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ABSRACT

In many parts of the wald, fluoride in drinking water is responsble for notable pubic health
issues. The presence of a smallamountof fluoride indrinking wateris beneficial to humanhealth
buta high amoun{>1.5mgL) hasadverse health effects. Kaolinite clay hasbeen foundto remove
fluoride by adsorgion process. Its compositionis Ala(SiO10)(OH)s with SiOz: 46.54wt.% , Al2Os:
39.5wt.% and HO: 13.96 wt.%. The present studyis aimed to prepare new adsorbentkaolinite
clay that can serve asa valuabe cefluoridating agent. Characterizaion of the produced adsabent
wasdone byFourier transform infrared spedroscopy(FTIR), BET and XRDBET analysisrevels
surface area and porosty of synthesizedadsorbentand the result indicatesthe smaller particle
size has larger surface area and porevolume. The XRD shows the morphology of the adsorbent
and result indicates the crystdline stucture of the adsorkent. The investigation of fluoride

removal was attempted using raw and activated clay. The clay was activated with concentrated

H2SQ, and the effeds of variousexperimental paraneters including temperature, pH, particle size,
contact time and dose ofthe adsobents were investigated using a batch adsorptidednique.
Experiments were carried out by bath adsorpion at tanperature of 25, 40, 50,60 and 70°C and
the removal efficiencies of these magrials with respect to time (30 - 150 min), pH (2 - 8),
adsorbentdose (0.5 € 2.5 g/L) and particle size (ranges from 0.075to 0.30 mm) were studed.
Results shaved that adsaption equilibrium is attained at 60 min by kegoing the other parargers
consant for both adsorbents sed and theextent offluoride removal increased with deaeasein
particle size of the adsorbentand increased with increasein contacttime andamountof adsorbent
used. In all parameters, activated clay wasbetterthan raw kaolinite clay in removing fluoride. In
this thesis the paramountvalue offluoride removal by both adsorbentswas obtaned at pH 4;
temperature 5CFc, particle sze of 0.075 mm and 1.5 gram of adsorbentdosageaccording to
experiments. Adsorption déa were moddled using theFreundich and Langmuir adsorption
isotherms and best adsorptionfits were obtaned with Langmuir adsorption isotherms for both
adsorbens. The experimental data produced a straight line it with a relatively good correlation
coefficient (R?) indicating the acceptakility of the modd for the studied activatedand raw kaolinite

clay deflouridation g/stem.
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1. INTRODUCTION

1.1 Background

Thesupplyof cleanwater is scarce and always contaminaed by severa pollutants Fluorine is one of

such contaminants that contaminate watk place around the univers&he primarysource of

fluoride in the ground water aré&agile rocks that contain fluoride, for example, fluorspar,
fluorapatite, and cryolite and hydroxyl apatite. The industrial effluents from aluminum, phosphate,
semiconductor, glass and ceramictifieer, uranium, electroplating, toothpaste manufacturing units

and coal plant adds fluoride to the ground wiér The other sources of fluoride intake for human
beings are water, air, food, cosmetic and mediCime.relationship between fluoride afldorisis

was first noted in the early part of thé"gentury when it was observed that residents of certain areas

of U.S.A. developed brown stains on their teeth. In 1930€s it was observed that the prevalence anc
severity of this type of mottled enamefas directly related to thamount of fluoride ingested
[2].Excessive fluoride exposure may cause irreversible demineralization of bone and tooth tissues, a
condition known adfluorisis. With prolonged exposure to higher fluoride concentrations, dental

fluorosisprogresses to skeletal flusis.

Fluonde ion exis$ in natural wateand it is an gsential micronutrient in preventing dental caries and
facilitating the mineralization of hard tissues, if taken at a recommended range of concentration.
Higher level of fluoride in groundwater is a wosddde problem, whih includes various countries

from Africa and Asia as well as USAotably India, Sri Lanka, China, East African Rift Valley
countriessuch as Ethiopia, Kenya Somali and Djiboufiurkey, and parts of Soutfrica[1]. The
permissible limit of fluoride isl.5 mg/L set by the Wdd Health Organization (WHO)lhe fluoride

found above 1.5 mg/L in ground wateauses severe health problelke dentalfluorisis, skeletal
fluorisis, and norskeletalfluorisis. Apart fromfluorisis, excess fluoride in water causes diseases like
cancer, damage kidndiver-nervous systems, thyroids, respiratory problems, Alzheimer, reduce
pregnancy. Thdluorisis was pervasive among the 200 million people groups from meane 30

nations over the glee[3].

Dental flugosis, which is characterized by discolored, blackened, mottled or chalky white teeth, is
clear indication of exposure to fluoride during childhood when the teeth were developing. These

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




therefore, the fact that an adult may show no signs of dental fluorosis does not necessarily mean tha
his or her fluoride intad is within the safety limit4].

Chronic intake of excessive fluoride can lead to the severe and permanentarmbn@int
deformations termed as skeletal fluorosis. Early symptoms include sporadic pain and stiffness of
joints: headache, stomaelthe and muscle weakness can also be warning signs. The next stage is
osteosclerosis (hardening, calcifying of the bonasyl finally the spine, major joints, muscles and
nenous system are damaged. Batbntal and skeletal, fluorosis is irreversible and no treatment
exists, the only remedy is prevention by keeping fileintake within safe limitg5].

Hence, it is necessary to reduce the fluoride cainaBons to permissible levels and for which
promisinginvestigations are being put all over the world.

Ethiopia is among the most affected nations in Africa by the fluoride problem. Fluoride
concentration, as high as 33 mdgfi_LHawasa,2wayAdama Metaha@a and southerAfar , has been
reported in drinking water sources in Ethioply Excess fluoride in drinking water is prevalent in

all of the RIift Valleyregions of the countr{3]. According to the Ministry of Water and Energy of
Ethiopia, rural drinking water suppiy the Rift Valley region is, to a large exit, dependent on
groundwater Hence, it becomes necessary to reduce the fluoride concentration within permissible
limit of 1.5 mg/L according to the Ethiopian Standard for drinking v&leHowever, the Ministry

of Water Resources on the basis of economic, practical and technical considerations proposed
guideline for drinking watequality of fluoride at 3.0 mg/IL7]. The limit varies among countries and

the age of people exposed. World Health Organization (WHO) has set aalngé between 0.5 and

1.5 mg/l8]. After many years of use of drinking water from drilled wells in the Rift Valley,
Ethiopia, dental and skeletal fluorosis has becarserous medical problend].

The effect of fluoride on human health by the prolonged use of drinking water with fleontentis
presented in Table 1

Table 1.1 Health effects on prolonged use of fluoridated drinking water [9]
Fluoride ion concentration,(mg/lit) Health outcome

<0.5 Dental caries

0515 Optimum dental health
1.54.0 Dentalfluorisis

4.0010 Dental and skeletdluorisis
>10.0 Crippling fluorisis




For communities in developing countries like the Rift Valley regions of Ethiopia where the
groundwater is fluoride rich and provision of alternative water supply is difficult, treatment of
contaminated water is the only option goovide safe drinking water.Available techniques for the
removal of fluoride belong to the following major categories: chemical precipifati@mbrane
processesadorption by activated aluminaion exchangend Nalgonda technig[&J]. It is widely
recognized that adsorption is an ideal and appropriate techniqgue compared to other techniques, fol

small community water sourckeflouridation

Table 1.Comparisonfluorideremoval technologi&2]

Technology Advantages Disadvantages
Coagulation/precipitation: High efficiency; commercially Expensive, efficiency depend:
calcium hydroxidealuminum  available chemical of pH and presence of g¢ons
hydroxide in water, adjustment and

readjustment of pH isequired,
elevated residual aluminum
concentration, formation of
sludge with high amount of
toxic aluminum fluoride
complex and high amount of
retained water (sludge
dewatering is required prior

disposal)

Membrane filtrationreverse  High efficiency; remove other High capital high running and
osmosisnanofiltration contaminates maintenance costs toxic wast

water produced

Electrochemical treatments:  High efficiency; high High cost during installation
dialysis electradialysis selectivity and maintenance

electracoagulation




lon-exchangeStrong basic High efficiency Expensive, vulnerable to

anion-exchange resin with interfering ions (sulfate,
quaternary ammonium phosphate, chloride,
functional groups bicarbonateetc), repla@ment

of media after multiple
regenerations, used media
present toxic solid waste,
regeneration creates toxic
liquid waste, efficiency highly
pH-dependent
Adsorptive materialsactivated Greater accessibility, low cost High efficiency often demand
aluming activated carbons simple operation, availability adjustment and readjustment
other natural and synthetic  of wide range of adsorbents pH, some common water ions
adsorbents can interfere fluoride

adsorption

In recent years, the use of low castsorbents has been investigated to remove fluoride from water.
Such materials includeactivated carbon, naturaeolite hydroxyl apatite, calcite, fluorspar and
quart, fly ash, silica gel, bone cHad], spent catalyst, red mudand bentddi. Studies inEthiopia

as well as other developing countries indicated the possibility of using low cost adsorbents such as

bone char, clay soilgliatomaceous earth, latertic soilglasther related material&3].

In this thesisan innovative technique has been presenteddétouridation of drinking water
employing activatedaolinite clayClay is an earthy sedimentary material composed mainly of fine
particles of hydrous aluminium silicates and other minerals and impurities. Clay -texXineed,
plastic when moist, retains its shape when dried and sinters hard when fired. These pmamgerties
utilized in manufacture of pottery, brick and tile. Both clay powder and fired clay are capable of
adsorption of fluoride as well as other pollutants from water. The ability of clay to clarify turbid
water is well known. This property is believed vk been known and utilized at domestic level in
ancienteEgypt. In the present work the study déflouridationof water by adsorption method using
acid treatedkaolinite clay and rawkaolinite clay has beerdone. The effect®f contact time and

temperatureon thedeflouridationproperty of acid activated clay have been experimentally studied.




