temperature were all kept constant during the experiment.

The residual F- was determined after 1 hour of contact time.

2.6.7 Determination of Adsorption Isotherm

Isotherm experiments were conducted to investigate the relationship between the solid phase

concentration of an adsorbate (i.e. the amount of adsorbate adsorbed per unit mass of adsorbent)

and the solution phase concentration of the adsorbent at an equilibrium condition under constant

temperature. Adsorbent dose of 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0 and 20.0 g/L of

the material were added to the fluoride solution of 50 mg/L at the pH of 7.0 and the mixture was

stirred for 4 h (i.e. equilibrium time). The samples were allowed to settle and residual fluoride

ion concentrations were measured. All the values necessary to plot an isotherm were calculated

from these determinations.

2.6.8 Adsorption Kinetics of Fluoride

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

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

loading of 16, 8 and 4 g/L corresponding to the initial fluoride concentration of 40, 20 and 10

mg/L, respectively, for untreated adsorbent. Residual F- concentrations were measured at

different time intervals by taking 5 mL of samples periodically.
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2.6.9 Effect of Co-existing Anions

To study the effect of co-existing anions on fluoride adsorption efficiency of the media, the

anions (Cl-, SO42-, HCO3-, PO43-, and NO3- mg/L) were added on to a constant fluoride

concentration of 10 mg/L and media dose of 16 g/L. The concentrations of the anions used were

5.0, 10.0, 20.0, 30.0, 40.0, 100, 200, 300, 400 and 500 mg/L. The selections of the anion

concentrations are based on their availability in ground waters used for drinking purposes.

2.6.10 Effect of Lime Addition

To study the material fluoride removal efficiency and suitability of treated water pH for

household uses locally produced lime was added to waste residue in proportions (media to lime,

g/L) of 2:14, 4:12, 6:10, 8:8, 10:6, 12:4, 14:2, 16:1, 16:0.2, 16:0.1 and 16:0.04. A dose ratio

(media: lime) of 16:1 that maintain the pH in a range of 6.5 - 8.5 with best fluoride removal

efficiency was chosen as appropriate value.
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3. Results and Discussions

3.1 Effect of Adsorbent Dose and Contact Time

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

media was studied by varying mass of adsorbent from 4.0, 6.0, 10.0, 16.0 and 28.0 g/L at

constant initial fluoride concentration of 10.0 mg/L. The results are shown in Fig. 1 and Table 3.

The result show that, the reaction is fast during the initial 5 minutes and can remove about 85 %

of the fluoride in solution with an adsorbent dose greater than or equal to 16 g/L. Longer contact

time has no effect under the condition specified above.
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Fig. 1. Residual fluoride concentration as a function of time for different doses of untreated

media (initial concentration = 10 mg/L, raw water pH = 6.7-7.0).
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The defluoridation efficiency was significantly increased with dose as reflected by the measured

residual fluoride concentration (Fig. 2). The percent removal of fluoride increase significantly up

to adsorbent dose of 16 g/L, but no significant change was observed beyond this dose under the

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

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

Higher dose of the media (greater than 16 g/L) will increase the amount of sludge, without

causing a significant change on the amount of fluoride removed. This dose (16 g/L) could also be

sufficient in reducing the amount of fluoride found in most of the drinking water of the Rift

Valley Region of Ethiopia to a recommended concentration level, i.e. to the WHO proposed

average, 1.5 mg F-/L of water.
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Fig. 2. Capacity (mg/g) and efficiency (%) as a function of untreated adsorbent dose (initial

concentration = 10 mg/L, contact time = 60 min, pH = 6.7-7.0).
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On the other hand, the adsorption capacity decreases with increasing dose (Fig. 2). To maintain

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

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

optimum fluoride removal, about 85 %, obtained from Fig. 2 is 0.625 mg/g or less). A dose of 16

g/L corresponding to the capacity of about 0.53 mg F-/g of adsorbent was considered for further

adsorption experiments.

As can be seen from the Fig. 1, the adsorption of fluoride on to the media is very fast and

reached equilibrium within the first 5 minutes. Further increase in contact time does not increase

the uptake due to deposition of fluoride ions on the available adsorption sites on adsorbent

material. It may be due to the nature of the pores in the sorbent (which has high surface area) that

the magnitude of contact time for attainment of equilibrium become smaller. This result is almost

in agreement with the equilibrium time found for alum sludge and quartz which are reported in

other studies [54, 27]. 1-hour contact time was considered as the optimum time and chosen for

further experiments.