1.2 Health impacts of fluoride

About 95% of fluoride in the body is deposited in hard tissues and it continues to be deposited in
calcified structure eveafter other bone constituents (Ca, P, Mg, carlemand citrate) have reached
steadystate. Due to such deposition, bones deformation causes irreversible damages. The other
problems associated with health impact of fluoride are generally overlooked defatie notion
prevailing that fluoride only affects bonesid teeth. Other problems arisidge to the excessive
intake of fluoride are fiber degeneration, low henobgh levels, deformities inred blood
cell,excessive thirst, headache, skin rashes, ousness, neurological manifestation, depression,
gastro intestinal problems, urinary tract malfunctioning, nausea, tingling sensation in fingers and toes,
repeated abortions, male sterij@tc. In Afar region the fluoride concentration reaches ud2d®

mg/L and this prolonged exposure of excdés®ride caises dental and skeletal Fluorosis in the

region.

1.3 Factors affecting fluorosis

The severity of fluorosis is influenced by concentration of fluoride in water and period of its usage.
Nutritional stats and physical strain also play vital role in deciding total effects of fluoride pollution.
for example, increases the bodg&®ntion capacity of fluorideenvironmental factors include annual
mean temperature, humidity, rainfall, duration of exposurketc. @sides, other factors such s

in terms of alkalinity, agefresh fruits and vitaminC reduces fluoride toxicity. Deflouridation of
drinking water is the only pragmatic approach to solve the fluoride pollution problem as the use of
alternate water sources and improvement of nutritional status of population at risthéavevn

limitations and are expensive affafiisy.

1.4 Problem Statement

Availability of safe water for consumption is the one of the most important gifts to mankind. But,
unfortunately, the increase in concentration of contaminants such as fluoride above the permissible
limit in groundwaterresources over the ysahas become a seriogsncern in many countries.
Ethiopia isamong the most affected natidmgthe fluoride problem where excess fluoridein drinking
water is prevalent in all of the RiValley regiors of the countryAfar is one jart of the rift valley

region in EthiopiaEthiopianMinistry of Water Resources proposed guidektandard for drinking

water quality of fluoride at 3.0 mg/hut fluoride concentration at this level caudestalfluorisis. In

Afar region the fluoride concentration reaches upa® mg/Land this prolonged exposure of excess

fluoride caises dental and skeletal Fluorosis in the regidance, it becomes necessary to reduce the




fluoride concentration within permidde limit of 1.5 mg/L according to the WHGCstandard for
drinking wate. Although therearedifferent conventionamethodsfor fluoride removal most of tre
methods have high operational and maintenance cost, low fluoride removal capacities, generation of
large volumes of sludge and complicated procedures involved in the trealinergfore, the viable

option is to look for low cost processes that can b# haing local expertise and based on locally
available and costffective fluorideadsorbent. Thughe locally available kaolinite clagdsorbent

canbe appliedfor removalof excesdluoridesto theallowablelimit of fluoride in drinkingwater

suppliesin afar region

1.5 Objectives

General objective

The general objectivés to produce economically effective and locally available kaolinite clay

adsorbent fodeflouridationof ground watein Afar region
Specific objectives

ol Preparation andharacterization of kaolinite clay adsorbent.

oU To investigate the effectef process parameters (temperature, Pétticle size time and
adsorbent dosayen percent removal of fluoride

O0U To determine the optimum operating conditions for the deflouridatioogss.

oU To anayze adsorptionisothems of laolinite clay adsorkents onfluoride removal and select
best value so that easy to apply for supply of non fluoride water.




2. LITERATURE REVIEW

2.1 Distribution of Fluorisis

The latest information shows thiftiorosisis endemic in at least 25 countries across the globe. The
total number of people affected is not known, but a conservative estimate would number in the tens of
millions. In 1993, 15 of India's 32 states were identified as endiEmituorisis [15. In Mexico,5

million people (about 6% of the population) are affected by fluoride in groundwater. Fluorisis is
prevalent in some parts of central and western China and caused not only bygdilunddide in
groundwater but also by breathing airborne fluoride released from the burning of fliaalétecoal.
Worldwide, such instances of indusirfluorisis are on the rigé g].

Ethiopia is one of the 25 countries where the population suffers fronotisemption ofluoride rich
drinking watef17].People in several areas of the Ethiopian Rift Valley are consuming water with up
to 33 mg/l of fluoride. So it is required to implement appraijgriwater treatment procedures using
local resources that are accessible to the rural community with technically simple, cost effective, and
easily tranggrable technology. In this teste investigate the possibilities of utilizing kaolinite clay as

a low costdeflouridationadsorbent.

Both dental and skeletal fluorisis is prevalent in the rift valley region of Ethiopia including afar
region because of high fluoride waters that originate from springs andabesgl8]. An extensive

study was done among 1,456 individuals in 14 communities in the central Rift Valley and reported
dental fluorisis prevalence tes was between 69% and 98% (mean 84%) in the groups sampled.
Slight, no significantly higher rates were found in young males (82.5%) as compared to young
females (81%), in the age group-19 years. In a similar study from the Ethiopian Rift Valley,
showel prevalence of dental fluorisis in permanent anterior teeth, ranging from 34% to 75% in 8
yearold children residing in various villageof the WonjShoa Sugar areand 77% arang adults
(20-25 years old) g].

2.1.1 The origin and distribution of fluoride in Ethiopia

Concentrations of fluoride greater than the WHO guideline value of 1.5 mg/l have been found in
ground waters from several parts of Ethiopia, but are recognized tohmshig the Rift valley zone

[19]. Concentrations often greater than 10 mg/l are found in waters from the Rift valley. Moderately
high (unacceptable) concentrations have also bmerd in ground waters from volcanic rocks in the
highlands. Concentrations in groundwater from the ancient basement rocks eadiytypw (e.g.
Mekele area)19].




Unusually low fluoride concentrations have been reported in groundwater from wells and springs in
the Rift Valley town of Arba Minch and the nearby escarpments in southern Ethiopia. This is
apparently due to inpgs of low-fluoride runoff from the highlands drom nearby rivers or lakd48].

The problematic fluoride ancentrations were derived from hot springs (high temperature) and by
weathering of the volcanic bedrocks (presence of alkalinity (BCZD]. Fluoride concentrations
above 5.0 mf in the Rift Valley were found mostly in hot springs (100% of all sources), lakes
(78%), shallow wells (54%) and boreholes (35%) and the lbesscentrations (below 1.5 mg/in

springs and rivef&1].

Figure 2.1 Fluoride distributions within  the rift valley of Ethiopia [23]




2.2Guidelines and standards

In 1984, WHO conducted an extensive review and found that there were insufficient data to conclude
that fluoride produces cancer or birth defects. In addition, WHO noted that mottling of teeth (i.e.
dental fluorosis) is sometimes associated with fluoride levels in drinkitgr above 1.5 mg'tand
crippling skeletal fluorosis can ensue when fluoride leegteed 10 mg ™. A guideline value of 1.5

mg L'! was therefore recommended by WHO as a level at which dental fluorosis should be minimal
(WHO, 1984)

The 1.5 mg [* fluoride guideline value that was set in 1984 was subsequerglyateated by WHO

and it was concluded that there was no evidence to suggest that it should be revised (WHO, 1996,
2004). The 1.5 mgtt guideline value of WHO is not a /fixedf value buirisended to be adapted to

take account of local conditions (e.g. diet, water consumption|[2#c]) However, theEthiopian
Ministry of Water Resources on the basis of economic, practical and technical considerations

proposed guidelintor standard drinking water @ity of fluoride at 3.0 mg/L [2}4

2.3 Commercial Deflouridation Methods

The process of removal of fluoride is generally termediefouridation Numerous commercial
methods have been described employing various materials flluthiele removal since 193[23].

Bower and Hatchestudied the deflouridation of water by minerals and soils by the release-of OH
ions. The equilibrium information fitted well with the Langmuir isotherm model. The adsorption of
fluoride at an equilibrium concentration of 16 mg/l for various soils anermais were alkaline soils

(59 to 120 mg/qg); acid Aiken soil (1060mg/g); gibbsite and kaolinite (190 to 295 mg/g); dehydrated
halloysite (1400 mg/qg); hydrated (expanded) halloysite (1777 mg/g) and Al(OH)/sub3/ (32600 mg/q).
Goethite, bentonite and vermidaliadsorbed only traces of fluorifi24].

Omueti and Jonessed lllinois soils for the removal of fluoride from water. It was reported that at
low concentration of fluoride both Langmuir and Freundlich isotherm mabkssribed adsorption
on soils. The optimum pH range for the maximum fluoride removal was between 5.5 and 6.5. The

presence of amorphous aluminium oxyhydroxides was responsible for the removal of fl2gride

Chaturvediet al. used cima clay for fluoride removal from water. The optimal condition suitable for
defluoridation consists of low fluoride concentration, high temperature and acidic pH. The maximum

fluoride adsorption was mainly occurred due to thegures of alumina in chinegay [26].

Haugeet alstudied the deflouridation of drinking water using pottery. The clay fired atCs00

temperature was found most effiee for removal of fluorid¢27].




Bjorvatn and Bardsen studied the deflouridation capacity of calcined red soil (laterite) at 570C mainly
consiss of silicon, aluminium and iron from water. The deflouridation capacity of red soil from
Balang in Adamoua province, North Cameroon was more as compared to that of N€Gaoundere. The

fluoride removal was high initially in few hours and reactedteady sta within 48 hour8].

Mogeset al. used fire clay chip obtained from a region in Ethiopia for remo¥dluoride from

water. The deflouridation capacity of 200 mg/kg and 76 mg/kg was obtained by the adsorbent dose of
30 and 240g respectively. A packed column with same ground clay pot treated 6 liters of tap water
containing 10 ppm fluoride to below 1.5gM whereas 20 liters of 10 ppmvrater showed removal
efficiency of B5 mg/Kg at saturation poifi29].

Karthikeyanet al. used montmorillonite clay for removal of fluoride from water at neutral pH.
Adsorption increased with time and reached an optimum level at 50 min. The patrticle size of 75
micron gave the maximum fluoride removal of 82%. The optimum pH for maximum fluoride
removal was 2.0. The adsorption resultswere best fitted with Langmuir isotherm than Freundlich
isotherm model. The Langmuir adsorption capacity was ranging from 1.485 to 1.910 mg/g at
temperature range of 30 to 60C. The thermodynamic study revealedttttee adsorption reaction

was spontaneous and endothermic. The adsorption process follotreeparticle diffusion model

[30].

Meenakshiet al. used raw kaolinite (RK) and micronized kaolinite (MK) clay by mechanochemical
activation for deflouridation of wateThe optimum pH for maximum removal of fluoride was
observed to be 3.0 and deflouridation capacity of RK and MK was 0.120 mg/g and 0.134 mg/g
respectively. The equilibrium was reached within 30 minutes for both materials. The experimental
data of MK fitted well with Langmuir isotherm than Freundlich isothemodel. The Langmuir
adsorption capacity of MK at 303K, 313K and 323K temperature was 0.609, 0.714 and 0.782 mg/g
respectively. The adsorption process by MK followed the pséiusteorder besides intrapticle

diffusion models. The adsorption reaction of MK was endatiteand spontaneous proc¢34].

Maiti et al.used acid treated raw laterite for defluoridation of water. The optimum pH for maximum
fluoride removal was 5.0. The presence of bicarbonate and phosphate ions highly affected
fluoride removal capacityhe experimental data comfortable well with Langmand Freundlich
isotherm models. The maximum Langmuir adsorption capacity of adsorbent was found to be 36.3,
37.9 and 39.10 mg/g at 288, 305 and 315K temperature. Desorp®&%wivas achieved at pH 12.0

[32].
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Ma et al.used granulaacidtreated bentonite (GHB) in batch and column mode for deflouridation of
water. The optimum pH was 4.95 and the equilibrium of adsorption was reached within 40 min. The
kinetic data followed the pseudg®condorder equation. The experimental data fittedll with
Freundlich isotherm than Langmuir isotherm model and adsorption capacity of adsorbent was 0.094
mg/g. In column study, the breakthrough capacity and exhaustion capacity increased with the
decrease in flow rate and the escalation of initial fie®rconcentration. The height of the mass
transfer zone increased and the empty bed contact time (EBCT) reduced with the rise of flow rate.
The height of the mass transfer zone increased with the rise of initial fluoride concentration. The
experimental radts were well fitted with Thomas model. Exhausted GHB was renewed by

alkali/alum treatment. The total sorption capacity of GHB increasedrafieneration and activation

[33].

Kim et al.used pyrophyllite clay for deflouridation of water. This clay mainly consists of Si (74.03%)
and Al (21.20%). The maximum adsorbent capacity of pyrophyllite clay was 0.737 mg/g witkepartic
size less than 0.15mm. The equilibrium condition occurred in around 24 hours. The adsorption
reaction was endothermic in nature. The fluoride was not sensitive to the pH range oThdakky

calcined at 408 gave 21% higher fluoride removal capacityampared to wealcined one§34].

Gogoi and Baruah investigated the defluoridation potential of acid activated leaclsyt and raw
kaolinite clay for defluoridation of water. The maximum adsorption of fluoride was obtained at pH of
4.0 with clay of 300 mesh size. The Langmuir maximum adsorption capacity of the acid activated

clay for fluoride ranged between 0.0450 6357 mg/g at temperature range of 25 t&0B[58).

Treatment of water and wastewater containing fluoride ions requires a suitable and effective method.
Membrane filtration precipitation, nandfiltration, ion-exchange, electro coagulation, diation,

reverse osmosis and adsorption have been used for fluoride removal. Most of these methods have
high operational and maintenance cost, low fluoride removal capacities, lack of selectivity for
fluoride, undesirable effects on water quality, generation gelaolumes of sludge ambmplicated
procedures involved in the treatment.

Among these methods, adsorption is the most effective and widely used method because it is
universal, has a low maintenance cost, and is applicable for the removal of fluoridatdean

concentrations.
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2.3.1 Adsorption method
There is a natural tendency for components of a liquid or a gas to collect often as a monolayer but

sometimes as a multilayer at the surface of a solid material. Thi®ple@on is called adsorption

[35].

In recent years, considerable attention has been focused on the study of fluoride removal using
natural, synthetic and biomass materidiere aresome of the commercial adsorbents used in the
adsorption and ion exchange method. Activated Aluminad#J Activated bauxite (Hydrate of Al
(OH)3), Zeolite (NaQ.Al,03).nSi0s.XH,0), Activated carbon, Charcoal. Among the most frequently
encountered commeaat adsorbents aneviewedas follows.

Activated Alumina (AA):-Alumina (Al,Os) is practically insoluble in waterhe solubility in acid

and alkali depends upon previous heat treatment, strong reagents do not easily attack it, and Aluming
needs to be astated for thedeflouridationprocess. There are different grades of activated alumina.
The suitability of the grade fodeflouridationdepends upon the porosity and surface area of the
alumina. Other considerations, which are also of importance, include the life of the activated alumina
for deflouridationpurposeg36].

The deflouridationcapacity of activated alumina is independent of temperature. The adsorption of
activated alumina obeyed Langmuir€s adsorption isotherm indicating that the force of adsorption is
governed by chemisorptions. Howeviupride removal by AA may also take place with decreasing

pH and the extent of chemisorptions increase at a much higher rate. AA also adsorbs bicarbonate
ions. Thus, theleflouridationcapacity ofAA decreases at increased concentration of bicarbonate. But
chloride and sulphate ions have no effect on fluoride removal capacity. AA can be regenerated by 2%
hydrochloric acid,2% sodium hydroxide and 1% sutic acid. Fluoride removal &fiency is
typically above 95%A disadvantage of this process is thatrbgeneration steps result in an agueous
solution containing fluoride. On the other hand, if the spent alumina is discarded, the cost of the
deflouridationincreases. Apart from that, spent alumina may leach out fluoride ions wtwnas in

contact with &ali [37].

Bone char. -Ms. Nutthamon Fangsrekam described the process of Defluoridation by bone char as the
ion exchange and adsorption between fluoride in the solution and carbonate of thecapgtitsing

bone char29]. The efficacy of the plant depends upon temperature and pH of raw water; duration for
which the bonehar is in contact with raw water. The maximum amounts of fluoride adsorbed per
gram of bone char surface at°285" and 45 C ae about 21.1, 22.4, and 25.7 , mol respectively.

The optimum time for the adsorption to reach saturation is 9 hours and optimum pH of fluoride
solution is between 7.00 and 7.50. Particle size has trivial effect on the adsorption of fluoride. If

Calcium ispresent in the raw water, it precipitates out the fluoride. It is a highly economic technique
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with a defluoridation percentage of 62 to @9)][ Further, the efficiency of the borwhar method of

water defluoridation can be improved by {reating the rav water with Brushite and Calcium
hydroxide B0].Bonechar as the active ingredient and was functioning since 1948 in Britton, USA. It
caused significant reduction of dental fluorosis in the local communities. Disadvantages of this
technique arethe bone char harbors bacteria and hence unhygienic. Without a regular fluoride
analysis, nothing indicates when the material is exhausted and the fluoride uptake is ceased. It is &
technique sensitive procedure, since the efficiency of bone char as aneatldorbfluoride is a
function of the charring procedure which should be done cautiously. Moreover, the use-ohéone

may invite cultural and religious objectiorl].

Brick pieces column - The basic principle of functioning of Brick piece column leetsame as that

of activated alumina. The soil used for brick manufacturing contains Aluminium oxide. During
burning operation in the kiln, it gets activated and adsorbs excess fluoride when raw water is passed
through. Replacement of filter media is ragdi once in three months if fluoride content in raw water

is 2.50 mg/l. In places where high alumina content soil is available, brickbat filter may be one of the

options B2].