About 80 % of the dried waste residue is quartz. As reported by Fan et al. [27] the uptake of

fluoride on quartz is a surface adsorption process, and rapidly reached equilibrium in 2 min and

the adsorbed fluoride do not further exchange with the structural elements inside of quartz. In

quartz [SiO2], Si and O are structural elements; the Si-O bond has about 50 % covalent character

[cited in. 27]. The siloxane groups, -SiOSi-, interact with water forming –SiOH [cited in. 27].

The adsorption of fluoride on quartz could be due to a replacement of F- for OH groups on quartz

surfaces as shown in equations (3) – (5).
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=Si (OH)2 + 2H+ Si (OH2)22+ (3)

=Si (OH2)22+ + 2F- =SiF2 + 2H2O (4)

2[=SiOH] + 2F- =SiOF + H2O (5)

=SiF

Table 3. Residual fluoride concentration as a function of time for different doses of untreated

media (initial fluoride concentration = 10 mg/L, pH = 6.7 -7.0).

Time (min) Residual concentrations of fluoride (mg/L) at various dosages

4 g/L 6 g/L 10 g/L 16 g/L 28 g/L

0 10.1 10.4 9.95 10.5 10

1 4.1 3.14 2.53 1.68 1.04

3 4.2 3.09 2.65 1.64 0.99

5 4.16 3.02 2.48 1.65 0.99

10 4.2 3.02 2.58 1.79 0.89

30 4.19 3.04 2.64 1.81 0.89

45 4.1 3.2 2.55 1.86 0.89

60 4.35 3.18 2.69 1.89 0.98

90 4.23 3.18 2.65 1.9 0.88

180 4.18 3.07 2.56 1.9 0.87
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A distribution coefficient Kd which reflects the binding ability of the surface for an element

mainly depends on pH and type of surface. The distribution coefficient Kd values for fluoride and

the waste residue at pH 7 were calculated [cited in. 54] with

Kd= Cs/Cw (m3/kg) (6)

Where Cs is the concentration of fluoride in the solid particles (mg/kg) and Cw is the

concentration in water (mg/m3). Fig. 3 and Table 4 show the value of Kd as a function of media

dose. It is seen that the distribution coefficient Kd increases with an increase in media

concentration at constant pH, indicating the heterogeneous surface of the media. If the surface is

homogeneous, the Kd values at a given pH should not change with adsorbent concentration.
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Fig. 3. The plot of Kd value as a function of adsorbent concentration (pH = 7)
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Table 4. Kd value at different media dose (initial F- concentration = 10 mg/L, pH = 7).

Dose, g/L [F]o Cw Cs Kd

4 10.21 4.35 1.47 0.34

5 10.24 3.79 1.29 0.34

6 10.31 3.17 1.19 0.38

8 10.40 2.63 0.97 0.37

10 10.35 2.22 0.81 0.37

12 10.23 1.89 0.69 0.37

14 10.13 1.87 0.59 0.32

16 10.06 1.58 0.53 0.33

18 10.19 1.29 0.49 0.38

20 10.19 1.09 0.45 0.42

22 10.14 0.97 0.42 0.43

24 10.16 0.77 0.39 0.51

26 10.28 0.66 0.37 0.56

28 10.06 0.48 0.34 0.72

30 10.24 0.41 0.33 0.79

3.2 Effect of Mixing Rates

The fluoride removal efficiency with time at static, slow and fast mixing conditions were studied

and the results are presented in Fig. 4. Comparing the experimental results obtained from the

three conditions, it can be seen that fluoride rapidly adsorbed on to the media, and reached

equilibrium within the first 5 minutes at fast mixing condition. At slow mixing rates, the amount

of fluoride removed increases with time and attained a constant value after 2 h. But the fluoride

removal efficiency by the media at static condition was found smallest and do not show

improvement with time. When the mixture was stirred using magnetic stirrer, the solid particle
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rapidly moved around in the solutions, so that the concentration of fluoride near solid particle

surface increased. The external mass transfer of fluoride was speeded up, and the equilibrium

was reached with in few minutes. Stirring increased the adsorption rate and fluoride removal

efficiency.
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Fig. 4. Fluoride removal efficiency at different mixing rate (dose = 16 g/L, initial fluoride

concentration = 10 mg/L, raw water pH = 7).
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Table 5. Fluoride removal efficiency of the adsorbent with time at different mixing rate.