Mud pot: -The raw pots are subjected to heat treatment as in the case of brick production. Hence the
mud pot also will act as an adsorbent media. As per treatalsilitgy results a marginal reduction in
water fluoride level from 1.8 ppm to 1.5 and 1.4 ppm at the end of 2 days and 4 days respectively,
which is practically not significant. The water pH was raiech 7.7 to 8.11 and 8.14 the end of 2

days and 4 days respectively, which is beyond the acceptable limits of alkalinity. The fluoride
removal capacity will vary with respect to the alumina content present in the soils used for pot
production, which is bgnd the control of manufacturer. So, in a practical sense the use of mud pot
for defluoridation is not promising. However, people can be advised to use mud pots to store water
that is treated by other techniques, which results in partial defluoridati@enmBjor advantages of

mud pots are they are economic and readily acceptable for the rural comma@gjties [

Natural adsorbents - Many natural adsorbents from various trees were tried as defluoridation
agents. Seeds of the Drumstick tree, roots of Vetyrass and Tamarind seeds were few among
them. The seeds of the drumstick tréo(inga oleiferg adsorb fluoride from water. Drumstick
seeds act as a coagulant. They have long been a traditional method for purification of turbid water in
both India and Afica. Researchers at ...M. S. Swaminathan Research Foundétib® SRF) had
shown drumstick seeds to have remarkable defluoridation efficiency, which was higher than that of
activated alumina. But, these results were not reproducible. The roots of Vetiger{\(gtveria
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zizanoideyare another product thiastraditionally been used for water purification. The roots were
effective at defluoridation and could remove as much as 70% of the fluoride from a sample. The
defluoridation efficiency was higher thaot&ated alumina, and the price was comparable. But, the
guantity of grass needed is so high that, a family would need to rise acres of Vetiver grass every year
in order to provide enough material for defluoridati@8][ Tamarind seeds were successfuligted

for defluoridation by sorption. Since maximum defluoridation is achieved at an optimum pH of 7,
post defluoridation pH adjustment is not required. Tamarind seeds, which are otherwise considered a

kitchen waste, can be obtained at much cheaper p8idle

2.4 Adsorption characteristics of Clay

The term ,clayf is applied both to materials having a particle size of less than 2 micrometers and to
the family of minerals that has similar chemical compositions and common crystal structural
characteristics.The characteristics common to all clay minerals derive from their chemical
composition, layered structure, and size. Most clay has the ability to soak up ions (electrically
charged atoms and molecules) from a solution and release tHatemshen condions changé¢38§].

Clays are potentially good absorbers of anions since they contain crystalline minerals such as
kaolinite, smectite and amorphous minerals such as allophane and other metal oxides and hydroxides
which could adsorb anions such a3H].

The structure of the clay plays a very important role in determining the charge on the clay surface and
type of exchange that can occur witims in solution. In generalhe more negative the surfathe

better the sorption will be for positively charged metal ions. The pH parameter plays a dominant role
in determining the adsorption capacity as pH modifies the charges on the clay mDleaatges are
generally positive under acid conditions and negative in an alkaline environment. An acid pH will
favour adsorption of negatively charged ions while alkaline conditions will enhance adsarptio
positively charged iongt0].

2.4.1 Kaolinite clay

Kaolinite groug includes kaolinite, dickite, nacrite, and halloysite; formed by the decomposition of
orthoclasefeldspar (e.g. in granite). Dickite and nacrite are rather rare and usually are found mixed
with kaolinite in deposits ofydrothermal origin 38].The structure of the kaolinite group composed

of units of one layer of silica tetrahedrons and one layeluafiaa octahedrons. Kaolinite is called as

1:1 clay mineral due to the stacking of one layer of each of the two basic sheets

The schematic diagram of Kaolinite structure is given in Fig. 2.2. Kaolinite, dickite and nacrite

possess similar chemical comgamsi, and this kaolinite group has the molecular formula
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Al,Si,O5(OH) 4. The chemical composition of the kaolinite group majority is The differences in the
kaolin minerals are the manner in which the unit layers are stacked above each other with the
thickness of the unitdyer around@.1341].

Kaolinite, along with other clays, belongs to the phyllosilicate subclass of materials. In this subclass,
rings of silica tetrahedrons are linked by shared oxygen to other rings in a two dimensional plane
that produces a sheet like structure, this shedhen attached to another structure made from
aluminium octahedraings, as shown in Figure 2.2 [42

Figure 2.2: Sheet structure of kaolinite clay

Although hundreds of chemical analyses of kaolinite have been made, there is still little known for
ceitain about the exact composition of most, if not all of the samples. The idealized composition by
mass for a kaolinite (A{SisO10)(OH)g), is the following: SiQ: 46.54 wt.%, Al,0Os: 39.5 wt.% and

H,O: 13.96 wt.%. However this is seldo if ever, found innature A basic kaolinite particle is
composed of a silica layer bonded atuminum oxide/hydroxide layers. Thaluminum layer of
kaolinite is often termed the gibbsite layer, as the layer has the same structure as gibbsite, an
aluminum oxide mineral. Alunmum atoms are octahedral coordinated with oxygen atoms and
hydroxyl grops, as can be seen in Figure .2.3The alumina molecules are then octahedral

interconnected téorm a two dimensional layg42].

Figure 2. 3: Octahedral alumina group

Only two thirds of the octahedral positions in the gibbsite layer of kaolinite are filled by aluminium.
The atoms are thought to be arranged so that two aluminum€s are separated by a hydroxyl grouy
above and below, thus making a hexagonal distributiom isingle plane in the centre of the

octahedral sheet. The reduction in the amounalominum present in the structure allows the
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electrical neutrality of the particle to leaintained[42]. The structure of kaolinite results from the
combination of the silica and alumina layers into a hexagonal sheet. In the layer common to the
octahedral and tetrahedral groups, the silicon andltminumshare two thirds of the atoms, and
they become single oxygen instead of hydroxyl groups, the other third remaining as hydroxyl

grouwps, as can be seen in Figure[223).

(a) (b)

Figure 2.4 K aolinite clay structure (a) Before and (b) After calcinied
2.5 Principles of adsorption
Adsorption is a process that occurs when a gas or liquid or solute (called adsacbatellates on
the surface of a solid or more rarely a liquid (adsorbent), forming a molecular or atomic film
(adsorbate). Adsorbent solids are usually used in granular famying in size from roughly ar@m
in diameter to as small as 0.05 mm. The spligst possess certain engineering properties depending
upon the application to which they are put. If they are used in a fixed bed through which a fluid is to
flow, for example,they must not offer togreatpressurefor flow nor must they easily be care
away by the flowing stream. Adsorption is a very general phenomenon, and even common solids will
adsorb gases and vapors at least to a certain extent. But only certain solids exhibit sufficient
specificity and adsorptive capacity to make them usefuidssirial adsorben43].Some substances
adsorb fluoride ion by its surface, and it can exchange its negative ions suchyesuPibr fluoride
ions. Ths process depends on suitable condition (pH, temperature, flow rate,gtene,size of
malarial, etc.)[36].The most common criteria for selection of suitabtsorbents are: cost of the
medium and running costs, easep#dration, adsorption capacity, potential for reuse, number of
useful cycles and theossibility of regeneration.
The extent of adsorption is proportional to specific area. Specific area canrszlagesthat portion of
the total area that is available for adsorption. Surface area is related to the grain size of the adsorbent.
The choice of particle size is made by considering two sets of factors: 1) ease of mass transfer from
the fluid to the sudce, creation of as much interfacial surface area as possible and reduction of
antiparticle diffusion path length, all of which favor smaller particles; and (2) maintenance of a low

pressure drop, kich favors larger particlds85].Because hydrogen and hydroxide ions are adsorbed
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quite strongly, the adsorption of other ions is influehbg the pH of the solution. In general,
adsorption of typical pautant from water isncreased with decreasing j#4]. The pH of the system

is a very important parameter and determinesiéggee of protonation of the Okxchange sites and

the degree of protonation of.Hhe pH will therefore determine the specific charge of an exchange
site and therefore ultimately also the adsorption tendency of the sul3drate

The physicochemical nature of the adsorbent can have pibfeffects on both rate and capacity for
adsorption. Whereas Solubility, molecular sizes, and charge (lonic species) are considered in the cas
of adsorbat¢45].

2.6 Adsorption Equilibrium and the Adsorption Isotherm

Adsorption is usually described through isotherms, that is, functions which connect the amount of
adsorbate on the adsorbent, with its pressure (if gas) or concentration (if liquid). There are three types
of isothermal adsorption are used to explain thsm@ption process, i.e. LangmuiFreundlich and

brunauer ,emmet and tellsotherms.

2.6.1Langmuir Isotherm

One of the simplest and most widely used isotherms is the Langmuir isotherm that was originally
derived from adsorption kinetics by equating ttages of adsorption and desorption onto a flat
surface. The Langmuir isotherm equation assumes that fixed individual sites exist on the surface of
the adsorbent, each of these sites being capable of adsorbing one molecule, resulting in a layer ont
moleaile thick over the entire activeurface. The Langmuir model also assumes that the surface is
homogeneous; the energy of adsorption is equal for all adsorption sites, all sites adsorb the adsorbat
equally.Equilibrium is reached when the rate of adsorptiamaécules onto the surface is the same

as the rate of desorption of molecules from the surface. The rate at which adsorption proceeds is
proportional to the driving force, which is difference between the amount adsorbed at a particular
concentration andhe amount that can be adsorbed at that concentration. At the equilibrium
concentration this difference is pp46).

Langmuir adsorption idefined in the following equation:

il e 5 e e e e e e e o e e e e e e e . 2.1

Where Ce (mg/L) equilibrium concentration of adsorbate in solution after adsorption, ge (mg/g) the
amount adsorbed at equilibrium, a (mg/g) is a temperatur@éndent equilibrium constant related

to maximum adsorption capacity (capacity parameter), b (L/mg) temperature dependent equilibrium
constant related to energy of adsorption (affinity parameter). The adsorption affinity of the adsorbent

for adsorbate came assessed by comparing the constant, b. A high b value indicates that the
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adsorbent has a high affinity for adsorbate and vice versa. The essential characteristics of a Langmuil
isotherm can be expressed in terms of medlisionless constant separati@astor or equilibrium
parameter, RL, which describes the type of isotherm and is defined by following equation.