3.3 Effect of Thermal Treatment

Fig. 5 shows change in the fluoride removal efficiency as a function of adsorbent thermal

treatment temperatures. It can easily be observed that fluoride adsorption efficiencies of the

media do not show a significant change when the material heated to a temperature of 300 oC.

But further increase in temperature resulted in decreased removal efficiency. The efficiency

decreases drastically after 500 oC treatment temperatures. The decrease in fluoride removal

efficiency for the treatment temperature exceeding 500 oC may caused by surface modification,

but it requires further study. The maximum fluoride removal by the material can be achieved at

lower treatment temperature of using untreated material.

Time (min) Fast mixing Slow mixing Static

0 0 0 0
1 79.72 68.41 58.83
5 79.82 68.59 59.73
10 79.82 70.65 60.63
20 79.92 72.05 60.81
30 80.12 72.71 59.37
60 80.22 76.91 60.81
120 80.62 81.25 61.17
180 80.72 81.21 61.62
240 80.72 81.24 61.44
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Fig. 5. Effect of thermal treatment on removal efficiency of the adsorbent material. (dose = 16

g/L, initial fluoride concentration = 10 mg/L, contact time = 60 min, pH = 6.7-7.0).

Fig. 6 shows the result of heat treatment of the adsorbent on pH of defluoridated water. It is

clearly seen that, heat treatment increase pH of defluoridated water. The increase in pH of treated

water may be because of the removal of free acid, H2SO4, in the adsorbent with temperature.
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Fig. 6. Effect of thermal treatment on pH of defluoridated water (dose = 16 g/L, initial fluoride

concentration = 10 mg/L, pH of raw water = 6.7-7.0, contact time = 60 min).

3.4 Effect of Neutralization of the Adsorbent

Fig. 7 and 8 show pH of treated water, and capacity and efficiency as a function of neutralized

adsorbent dose, respectively. The result shows, pH of treated water almost remain constant at the

adjusted pH of the media and efficiency increases with dose of the adsorbent but capacity

decreases.

It can easily seen that 16 g/L neutralized media has about 38 % fluoride removal efficiency (Fig.

8), while the same dose of untreated media has about 85 % efficiency (Fig. 2).
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Fig. 7. Effect of neutralization on pH of defluoridated water (dose = 16 g/L, initial fluoride

concentration = 10 mg/L, contact time = 60 min, raw water pH = 6.7-7.0).
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Fig. 8. Effect of neutralization on capacity and efficiency of the media (initial fluoride

concentration = 10 mg/L, contact time = 60 min, raw water pH = 6.7-7.0).
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In general, heat treatment and neutralizing the media have no importance on improving fluoride

removal efficiency and capacity rather these have opposite effect. In addition, heat treatment and

neutralization are costy and tedious, and are not recommended for practical applications.

3.5 Effect of Initial Adsorbate Concentration and Contact Time

Fig. 9 shows the residual fluoride concentration as a function of time for different initial fluoride

concentrations at an adsorbent dose of 16 g/L. The result indicates that the rate of adsorption of

fluoride does not change at different initial fluoride concentration with time.
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Fig. 9. Residual concentration as a function of time for different initial fluoride concentrations

(adsorbent dose = 16 g/L, pH = 6.7 - 7.0).
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From Fig. 10 and Table 6 it can be observed that there is no significant change on adsorption

efficiency of the media for the various fluoride concentrations and the time to reach equilibrium

conditions appears to be independent of initial fluoride concentrations.
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Fig. 10. Effect of initial fluoride concentration on the adsorption efficiency of untreated

adsorbent (adsorbent dose = 16 g/L, contact time = 60 min, raw water pH = 6.7-7.0).



35

Table 6. Removal efficiency (%) of untreated media at different initial fluoride

concentration (dose = 16 g/L, contact time = 60 min, pH = 6.7-7.0).

Time (min) Efficiency (%) at different initial fluoride concentration (mg/L)

5 mg/L 10 mg/L 20 mg/L 30 mg/L 40 mg/L

0 0.0 0.0 0.0 0.0 0.0

1 81.88 82.79 83.87 84.27 85.34

3 81.79 82.89 84.47 84.00 85.63

5 82.33 83.18 84.09 84.19 85.39

10 81.85 82.98 84.78 84.14 84.98

20 81.36 82.79 84.68 84.10 84.98

30 82.29 82.56 84.23 83.49 84.93

45 82.07 82.46 84.47 83.98 84.59

60 81.29 82.33 84.34 83.92 84.59

90 81.73 82.13 84.31 83.63 84.54

120 81.45 82.33 84.02 83.83 84.34

180 82.39 82.56 83.58 83.49 84.17

Besides the adsorption at the outer surface of the adsorbent, the adsorbate molecules may also

diffuse in to the interior of the porous adsorbent called intraparticle diffusion. This was studied

by plotting the amount of fluoride adsorbed vs. the square root of time for different initial

fluoride concentrations. Fig. 11 and Table 7 show adsorption capacity of untreated media at

different fluoride concentrations (5.0, 10.0, 20.0, 30.0, 40.0 mg/L) with square root of time.
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Fig. 11. Adsorption capacity (mg/g) of untreated media at different fluoride concentration as a

function of time (adsorbent dose = 16 g/L, pH = 6.7-7.0).

As evident from the relation coefficient R2 value, a linear relation was not observed between the

amount of fluoride adsorbed and square root of time, which indicates the control of surface

adsorption [cited in. 54]. If there is intraparticle diffusion, a linear relation will be observed.

Hence, this result supports the fast equilibrium time.
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Table 7. Adsorption capacity of untreated media at different fluoride concentrations with square

root of time (adsorbent dose = 16 g/L, pH = 7.0).

(Time,

min)1/2 5 mg/L 10 mg/L 20 mg/L 30 mg/L 40 mg/L

1 0.26 0.53 1.07 1.59 2.18

1.73 0.26 0.53 1.08 1.59 2.19

2.23 0.25 0.52 1.07 1.59 2.18

3.16 0.25 0.52 1.08 1.59 2.17

4.47 0.25 0.52 1.08 1.59 2.17

5.47 0.26 0.52 1.07 1.58 2.17

6.70 0.26 0.52 1.08 1.59 2.16

7.74 0.25 0.52 1.08 1.58 2.16

9.48 0.26 0.52 1.08 1.58 2.16

10.95 0.25 0.52 1.07 1.59 2.16

13.42 0.26 0.52 1.07 1.58 2.15

Fig. 12 shows fluoride removal capacity as a function of initial fluoride concentration. It was

found that for a fixed mass of the media, the fluoride removal capacity increases with increasing

initial adsorbate concentration although not significant. Since the reaction is fast in the first few

minutes, longer contact time has no effect on improving adsorption capacity and efficiency of the

media at different initial fluoride concentrations.
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Fig. 12. Effect of initial fluoride concentration on the adsorption capacity of untreated adsorbent

(adsorbent dose = 16 g/L, contact time = 60 min, raw water pH = 6.7-7.0).

3.6 Effect of RawWater pH

Fig. 13 and Table 8 show the influence of initial solution pH on the fluoride removal efficiency

and capacity of the adsorbent. It is apparent that percentage fluoride removals

remain nearly constant within the pH range of 3-8. Further increase of the

solution pH from 8 to 10 decreases the removal efficiency and it becomes

significant after pH of 10. Results showed that the fluoride uptake capacity of this

media is more favored in a pH less 8, possibly due to the development of positive sites at the

surface of the adsorbent. At a pH above 8, fluoride removal decreases as a result of stronger

competition from hydroxide ions on adsorbent surface. The extent of adsorption of fluoride ion is
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governed by the pH of the solution. So, application of this waste residue in most drinking waters

as defluoridating media does not require any pretreatment of raw water to adjust the pH.

The waste residue contains the aluminum compounds kaolin, aluminum sulfate and aluminum

hydroxides. It was reported by Hao et al. [cited in. 3] the soluble alumino-fluoro complexes are

formed during defluoridation at pH < 6, which results the presence of aluminum ion in the

treated water. Hence, they suggested that it may be preferable to carry out defluoridation at pH >

6, for aluminum containing adsorbents. A pH range of 6.7-7.0 was used for optimizing the other

parameters.