R e o o e e e e e e e e e e o 2.2

Where b (I/mg) is the Langmuir constant ang(i@g/L) the initial concentration of solute. RL
indicates the type of isotherm as follows:
Table 2.1 Equilibrium parameter, RL [43]

Value Type of $otherm
RL>1 Unfavorable
RL=1 Linear

O<RL<1 Favorable

RL=0 Irreversible

2.6.2Freundlich Isotherm

The Fruendlich isotherm equation assumes that the adsorbent has a heterogeneous surface compos
of adsorption sites with different adsorption potentials. This equation assumes that each class of
adsorption site adsorbs molecules, as in the Langmuir equahertruendlich isotherm equation is

the most widely used equation in adsorption from aqueous solution. In other words, for Freundlich
isotherms to be valid, the adsorption must be purely a physical process with no change in the
configuration of the molecas in the asorbed stat§47]. According to the Freundlich equation, the
amount adsorbed increases infinitely with increasing concentration or pressure. This equation is,
therefore, unsatisfactprfor high coverage At low concentrationjt does not reduce to the é&ar
isotherm[47].

Freundlich proposed the equation:
=— L e e 1 e e e e e e 2.3

Where Cdmg/L) is the equilibrium concentration, ge (mg/g) the amount adsortkesglidibrium,

and kfand n is the constants thandae related to the adsorptioapacity and the adsorption
intensity, respectively. If 1/n is less than 1, it indicatésvarableadsorption. If 1/n is much lower
than 1, it indicates super activity [48]. The Freundlich equation is basically empirical but is often

useful as a mans for data description. Data are usugdtgd tothe logarithmic form of equation. The
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linear form of Freundlich equatias presented below. Values of&hd n may be calculated by

plotting log ge versus log C. The slope is equal to 1/ntlaadhtercept is equal to log.kf

= +- e o e e e o o e e RS o e 2.4

2.6.3 Brunauer, Emmett, and Teller Isotherm

In 1938, Brunauer, Emmett, and Teller showed how to extend Langmuir's approach to multilayer
adsorption, and #ir equatbn has come to be known as BIET equation. The basic assumptions are
that eachmolecule in the first adsorbdédyer is considered to provide one site for the second a
subsequent layers, that thelecules in the second and subsequlayers,which are in contact with

other sorbate molecules rather than with the surface efaillsorbent areonsidered tdbehave
essentially as the saturated liquid, while the ldojuiim constant for the firskayer of molecules in

contact with the surface of tladsorbent is differern43].

The BET equation assumes that the energy requirethgorbthe first particle layer imdequate to
hold the monolayemn place. The adsorption process can be describadsmsbed molecules on the
surface sitesand attachment of molecules sites where occupied by adsorbed molecules. The

resulting equation for the BEAquilibrium isotherm is:

1—( T )— ]iiiiiiiiiiiiiii#iiii#iiii F1te. 2.5
whereas Cs saturationoncentration of the solkeit C measured concentration golution at
equilibrium, QOnumber of moles of stéuadsorbed per unit weight aflsorbent in forming complete
monolayer on thesurface, ge number of moles sdlute adsorbed per unit weight at camtcation C,

ard B is the constant expressiokthe energy of the interaction with the surface.
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3. MATERIALS AND METHODS

3.1 Materials and Chemicals

The kaolinite clay which was collected from Gas®ebretaboin Amhara regiorindicated in figure
3.1, wasused for preparation of activaté&dolinite clay powder fodeflouridation ofgroundwater.
Theraw clay was crushed using jaw crugB&851)andthensievedto <0.075,0.0750.15 and 0.15
0.30 mm diameter to determine the particle sizee kaolinite clay was weighed using digital balance
(sartorious with 0.01mg sensitivitgndburrt at temperature of 88Gfor 2 hoursusing thermonayle
furnace (l-030H2CN)to remove the impurities and vola&timatters from thelay. The clay wasthen
activated bysulphuric acid (HSO,). The activated clay was washed byalytical gradesodium
hydroxide (NaOH) and distilled watév neutralizecand remove the acid from clay through vacuum
filter. The different samples were dried 205°c for 2rsusing @en dryer(PH-030A) The surface area
and functonal group of activated clayas thermeasuredy BET (NOVA4000e)and FTIR). Liquid

nitrogen was used as the adsorbate during determination of saréacéBET)

Fluoridatedwaterwas féched fromAseytaspecifically Afanboground water, whicls found inAfar
region and fluoride concentration befor@xperiment was measured usifihoto meter (ELE

internationa and the result is 4.7mg/!

Figure 3.1 K aolinite clay found in Gasay, Amhara Region

The fluorinated water thertreated with activate clayand raw clap abatch adsorptiotechnique
with the help of Hot plate (IKAGMAGHS4) magnetic stirrer at speed of 300 rgH of the solution
during experimenwas controlled using Hb meter (ELE international)Crucible was used for
containing sample during burnird kaolinite clay powdedesiccatorgnagnetic stirrerglassstopper
andErlenmeyer flasks are used for during analysis.
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3.2 Characterization of Activated Kaoli nite Clay

3.2.1 Analysis of Surface Area and Porosity of Adsorbent

Surface cleaning (degassng) was carried out using suiface area and pore ste analyzer which is
cdled Branauer Emmet and Teller(model: NOVA 400@e).The sample of both raw and adivated
kaolinite clay adsobent were addedseparately in a glasscell and heaed under a vaauum for 24hr
at 300°C. After degassng the glass cell, the sasmplesweretranserred to Dewar flask which contain
liquid nitrogen and set up with compuer to be analyzed. Then suface area, poresize and volume
were anayzed by software, which is connected with instrumenisuiface areaand poresize analyzer
BET (NOVA 400@). Multilayer adsorption ofnitrogen was measured as afunction of relative
pressue. It gives the idea of physical adsorptionof gas molecule on the solid surface using
absorptionof N2 gas on the solid maias. BET (surfface area, poresize and volume) for both
samples were analyzed.

3.2.2 Fourier Transform Infrared  Analysis of Adsorbent

The Fourier Transfam Infrared spectra were recorded for qualitative characterization of surface
functional groups.Functional groups present in theadivated and raw kaolinite clay were confirmed
before and after adsorgion by Founer Transfam Infrared (FTIR) spedroscopy using KBr pellet
technique onJASCO model 4100. Thisanalysiswas condicted in AAU (Addis Ababa University),
Department of Chemistry. Approximately 1mg of sample was mixed with 100mgof KBr and then
grounded and pressed to prepare the pellets. The result obtaired showing the wave lengths of the
different functional groups in the sample which were identified by comparing thesevalues with

those inthelibrary. FTIR pedrawere obtained in therange of 400to 4000 en'! for bothsamples.

3.3.3. X-Ray Diffraction

XRD anaysis was conducted in Material engineeing department, ASTU (Adama Science and
Tednology University) Adama, Ethiopia. X-ray 7000 diffractometer SHIMADZU Corpaation
(Kyoto, Japan) were used to study the phase nature of raw and adivated kaolinite clay. The
kaolinite clay samples were fed ito X -Ray Diffraction (XRD) analysis. Prior to analysis, theclay
samples were groundto a powder form by simple pounding ushg a mortar and pestle dueto its
brittle nature. The ground samples were analyzed by Cu radiation with a scanning rate of 2° per
minutesand scan range 10.000- 80.00@nd usingan accderation voltage of 40 kV and current of
30 mA. An X-Ray Diffractometer is a mechanical device for obtainhg x-ray intensities as a
function of the angle between theincident and the diffraded beams. The resulting phase diagram
called a diffractogram. The phase concentration is indcaed by the pe& height, with higher pe&k
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representing higher concentration.

3.4 Determi nation of Adsorption Capacities
The batch experiments were condwcted by mixing 100 mL of tap water colleded from Afar region
spedficdly Aseyta ground water having a concentration of 4.7mfdFwith raw and adivated
kaolinite clay for 30, 60, 90120 and 150 nin in 250 mL glassbotles at 25, 40,50, 60 and7CC.
Afterdifferent mixing times, the mixtures of soluion and adsorkent were agitated by usingmagnetic
stirrer on 25, 40, 50, 6@nd 70C hot plate at 300 pm. In this procedure a 100 mL of solution was
added to a 250 mL glassbottle and the F concentration measured after each time.
Preliminary testswere condwcted in order to investigate the fluoride adsorption capadties of clay
samplescolleded. From this gudy, clay samples with betteradsorption epadty were selected.
The fluoride adsorption capaaty and efficiency from the residual fluoride concentration was
calculated by thefollowing equations[57].

% =—" 10DFt3tfdfdfdd4dt FEEEEEEE ( 3.1)
( )=—" f$fidrtddtdsddiss HE( 3.2

WhereCo = initial fluoride concentratiofmg/l)
Ct = residual fluoride concentration at timgng/l)
m = mass oadsorben{g)
v = volume ofthe solution used in the batch (1)
ge = adsorption capacity (mg of fluoride removed/g of adsorbent)
Raw and activated kaolinitday samples were selected in order to investigate the effect of different
operating parameters on the fluoragsorption potential of these clays. The investigadietermines
the effect of temperature, pH, contact timdsorption dosagand particle size in order to determine

whether how significant change in adsorption capacity can be induced by these factors.

3.5. Parameters affecting fluoride adsorption capacity

3.5.1Temperature

Theeffect of temperature on deflouridation was analyzed at 25,40,50,60 &\thé@ the adsorption
capacities were determined and finally; the raw and activated kaolinitsaragles with the fluoride

water solution were filterednd measured for each ranges

3.5.2 PH

The effect of pH was analyzed for both raw and adivated kaolinite clay samples. Initial pH of raw
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water was prepared as 2, 4,6 and 8. Thedesied pH was adjuged using 0.1M of NaOH and 2M

H>SO4 soluion. ResidualF concentrations were determined after each contact time.

3.5.3 Clay Particle Size

To investigate the effed of particle size of the clays three different ranges of particle size (i.e. <
0.075, 0.075 0.15and 0.150.3 mm diameter) mesh sizes warglyzed. Both raw and activated

clay samples were considered. Thesame katch adsorgion pracedure was used.

3.5.4 Contact time on adsorption kinetics

onegramof the produced adsorbent samples were takeeth shaken with 100 ml of fluoride
rich water. The bottles were shaken at 30 mitiate intervals of 30 to T6 min at room
temperature usg magnetic stirrer at 0® rpm. At the end of each contact period the mextur
was filtered usindilter paper and the filtrate was stored in sample bottles in a refrigerator prior to
analysis. The final concentration of the fluoride ion in the filtrates maasuredy
photometer Adsorption kinetics and isotherms for eacizes of adorption experiment was then

analyzed.

3.5.5 Adsorbent Dosage

The substrateoncentrationn the range of 0.5 g2.5gwas ugdto analyze theffect. From the range

with 0.5 intervalssubstrate igprepared and then mixed witluoridated water ofL00 ml in conical

flask for each.The conical flask was shaken feach30, 60, 90120 and 150nin at eachhiempeature

in a magnetic stirrer atO® rpm. Tha thesubstrates weneemoved from the mixture by filtration and

the concentradn of the residual ions in the solution wastermined.The amount of fluoride ions
adsorbed from solution was determined by difference between initial and final concentration of

fluoride.

3.6 Adsorption Isotherm Studies for Kaolinite Clay

3.6.1 Adsorption Isotherm Model

An adsorption isotheria a curve relating thequilibrium concentration of a solute on the surface of
an adsorbente to the concentration of the solute in tlegiid, Ce with which it is incontact. The
adsorption isotherm is also an equation relating the amount of solute adsorbed onto the solid and the

equilibrium concentration of the solute in solution at a given tempefafre

The relationship between theggand Ccan normally be fitted to one or more equilibrium isotherm

models. There are several isotherm equations available for analyzing experiedsaigdtion
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equilibrium parameters. The most commonly used isothermthémpplication of activated claiyn

water and wastewater treatment are the Freundlich and Langmuir isqé@rba.

3.6.2 Langmuir Isotherm Model

The Langnuir isotherm model equatio.3 was originally developed to describe and quantify
adsorption on a set of distinct localized adsorption sites, and has beértaislescribeehemical
adsorption. This model is based upon the following main assumfgiyns

Each active site interacts with only one adsorbate molecule.

Adsorbate molecules are adsorbed on weltlefined localized sites and the saturation
coverage corresponds to complete occupancy of these sites.
The adsorption sites are all energetically equivalent (homogeneous), and there is no
interaction between adjacent adsorbed molecules.

Derivation of Langmui Isotherm Model Equation: At equilibrium, the number of molecules being

adsorbed will be equal to the number of molecules leaving the adsorbed state i.e.

Rate of adsorptionr() is directly proportional to concentration in solution and available area
for adsorptioni.er = C€A - A FC¢éKg " Kg)=CeKq " q)
Similarly, the rate of desorptionr() is directly proportional to number of molecules already

adsorbed i.er = A =Kq

At equilibrium, rate of adsorption is equal to ratedesorptioni.e. = , and solving forg gives:

CEEEECECEEEEEEEEEEEEEEeeeeeteee (3.9

Where, q (mg g*) and k (L mg™) are the Langmuir constants related to the capacity of adsorbent
and energy of adsorptiongspectively. This model is the most widely applied adsorption isotherm
and has produced good agreement with a variety of experimentdZjata

3.6.3 Freundlich Isotherm Model

The Freundlich isotherm model equation is an empirglaltionship, which describes the adsorption
of the solutes from a liquid to solid surfacéeTFreundlich model equatid@4 describes adsorption

in terms of adsorbate concentra{io§.

= R S 5 5 U 1 o o o e o e T (34)
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Where, and 1/n are freundlich isotherm constants related to adsorption capacity saomgtiad

intensity respectively.

3.7Experimental Design and Data Analysis
Full factorial desgn experiments with three fadors correspondng to the following levels were
carried out. The factors are tenperatures (25, 40, 50, 60 & 70°C), PH (2, 4, 6, & 8) and particle
size (<0.075,0.0750.15 & 0.150.3). The effeds of these factors on fluoride removal were
performed by keeping one factor (particle size) same valueand varying the othea's value
(temperature and pH value) for each particle size. After finding of relatively best fluorideremoval
temperature and pH \alue, adsorlent dosge and contact time were performed by varying particle
size. The data were analyzed using design expert software, entered into Microsoft excd workshed

and then sumimarized as well as analyzed.
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4. RESULTS AND DISCUSSION
4.1 Characterization of Kaolinite Clay

41.1Fourier Transform Infrared

The major functional grouppresent inkaolinite peaksvererevealedby the FTIR analysis, FR on four
samples were analyzednd these areaw kaolinte (before and after adsorption) and activated k#elin
(before and aftemdsorptio). Both samples showed same major picks but their transmittance percentage
intensity showed a wide range of difference. The major picks are 1066, 593, 3481, 2964, 44andl659
79Icm®. The band positio is compared with the Gadsden (19B} absorption bands observed481cm

and 1659 critcould becorrespondindo the OHvibration mode of the hydroxyl moleculése bands between
3450 and 3670 citare attributed to the OMtretching modeln the 50@m* and 1@0 cm'region, main
functional groups were € and AFOH. The region at 786r98 cmlis due to SO-Si inter tetrahedral
bridging bonds in Sigand OH deformation bandVhen we ompare the samples, the activatablinite
showed lowest pick dut thereplacement of the fluoride ioon theactive surface of thedsorbentThe
decrease in the intensity of transmittance in fluoride activated clay after adsorption at 3694 and 3620 cm

indicates the exchange of OH frota surfacd54]. Similar observations have been madeBoghm et al.
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Figure 4.1 FTIR result of activ ated clay before and after adsorption of fluoride
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Figure 4.2 FTIR result of raw clay before and after adsorption of fluoride

4.1.2 Brunauer, Emmett, and Teller

The BET was performed oictivated and raw kaolinite claye evaluate thesurface areandpore
volume As the BET resultis presenteditable 4.2 smaller particle size had the largest surfacea
and activation of clay further increases the surface area of the adsorbent via removaoiagtillesor

impurity from the surface of the adsorbent.

Table4.1Summary of BET surface area results of different particle size of adsorbents

Particle sizg Surface aree Cumulative Surface Cumulative Surface are: Surface arec

(mm) of AC pore area of RC pore volume of AC of AC
(m?/g) volume of m/g of RC from from
AC (cm’g) literature( literature(
(cm’g) m?/g) m?g)  [S.
[Edomwonyi Meenaksha,]
out et.al]
<0.075 10.598 4.72*10° 5.258 - 9.121 32.43
0.075+ 0.15| 7.489 3.43*10° 3.312 1.75*10° - -
0.15+ 0.30 | 7.396 3.56*10°  2.504 - -
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4.1.3 X-Ray Diffraction

X-ray diffraction analysis was used to determine morphekgnd the degree ofystallinity of raw
kaolinite clay samies. A 2 theta range &@° to 70° is usually adequate to cover the most important
regiors of the XRD pattern, andaeh peaks represents at lease diffractionray. The relative
intensities of the peaks are related to the level of sample crystallizatidrare determined by the
type and position of all atoms in the unit cdlhe widths of the peaks are related to the size of
crystallite, i.e. they can give an indication of the crystalline quality of the sample.

Figure (4.3) clearly indicateshe formaion of raw kaaiite clay sampleas the major peaks of
identification on XRD pattern were located oid 2 14.085°, 17.86°, and 32.15The XRD pattern
also indicates that the peak in the range @ 2 1535° which is an indicate of degrees of
crystalline The small zigzag peak refers to presence onfesamorphous material, the high&®D
peakis observed at exactly 17.8&nd other peaks are also very sharp. It is shown to be fully
crystalline.Similar results on XR[patterns on raw kaolinite clayere eported by DiadNava et al.