This result is in agreement with the work done by Shimeles et al. 2005 [26], who also found a

broad pH range (4-9) for the adsorption of fluoride on aluminum hydroxide and with the work

done by Shewangzaw et al. 1998 [55], who found the local kaolin, constituent of this waste

residue, as effective defluoridating media in acidic pH range (pH ≤ 6). Bohn et al. [56] explained

the high uptake of fluoride by kaolin is due to the development of positive sites at the crystal

edges of kaolin.



40

2 4 6 8 10 12 14
0.40

0.45

0.50

0.55

0.60

Initial solution pH

R
em

ov
al

 c
ap

ac
ity

 (m
g/

g)
 

45

50

55

60

65

70

75

80

85

R
em

oval efficiency (%
)

Fig. 13. Effect of raw water pH on fluoride removal efficiency and capacity of untreated material

(initial F- concentration = 10 mg/L, adsorbent dose = 16 g/L, contact time = 60 min).

Table 8. Fluoride removal efficiency and capacity at different raw water pH

(media dose = 16 g/L, time = 60 min, initial [F-] = 10 mg/L).

Raw water

pH

Removal capacity (mg/g) Removal efficiency (%)

3 0.52 82.72

4 0.51 81.86

5 0.51 81.62

6 0.51 81.38

7 0.52 81.79

8 0.51 81.53

9 0.51 81.10

10 0.51 81.02



41

Many researchers have found that anion adsorption sites on clay mineral are aquo groups (-M-

OH+2) and hydroxo groups (-M-OH) [57]. Therefore, adsorption of fluoride by kaolin (kaolinite

mineral) may involve either equation (7) or (8) depending up on the surface chemistry of the

mineral.

Al

OH2

OH2
+ F-

Al
F

OH2
+ H2O

Al

OH2

OH

+

0

+ F- Al + OH-

OH2

0

(7)

(8)

3.7 Adsorption Isotherm

Fig. 14 and Table 9 show an adsorption isotherm, which is the relationship between the solid

phase concentration of an adsorbate (i.e. the amount of adsorbate adsorbed per unit mass of

adsorbent) and the solution phase concentration of the adsorbent at an equilibrium condition

under constant temperature. Isotherm experiments were carried out by varying media doses in

the range from 1 to 20 g/L using an initial fluoride concentration of 50 mg/L at room temperature

(22 ± 2 oC).
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Fig. 14. Adsorption isotherm of different doses of the media (dose = 1 – 20 g/L, initial fluoride

concentration = 50 mg/L, contact time = 4 h, pH = 7).

Table 9. Important adsorption parameters to plot an isotherm for untreated material

(contact time = 4 h, pH = 6.7-7.0, initial fluoride concentration, 50 mg/L).

Dose, g/L Ce (mg/L) Qe (mg/g) 1/Qe 1/Ce Log Qe Log Ce

1.0 33.7 23.0 0.04 0.029 1.36 1.53

2.0 23.5 16.2 0.06 0.04 1.21 1.37

4.0 18.9 9.6 0.10 0.05 0.98 1.28

6.0 15.3 7.3 0.14 0.07 0.86 1.18

8.0 12.6 5.8 0.17 0.08 0.76 1.10

10.0 11.3 4.6 0.22 0.09 0.67 1.05

12.0 10.0 3.9 0.25 0.10 0.60 1.00

14.0 8.74 3.6 0.28 0.11 0.55 0.94

16.0 7.97 3.2 0.32 0.13 0.50 0.90

18.0 6.88 2.9 0.35 0.15 0.46 0.84

20.0 6.48 2.6 0.38 0.15 0.42 0.81
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An attempt was made to fit the experimental results to Fruendlich and Langmuir isotherm

models. The adsorption is best explained by Freundlich isotherm. The Freundlich equation has

the general form of

Qe = KfC1/n (9)

The linearised Freundlich adsorption isotherm, is of the form

Log Qe= logKf + 1/nlogCe

Where Qe is the adsorbed fluoride at equilibrium per unit mass of adsorbents (mg/g), Kf is the

minimum sorption capacity (mg/g) and 1/n is the adsorption intensity. Ce is the equilibrium

concentration of fluoride (mg/L).

y = 1.3546x - 0.7171
R2 = 0.9866
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Fig. 15. Linearized Freundlich isotherm (initial fluoride concentration = 50 mg/L,

equilibrium contact time = 4 h, pH = 7.0, temperature = 24 oC).
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Fig. 15 shows a plot of log Qe vs. log Ce. The constants 1/n as the slope and log kf as the intercept.