Figure 4 -3: XRD plot of raw kaolinite clay
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4.2 Batch Fluoride Adsorption  Parameter Effects

4.2.1 Temperature

The dependence of fluoride adsorption by kaolinite clayswstudied over temperaturesf
25,40,50,60 andFc. The percentage of adsorption of fluoride ion at 1hour was found to be 42.3,
50.2, 56.4, 55.5a8nd 52.6 for raw clay and 57.,261.27 68.2,67.02and 63.5 for activated clay
respectively The plot of percentfluoride removalby theclays at the fivedifferent temperaturess

given in figure 4.4The increase in percentage of fluoride adsorption at higher temperature confirms
the endothermic nature of the process because at higher temperature the interaction between fluorids
ion adsorbent increased with temparat The firstportion (25C « 40°C) of the adsorptiomprocess
correspondgo external surfacedsorption orinstantaneous adsorption stagée second40°C e

50°C) gradual liner portion follows the gradual adsorption stage ahen reaches a maximum
adsorption stage in this thes&J{C ) which isrepresents thequilibrium stage.r this model the clay
mineral istreated a®eing surrounded bgboundary layer film of watemolecules through which the
fluoride ion must diffused prior to adsorption dme claysurface. Thesecond portion of figurd.4
indicates prdominantly intra prticle diffusion where the diffusivetransport of fluoride occurs
throughthe internal pores of adsorbenThe third positiorof the curve(50°C « 70°C) shows the
decrease in the rate of diffusion reachieguilibrium. Theobservationabout enhanceduoride
adsorption rate by the adsorbentiratrease inemperatureuntil it reach equilibriumare inperfect

agreementvith earlier findingg55].
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Figure 4. 4 Effects of Temperature on fluoride removal
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4.2.2 pH

The effect of pH orpercent removal of fluoriden raw kaolinite clayand activatedkaolinite clay
adsorbentwas studied atarious pH values of 2, 4, &nd 8at temperatureof 25,4050, 60 and
70°Cand particle size of <0.0/%0750.15,0.150.3 mm and adsorbent dosage of 1 gfamy
assumption¥or 1 hour As it can be seenrdm figure 4.5 the curves have the same trdadboth
adsorbent that percer@movalof fluoride increased from 45.9 to 56.4 and 57.2 to 68 @value of

2 upto pH value of 4or raw kaolinite clay and activated kaolinite clay respectively. Similar trend
also observed for both adsorbent as the percentdeioemoval decreasdbm 56.4 t80.4 and 68.2

to 41.06for raw kaolinite clay and activated kaolinite clay respectivatythe solun pH was
increased from 4 to.&his is due to the fact that the clay contathgOH) which act as anion on the
active site of theadsorbentjncreasein the pHvalue led to increase in the number of negatively
charged sitestlfe hydroxyl ionsOH’) on theadsorbent as resultthe percent of fluoride removal
decreased. This is probably due to the competition for adsorption siteebefiweride and hydroxyl
ions at the clay surfac&hese resultprovidemore support to previous findings that the adsorption of
anions on clay minerals decreases apthef the solution increas¢S6].The decrease in adsorption
of fluoride with increase in pH has been explained on the basis of decrease of pbsitge on the
clay mineral§56]. At lower pH, the positively charged surface on adsorbesgsdnotfavor the
sorption of cabnic ( H") solution due to the electrostatic repulsion appears between positively
charged particles of solution and adsorbent surfabih leads to maximum attraction between
fluoride and adsorbent active si@milar trend wa observed by Karthikeyan et alt all pH, the
percent removabf fluoride onactivated kaolinite clays greater than that amw kaolinite clay. In
both caseshe optimumpercent removal of fluorider adsorbents was obtained &t palue of 4.
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Floride R
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Figure 4.5Effects of p H on fluoride removal

30




4.2.3 Clay particle size

The percentages of fluoride removal by the sampta different particle sizes werstudied.The
deflouridationexperiments were conducted usihagv and activated kaolinite claywith thrddferent
particle sizes of <0.07®.0720.15 and 0.160.30 mm diameterat temperaturef 25, 40, 50 60 and
70°C, and i value of2,4, 6and 8and adsorbent dosage of 1 gram for 1 hour.As seen in the figure
4.6, higher percentagéh6.4and 68.2)of adsorption byaw andactivated kaolinite clagspectively

with smaller particle size was observddy bedue to the availability of more specific surface area
on the adsorbesturfac¢57].The fluoride removalefficiency of the sample witB.075nm diameter
registeredhigher efficiencydue to larger surface area. Hence, the material with particle size of
0.075nm diameterhas been chosen for further experimefiom figure4.6, at all particle size
ranges , the percent removal of fluoride on activated kaolinite clay is greater than that on raw
kaolinite clay because activation of the raw clay increase the porosity aflsoebent by removing

the impurities like ferrous oxide, sodium , magnesium present in the adsorbent.
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Figure 4. 6 Effects of particle size on fluoride removal

4.2.4 Contact time on fluoride removal

Figure4.7 showsdsorptiorefficiency andcontact timeon the efficiencyof the systemt temperature
of 50°C (best result from experiment at t=60mirgnd 1 value of 4best result at t=60and

adsorbent dosage of 1 gram for 1 holine experimental resulten the contact time reveales the

time increases, percent removal increassuidly, but gradually approad¢h constant value exhibiting
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the attainment of equilibrium. The sorpticgactiondepicted in igure 4.7indicates that it followea
pattern of the twghases. First phase wtee rapid phasehere the rate of removal wasry rapid

ard this had occurred in initi®0 minutes. This may beue to instantaneowsksorption reaction in
which fluoride ions weradsorbedapidly on to the surface of tmaw andactivatedkaolinite ckadue

to specific chemical interaction (or affinitygf adsorbent active sitand fluoride ion. After 60
minutes,the rate ofadsorptiveuptake decreased due to lesaasorption as a result of migration of
fluoride ions from the film/boundary layer to @mtor porecapillary surfaces and due to Ron
availability of sorption sites=rom the figure4.7, similar trends were observed for contact time and
sorption efficiency of raw and activated kaolinite clay. But percent removal of raw clay increased
from 18.6to 54.4 for the first 60 minutes while that of activated clay increased from 42 toAs8.2
there wasno muchdecrease in percent removal of fluoride aft€r Binutes for adsorbentsan

equilibrium time of ® minutes was taken and this was employeallisubsequent experimerjt3].
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Figure 4.7 Effects of contact time on (a) Raw clay (b) Activated clay

4.2.5 Adsorbent dosage

The effect of adsorbent dosage on fluoride adsorptioraarand activatedkaolinite clay at contact
time of60 min temperature of € and PH value of 4 for 1 hour wssidied(best results at 1gThe
results were presented as percent fluoride remaaraus adsorbent dosageHigure 48. Thepercent
fluoride removalincreasedrom 23 to 61.4for raw clay and from 3%074.1 for activatedkaolinite
clay for 0.5« 1.5 gram of adsorbent dosagéhe increase irmadsorption capacity with increase in

dosage is obvious, because any adsorption process depends upon the number of active sites. The sar
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explanation holds good for the increased percent removal of activated clay thaayawowever it
can be seen from gure 48 that after the dosage of 1.5 grdan the adsorbenused, there was no
noticeablechange in theercent removal of fluoride due the overlapping of active sites at higher
dosage, thus reducing the net surfaea. Thus optimumdosage for maximum fluoride removal as a
function of dosage wasonsidered 1.5 gram for botlaw clay and activated clay sampldhese

results were in consistent with the experimental result doné&%yas higher dosage of adsorbent

causes overlapping of active sits.
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Figure 4. 8 Effects of adsorbent dosage on (a ) Raw clay (b) Activated clay fluoride removal

4.3 Adsorption Isotherm

Langmuirand Freundlichsotherms are useith adsorption to understand the extent and degree of
favorability of adsorptio. These two most commasotherm modelsvere tested in the present study

to analyze equilibrium data of solute between adsorbent and solution. The parameters obtained from
these different models provide important information on the adsorption mechanisms and the surface
propertiesand affinities of the adsorbent.

Langmuir adsorption parameters have been determined by transforming the Langmuir equation into

linear form as in equation

—_ =4
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The values of gand K_have been computed from the intercept alugpe of the Langmuir plot of

1/g. verses ligrespectively. As well as the values of correlated coefficienjdfave been computed

from both models.
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Figure 4. 9 Langmuir isotherms for (a) Activated clay (b) Raw clay adsorbent removal

The essential features of the Langmuir isotherm can be expressed in terms of a dimensionless

constant calledeparation factor , also callecequilibrium parameterwhich is defined by equatio

The value of indicates the type of isotherm to identikg favorability adsorptin according to

assign in Tale 4.360].

Table 4.2 Types of Separation Factor, RL of Langmuir

Isotherm [60]

Obtained Result

Value Types of Isotherm
AC RC
>1 Unfavorable - -
= Linear - -
0< <1 Favorable 0.35 0.136
= Irreversible - -

S SR 5 R 5 5 ek

B o e e e

4.1
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Where, is the Langmuir constantrelated to the energwadgorption I/mg) and is the highest
initial fluoride concentration (mg/L). The calculated value of for powder ofactivated clay and
raw clayadsorbent were0(35and 0.136, respectively. So, the value of is between 0 and 1 for

activated and raw clagdsorbent indicating that the equilibrium adsorption has been favorable.

Freundlich adsorptiorsothermghe parameters of this model also have been studieearized form

of the Freundlich equation is as follows:

Log =log +-log tHfttittttiftiiis HHETTEEE 4.2

Freundlich isotherm model plolsg geversuslog Ce The applicabilityof the Freundlich adsorption
isotherm has been analyzed, using the same set of experimental data.
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Figure 4. 10Freundlich isotherms for (a) Activated clay (b) Raw clay ads orbent removal

Table 4.3 Langmuir and Freundlich isothe rm model for adsorbent AC and RC

Types of _ )

Langmuir Isotherm Parameters Freundlich Isotherm Parameters
adsorbent

O (MY/g) K(L/mg) R K(mg/g) n R
Activated

0.179 0.817 0.999 2.315 1.34 1
clay
Raw clay 0.070 1.348 0.906 1.617 0.85 0.993

The favorable adsorption of this model can be characterized; the magnitude of the erppnest

an indication on the favorability of adsorption. It is generally stated that valueskofption
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intensity, n in the range 2 to 10 represent good, 1 to 2 moderately difficult, and less than 1 poor
adsorption characteristi&il]. In the present study, the valuerois 1.34and 0.8%or activated clay

and raw clayadsorbentrespectively i.e. 1 t@ indicating that the adsorption processngderately
adsorptionfor activated clayand less than one indicating that the adsorption processis poor

adsorption for raw clay.