It is found that the related correlation coefficient R2 value for the Freundlich model is near to

unity (0.9866) and hence the process of defluoridation using untreated material is well fitted to

the Freundlich isotherm with minimum adsorption capacity of 0.19 mg/g of the media. The data

did not fit well to the Langmuir isotherm model (data not shown). The condition for the validity

of a Freundlich type adsorption model is adsorption on heterogeneous surfaces [53]. The increase

in equilibrium fluoride removal capacity with residual fluoride concentration observed in Fig. 14

can support the condition of heterogeneous adsorption.

3.8 Adsorption Kinetics of Fluoride

The adsorption kinetics was studied with initial fluoride concentrations of 40.0, 20.0, and 10

mg/L and corresponding adsorbent dose of 16.0, 8.0, 4.0 g/L, respectively. The residual fluoride

concentrations as a function of time are shown in Fig. 16. The kinetic analysis of the adsorption

data is based on reaction kinetics of pseudo first order and pseudo second order mechanisms.
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Fig. 16. Adsorption kinetics of fluoride on the untreated media with initial fluoride

concentrations to adsorbent dose of 40.0, 20.0, and 10.0 mg/L, and 16.0,

8.0, 4.0 g/L, respectively (pH = 6.7-7.0).

As indicated in Fig. 16, the uptake of fluoride on untreated material occurred rapidly, and

reached equilibrium with in the first 5 minutes. This fast uptake of fluoride on the media could

be surface adsorption process, which rapidly reached a minimum residual fluoride and

equilibrium.

The kinetics of adsorption were analyzed by using the Lagergren equation as shown below [58]:
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For the boundary conditions t = 0 to t = t and qt = 0 to qt = qt, the integrated form of Eq. (10)

becomes:

2
1 1

( )e t e

k t
q q q

 


(11)

which is the integrated rate law for a pseudo second-order reaction. Eq. (11) can be rearranged to

obtain Eq. (12), which has a linear form:

2
2

1 1 ( )
t e e

t t
q k q q

  (12)

Where 2k (g mg-1min-1) is the equilibrium rate constant of second-order sorption.

2k can be determined by plotting t/qt against t of Eq. (12). The larger the 2k value, the slower the

adsorption rate. The untreated materials can be described very well by the pseudo-second-order

rate equation as shown in Fig. 17 (a-d). The correlation coefficients were found as near to unity

for the different initial fluoride concentrations. The three rate constants of the adsorbent were

averaged to obtain a single rate constant as shown in Fig. 18.

Fig. 17. (a) Pseudo-second-order plot of fluoride adsorption kinetics on untreated media (pH = 7,

dose = 4 g/L and an initial fluoride concentration of 10.0 mg/L).
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Fig. 17. (b) Pseudo-second-order plot of fluoride adsorption kinetics on untreated media (pH =

7.0, dose = 8.0 g/L and an initial fluoride concentration of 20.0 mg/L).

Fig. 17. (c) Pseudo-second-order plot of fluoride adsorption kinetics on untreated media (pH =

7.0, dose = 16.0 g/L and an initial fluoride concentration of 40.0 mg/L).
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Fig. 17. (d) Pseudo-second order plot of fluoride adsorption kinetics on untreated media with

initial fluoride concentrations to adsorbent dose of 40.0, 20.0, and 10.0 mg/L, and 16.0,

8.0, 4.0 g/L, respectively, (pH = 7.0).
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Fig. 18. Average pseudo-second–order plot of fluoride adsorption kinetics on

untreated media with an initial load of 2.5 mg/g (pH = 7.0).
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3.9 Effect of Co-existing Anions

Ground water contains other anions such as sulfate, phosphate, nitrate, chloride and bicarbonate

in addition to fluoride. Anion concentrations of 5.0, 10.0, 20.0, 30.0, 40.0, 100, 200, 300, 400

and 500 mg/L for the anions (Cl-, SO42-, HCO3-, PO43-, and NO3- mg/L) were prepared by

dissolving a calculated amount of their sodium salt in 10 mg/L fluoride solution.