5. CONCLUSION AND RECOMMENDATION

5.1 Conclusion
A series ofdeflouridationexperiments conducted showed that the amount of fluoride removed is

affected by factors likdemperaturePH, particle sizeadsorbent dose and contéiahe. The results
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of present investigation reveal some important observation of fluoride adsorptibanisse and the

following specific conclusion can be drawn

Activation and calcinationsof an adsorbent can significantly increase its deitlating capacity
increasing itssurfacearea and pore volume due to removalofatile matter from the surface of

adsorbent.

Characterizationasults of FTIR analysis of the clay samples revetidatithe clay has Sb, Al-OH
and OHfunctional groug. The AIOH and OH functional groups found in the clay play an important
role in exchanging the fluoride ion presenttive water through adsorbing over the surface of the

adsorbent.

Smaller particle sizeexhibit larger surfae areaand found to have the highestfluoride removal
capacity It can be concluded froidRD that theraw kaolinite material is fully crystalline

Adsorption exhibits an increase in adsorption rate at higher temperature and this confirms the
endothermic nature of the process
The adsorption pross is a surface phenomentime sample wittsmallerparticlesizediameterhave

higherfluoride removakfficiency due to larger surface area.

As the contact time between adsorbate and adsorbent increases, it is noticed that the percentage ¢
fluoride removal also increases upenuilibrium point (60 minandthere was no noticeabtdange
in the percent maoval of fluoride. It was observedhat a fluoride removal of 75 % occurred i 6

min with a fixedamount activatedlay (1g/L).

The amount of fluoride adsorbed per mass of the adsorbent was founcesenmarkedlyp to 1.5
gram adsorbent foeach adsorption medium. This may be attributed to the formation of stable

aluminum fluoride complexes at highitial fluoride concentration.

Though, the adsorption process follows both Langrand Freundlichmodel, the preferred isotherm
seems to béangmuirmodel that the adsorption mechanismolves mechanisms of an initial rapid
adsorption of fluoride on the surface of the adsorbent followed by slower diffusion of the fluoride

into the interior of the adsorbent.
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5.2 Recommendatio n

0d In this thesisonly the potential kaolinite clay froebretabomereselectedbr the production
and characterization the adsorbdntaddition, othemotential Ethiopian kaolite clay sites
for adsorption of fluorideshould be identified and assessed with geologist and other related
specialistbecause kaolinite clay is found in some part of Htisoike Dejen, Shakiiso,
Bombowha and Kombolcha.

0 The potential of the producddolinite clay adsorbertn its capacity afluoride removal
from water was studied by using batch wise operatiomals recommended thadsorbent
should be studied further in column experiment in full scale to determine optimum removal
rate column parameters (bed height, flow rate, particlg.size

0d Regardless of thaseof kaolinte for the productionof adsorbentn different conditions, no
attempt has been made to date to produdsorbenfrom Ethiopian natural kaolinThe raw
kaolin is mainlyconsumed by domestic ceraniactories.Apart fromthis, Ethiopian kaolin
has not beervaluated for other applications suchtzes production of adsorbent
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Appendix A: BET result of activated clay for particle size of <0.075mm diameter
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Appendix B: BET result of activated clay for particle size of 0.075  -0.15mm diameter
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Appendix C:BET result of activated clay for particle size of 0.15  -0.3mm diameter
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Appendix D: BET result of raw clay for particle size of <0.075mm diameter
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Appendix E: BET result of raw clay for particle size of 0.075 -0.15mm diameter
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Appendix F: BET result of raw clay for particle size of 0.15 -0.3mm diameter
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Appendix G: Design expert for different factors on percentage removal of Fluoride

Run Block Particle size R Temp. % Fremaval %F
RC removal AC

1 Block 1 0.0750.15 6 40 28.939.7
2 Block 1 <0.075 8 25 24.4 35.9
3 Block 1 0.150.3 6 40 6.1 17.2
4 Block 1 0.0750.15 6 25 24.25 35.32
5 Block 1 0.0750.15 4 60 55.9 66.8
6 Block 1 <0.075 8 60 5.7 16.8
7 Block 1 0.0750.15 2 25 16.5 27.2
8 Block 1 <0.075 4 40 50.2 61.27
9 Block 1 <0.075 4 60 55.53 67.02
10 Block 1 0.0750.15 2 60 38.5 49.57
11 Block 1 0.150.3 4 50 34.4 45.74
12 Block 1 <0.075 2 40 32.3 43.4
13 Block 1 0.150.3 4 60 31.9 45.1
14 Block 1 0.150.3 4 25 17.02 28.08
15 Block 1 0.0750.15 4 50 38.967.6
16 Block 1 0.0750.15 8 50 22.3 37.65
17 Block 1 0.0750.15 4 25 14.0425.3
18 Block 1 <0.075 6 60 37.2 47.8
19 Block 1 <0.075 2 25 28.08 38.93
20 Block 1 0.0750.15 2 50 17.8 294
21 Block 1 0.0750.15 6 50 44 55.1
22 Block 1 0.0750.15 8 60 1.7 35.53
23 Block 1 0.150.3 6 25 3.61 14.04
24 Block 1 <0.075 8 50 304 41.06
25 Block 1 0.150.3 2 40 14.225.3
26 Block 1 0.0750.15 8 40 18.0829.14
27 Block 1 0.0750.15 6 60 39.7 50.85
28 Block 1 <0.075 2 60 41.752.7
29 Block 1 <0.075 8 40 27.6 38.7
30 Block 1 <0.075 4 50 56.4 68.2
31 Block 1 0.150.3 2 60 14.04 25.1
32 Block 1 <0.075 4 25 56.3 57.2
33 Block 1 <0.075 6 40 34.6 45.7
34 Block 1 0.150.3 6 50 14.04 25.3
35 Block 1 <0.075 6 50 37.4 48.5
36 Block 1 0.0750.15 2 40 24.2 34.8
37 Block 1 0.150.3 2 25 8.29 19.36
38 Block 1 0.150.3 8 60 1.9 12.97
39 Block 1 0.0750.15 4 40 49.360.85
40 Block 1 0.150.3 2 50 24.25 25.74
41 Block 1 <0.075 6 25 20.85 31.7
42 Block 1 0.150.3 8 25 4.04 14.68
43 Block 1 0.150.3 8 40 46.1 12.2
44 Block 1 <0.075 2 50 45.9 57.02
45 Block 1 0.0750.15 8 25 10.4 20.8
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46 Block 1 0.150.3 4 40 27.8 38.9
47 Block 1 0.150.3 8 50 7.8 18.93
48 Block 1 0.150.3 6 60 10.85 21.94

Appendix H: Effect of tempera ture on activated and raw clay for particle si ze < 0.075
mm at PH value of 4 and 1 gm adsorbent dosage for 1 hour

Temperature Initial fluoride % Fluoride removal % Fluoride removal
°c) concentration mg/I for AC for RC

25 57.2 42.3

40 4.7 61.7 50.2

50 68.2 56.4

60 67.02 55.53

70 63.5 52.6

Appendix I: Effect of particle size on activated and raw clay at PH value of 4,

Temperature 500c and 1 gm adsorbent dosage for 1 hour

Particle size Initial fluoride % Fluoride removal % Fluoride removal
concentration mg/I for Activated clay for Raw clay

<0.075 68.2 56.4

0.075¢ 0.15 4.7 67.6 38.90

0.15¢ 0.30 45.74 34.40

Appendix J: Effect of PH on activated and raw clay for particle size < 0.075 mm at
temperature of 50 °c and 1 gm adsorbent dosage for 1 hour

PH Initial fluoride % Fluoride removal % Fluoride removal
concentration mg/I for AC for RC

2 57.02 45.90

4 4.7 68.2 56.40

6 48.5 37.40

8 41.06 30.40
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Appendix K: Effect of contact time activated and raw clay for different particle size at

PH value of 4, temperature of 50 °c and 1 gm adsorbent dosage for 1 hour

Contact % Fluoride removal for Activated clay % Fluoride removal for Raw clay
time (min)
<0.075 0.075¢ 0.15 0.15- 0.30 <0.075 0.075« 0.15 0.15+ 0.30
30 42 36.2 28.65 18.6 13.46 12.23
60 68.2 67.6 45.7 56.4 38.90 34.4
90 67.2 65.4 45.90 55.3 55.7 29.75
120 66.5 63.8 40.6 52.0 32.6 27.23
150 66.1 62.15 39.20 51.0 32.25 24.60

Appendix L:Effect of adsorbent dosage for different particle size at PH value of 4,

temperature of 50 °c and 1 gm adsorbent dosage for 1 hour

adsorbent % Fluoride removal for Activated clay % Fluoride removal for Raw clay
dosage(Q)
<0.075 0.075¢ 0.15 0.15¢ 0.30 <0.075 0.075¢ 0.15 0.15+ 0.30
0.5 35 31 23 23 18.3 15
1 68.2 63.6 45.74 56.4 38.90 34.4
1.5 70.4 66.5 53.20 59.90 45.3 36.40
2 72.6 67.3 55.70 60.5 42.20 39.60
2.5 74.1 68.0 56.90 61.4 49.00 41.80

Appendix M:Equilibrium concentration and  Equilibrium adsorption capacity of
activated and raw clay for different particle size at PH value of 4, Temperature 50 °c,

adsorbent dosage of 1 gram for 1 hour.

Activated clay Raw clay

Particle size (mm] <0.075 0.075+ 0.15  0.15+ 0.30 <0.075  0.075¢ 0.15 0.15¢ 0.30
Ce (mg/l) 149  1.52 2.55 2.05 2.87 3.08
Qe (mg/g) 0.321 0.318 0.215 0.265  0.183 0.162
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