The result of the removal efficiency of untreated media with concentration of each anion is given

in Fig. 19 and Table 10.
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Fig. 19. Fluoride removal efficiency of untreated media at different concentrations of a single

anion (adsorbent dose = 16 mg/L, initial F- conc. = 10 mg/L and contact time = 60 min).
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The results show that defluoridation with this media in presence of bicarbonate at higher

concentrations (100-500 mg/L) has an adverse effect on fluoride removal while other anions

(chloride, sulfate, phosphate and nitrate) have no significant effect on defluoridation efficiency

of the media to 500 mg/L anion concentration. The fluoride adsorption efficiency of the media

decreased from about 82 to 68 % in the presence of 500 mg/L bicarbonate ion. The effect

increases with increase in concentration of bicarbonate anion.

The effect of bicarbonate ion on fluoride removal efficiency of the media may be due to the

increase in the pH of the raw water to above 8 (Table 11). At pH above 8 of raw water the

defluoridation efficiency of the media become decreased as evident from section 3.6. From Fig.

19 it can be noted that, the affinity sequence for anion adsorption on this media is in the order

bicarbonate >> phosphate > sulfate ≈ nitrate ≈ chloride.

The result is similar to the work done by other workers Karthikeyan et al. 1997 [59] for activated

alumina. It was found that fluoride removal efficiency of activated alumina is not significantly

affected by chloride, sulfate and nitrate but significantly affected by bicarbonate ion.

Fig. 20 shows removal efficiency of the media at different concentrations of anions (if they all

present in the same solution). The concentration of each anion and all the anions in the same

solutions with fluoride adsorption efficiency are given in Table 10. The result demonstrates that

the effect of bicarbonate ion on fluoride removal efficiency decreases in the presence of other

ions.
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Fig. 20. Fluoride removal efficiency of untreated media at various concentrations of anions

mixture (adsorbent dose = 16 g/L, initial F- conc. = 10 mg/L and contact time = 60 min).

Table 10. Defluoridation efficiency in presence of each anions and mixture of anions in a

solution (dose = 16 g/L, Initial concentration = 10 mg/L, contact time = 60 min).

Anions

% of F- removed at different anion concentrations (mg/L)

0 mg/L 100 mg/L 200 mg/L 300 mg/L 400 mg/L 500 mg/L

Phosphate 81.58 81.16 81.06 80.64 80.22 80.12

Sulfate 81.58 81.28 80.74 80.78 80.21 80.49

Nitrate 81.58 80.46 79.62 81.08 80.43 80.02

Bicarbonate 81.58 78.34 76.57 74.97 71.57 68.81

Chloride 81.58 80.76 80.56 80.60 80.48 80.69

Mixture 82.89 81.55 79.41 74.85
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Table 11. pH of raw water at different anion concentrations (initial F- concentration = 10 mg/L).

Anions

pH of raw water at various anion concentrations (mg/L)

0 mg/L 100 mg/L 200 mg/L 300 mg/L 400 mg/L 500 mg/L

Phosphate 6.89 5.66 5.42 5.16 5.18 5.21

Sulfate 5.5 5.77 5.78 5.81 5.83 5.83

Nitrate 5.5 5.42 5.49 5.81 5.94 5.5

Bicarbonate 5.5 8.2 8.57 8.64 8.72 8.73

Chloride 5.35 5.44 5.55 5.54 5.43 5.48

Mixture 5.57 7.8 8.08 8.16

Mixture - Refers the presence of all the anions (phosphate, sulfates. nitrates, bicarbonates and

chlorides) together in the same fluoride solution.

3.10 Comparison with Other Known Adsorbents

The fluoride removal efficiency of the adsorbents kaolin, alum sludge, quartz, fired clay pots and

lateritic soils which have been used in more or less under identical experimental conditions are

summarized in Table 12.
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Table 12. Fluoride removal efficiency (%) of the different low cost adsorbents.

Adsorbents Efficiency (%) Dose (g/L) References

Kaolin 85.8 250 [55]

Alum sludge 95 3.40 [54]

Quartz 6 16.70 [27]

Fired clay pot 92 240 [7]

Lateritic soils 58 100 [42]

Waste residue 85 16 In this study

As can be seen from the table, the fluoride removal efficiency of the waste residue used in this

study shows better fluoride removal efficiency than kaolin, alum sludge, quartz, fired clay pot

and lateritic soils, which has been reported as low cost fluoride removal adsorbents.

3.11 Effect of Lime Addition

Different masses of the media were mixed with lime to test the adsorption efficiency and pH of

treated water. The chemical which were added are in the order the waste residue first and then

lime on to raw water containing 10 mg/L and are stirred constantly for one hour.

Fig. 21 and Table 13 illustrate the residual fluoride concentrations and corresponding pH

obtained where different dosages of the media and lime (from Zeway, Ethiopia) were applied.
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The results demonstrate the importance of ensuring a pH of 6.5-8.5 in order to obtain an

optimized fluoride removal. Thus an optimum fluoride removal is obtained at treated water pH

of 7.61 with no significant improvement on defluoridation efficiency by 1 g lime addition on 16

g/L media dose. But this experiment only tests the applicability of lime addition in improving

defluoridation efficiency of the untreated media and suitability of defluoridated water pH for

domestic use. Hence, it requires studying other factors like the mixing time and intensity, order

of chemical additions, alkalinity, pH and turbidity of raw water, and other quality parameters of

treated water such as color, odour, organic substances, and bacteriological analysis.
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Fig. 21. Fluoride removal efficiency and pH of treated water at different waste residue to

lime (media : lime) ratio.

Note: The numbers on the x-axis (level in column one of the table) represents the

corresponding media : lime ratio given in second column of Table 13.
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Table 13. Residual fluoride concentrations and pH of defluoridated water at different mass ratio

of the media to lime.

Level Media : lime (g/L) [F-]o [F-]1 h pH 1 h

0 0:0 10.0 10.0 6.87

1 2:14 9.98 5.09 12.85

2 4:12 10.0 4.41 12.81

3 6:10 10.1 3.95 12.82

4 8:8 9.96 3.87 12.76

5 10:6 10.2 3.72 12.77

6 12:4 10.2 3.73 12.50

7 14:2 10.2 1.61 11.26

8 16:1 10.10 1.50 7.61

9 16:0.2 10.20 1.73 4.11

10 16:0.1 10.04 1.78 4.01

11 16:0.04 9.95 1.85 3.85
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4. Conclusions and Recommendations

The results reveal that the low cost locally available industrial waste material generated from

aluminum sulfate manufacturing process have important practical implications for removing excess

fluoride from water. The waste residue contains different oxides, hydroxides and sulfates with a

heterogeneous surface. The adsorption seems to be surface phenomena.

Removal method is favored by the appropriate addition of the media to fluoride containing water at

room temperature (22 ± 2 oC). The media removes about 85% of fluoride from water at 16 g/L dose

in pH range of less than 8 within the first five minutes. Longer contact time has no effect in

improving defluoridation efficiency. Hence the adsorbent can be used directly without any prior acid

or alkali treatment of drinking water to reduce fluoride ion concentration to a recommended level,

but it results acidic treated water (about pH 3). The adsorption followed second order rate kinetics,

and data fit in to linear form of Freundlich adsorption isotherm model. The adsorbent fluoride

removal efficiency is affected significantly with bicarbonate ion concentrations and little or no effect

by other anions such as phosphates, chlorides, sulfates and nitrates.

Since most of the rural populations in the Rift Valley Region of Ethiopia can not afford treated water

or bottled water for daily consumption, this efficient, easily and locally available material has to be

considered to establish a sustainable solution to the fluoride problem in the Rift Valley Region of

Ethiopia.

Though this waste residue accomplishes fluoride removal, acidic pH of the treated water renders it

unsuitable for field application directly. A promising result is obtained regarding the pH of treated
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water when a locally produced lime is added. A lime dose of 1 g/L is sufficient to rise the pH of the

water from about 3 to 7 with optimum adsorbent dose of 16 g/L within 1 h contact time.

Hence to put this in practice further studies should be considered on:

 Factors which might have an effect on defluoridation efficiency:

 stirring time and order of chemical addition

 pH, turbidity and alkalinity of the water to be treated

 Physical, chemical and biological characteristics of treated water

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

defluoridation unit at different levels.
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