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ABSTRACT
Theintakeof excessiveamountof fluoride (abovethe WHO recommendedlevel of 1.5
mg/i) causespathologicalchangesin the teeth(dentalfluorosis), and at higher levels in
theskeletoneventuallycausingpermanentdisability (skeletalfluorosis). Currentlymore
than80 million peoplesufferfrom fluorosisworldwide,mostlyin developingcountries.
Fluorosisas illness is not amenableto treatment.However, the causeof it can be
combatedat its source.Severalmethodsof defluoridationexist. But, theyhave one or
more of the following disadvantages:high-cost technology, limited efficiency,
deterioratedwaterquality, taboo limitations, anddifficulty to apply on individual well
sitesto serveat ahouseholdor acommunitylevel.
Theuseofconditionedzeolite(Clinoptilolite treatedwith calciumchloridesalt in acidic
conditions) for thetreatmentofwatersources,containingfluorideconcentrationsranging
from 2.5 to 100.0mg/i, was investigated.Batchexperimentscarriedoutwith thematerial
resultedin a successfulreductionofthefluoridecontentfrom 2.5mg/i and5.0 mg/i down
to below 0.4 and 1.0 mg/i respectivelyin contacttimesof lessthan30 seconds.Column
experimentsalso showedthe possibility of treating 10.0 mg/l down to acceptablelevel.
However, this method is not with side effects.Theseinclude: the conductivity of the
treatedwater in batchexperimentswashigh (>3000p.S/cm);re-mobilizationof fluoride
in to the waterwas observedwhen‘real’ watersamplesweretreated;andthecapacityof
thematerial,determinedin columnexperiments,was limited.
Themain conclusionwhich canbe drawnfrom this study is that watercontainingup to
5.0 mg V/i can be treatedby conditionedzeolite in S/L ratio 1:20. It is recommended,
however,that the appropriateconditioningmethodshouldbedevisedsothat thecalcium
and chloride ions loosely held to the surfaceof the zeolite should not impart high
conductivityandfurtherinvestigationis requiredfor columnexperiments.

Key words: Defluoridation,zeolite,Clinoptilolite.
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Defluoridation ofDrinking’ Water1,v Cnndith,npd 7p~Jj
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Chapter 1

INTRODUCTION

1.1 GeneralBackground
The intake of excessiveamount of fluoride (above about 1.5 milligrams per litre) causes
pathological changesin the teeth (dental fluorosis), and at higher levels in the skeleton
eventuallycausing permanentdisability (skeletal fluorosis) (AWwA, 1971; HELMER, 1998;
FRENCKEN, 1990). Fluoride (F), being an ion of an electronegativeelementand having a
negativecharge,is attractedby positively chargedions like calcium (Ca

2~).Bone and tooth
havinghighestamountof calciumin thebody, attractsthemaximumamountof fluoride and is
depositedas calciumfluoroapatitecrystals.Currentlymore than 80 million peopleworldwide
sufferfrom fluorosis.TheRift valley in Africa, partsofIndia, partsofChinaandpartsof Central
and EasternEuropeare placeswhere millions of people are suffering from theseeffects
(HELMER, 1998).In India alonean estimated25 million peopleare leadinga painful, crippled
andvegetativelife (PICKFORD, 1992).
If only drinking water,high in fluorideconcentration,is available-asis the casein mostofthe
affectedareas,the watermust bedefluorinated.Literaturesshowthat defluoridationofwater is
technically feasible, and can routinely be carried out in central water distribution systems
(FRENCKEN, 1990).But, most of the problemareashaveno centraldistribution systems.They
arevillage communities,mainly in developingcountries,dependingon local wells. In orderto
provide defluorinatedwater underthese conditions, a method must be devisedthat can be
appliedat individual well sites to serveat ahouseholdor at a communitylevel andlower cost
level.

1.2 The significance ofthe study

The significanceof the study is that the removal of excessivefluorides from public water
suppliesto preventdental disfigurement,lossof teeth, and increasedcost of dentalcare is a
soundeconomic investment.Current researchesshow that zeolites,conditionedby a fairly
simplechemicalprocess,couldtakeup fluoride andbring fluoride levelsdownto approximately
1 mg/liter, which is within the WHO-normfor drinking water.Furthermore,if the techniqueis
provedto be efficient, it canbe usedat individual well sitesto servea communityor a family.
Moreover,theuseofzeolitesfor fluorideremovalis technicallyaswell aseconomicallyfeasible.

1.3 Hypothesis

Thenaturalzeolite,clinoptilolite, conditionedby calciumchloridesalt, reducesthefluoride level
from higherconcentrationsto below theWHOrecommendedlevelof 1.5 mg/l.

1
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1.4 Objectives
Thefollowing objectiveswereconsidered:

U Testingofconditionedzeolite;
U Determinationofoptimalparametersfor fluorideuptakeby conditionedzeolite(residence

time, solid to liquid ratio, washing);
U Testingofselectivitywith respectto otherions in drinkingwater,by testing ‘real’ water

samples;
U Testingoftheunconditionedzeolite;
U Testingotheralternativematerialsfor fluorideuptake;
U Determinationofthecapacitiesofconditionedzeoliteandthesuccessfulalternative

materials,if any.

2
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Chapter 2

BACKGROUND

2.1 Fluoride

2.1.1Fluoride and Its Sources

Fluorideis an ion ofthechemicalelementfluorine, which belongsto thehalogengroup.
In nature,fluorineneveroccursin anelementalform becauseofits electronegativityand
high chemicalactivity. Thefluoride ions can form complexeswith metalions, if thepH
of the water is below 5. In higherpH ranges,the single fluoride ion (F) prevails.The
geochemicalbehaviourof fluorideis similarto thatofhydroxyl ion (Off).

The sourcesof fluorine in human environmentcan be divided into two categories
(FRENCKEN, 1990):

1) Primarysources;and
2) Secondarysources.

Theprimarysourcesinclude the“natural” sources,suchasfluoridebearingmineralsand
volcanicgases,which are relatedto the geologicaland the geochemicalprocessesin a
region. Out of the total of about 150 distinguishedfluorine bearingminerals,fluorite
(CaF2)is themost importantmineralcontainingfluorine in chemicalbonding.Table 2.1
lists the numberoffluorinebearingmineralsin different chemicalgroupsand showsthe
mostimportantexamplesfor eachofthesegroups.Volcanic gases,producedduring the
degassingofmagmausuallycontainfluorinesuchashF, SiF4 orH2SiF6Thoughthetotal
volume ofHF in volcanicgasesamountsonly 1 to 2 %, the fluorine concentrationmay
reachto severalthousandsofppm.

TABLE 2.1 FLUORINE BEARING MINERALS

Group Number Examples
Silicates 63 Amphiboles,Micas
Halides 34 Fluorite,Villiaumite
Phosphates 22 Apatite
Others 30 Aragonite

Source:Frencken,1990

Thesecondarysourcesincludethe“pollution” sources,which arerelatedto the industrial
and agriculturalactivities in a region. Significant industrial sourcesof fluoride are the
production of coke, glass and ceramics,electronics,steel and aluminium processing,
pesticidesandfertilisers,andelectroplatingoperations(BARTRAM andBALANCE, 1996).

Fluoride canenterthe humanbody by ingestion,inhalationand absorptionby the skin
through a variety of sourcesviz, water, food, air, medicaments,and cosmetics.Of the
total fluoride entering the body, a part is excretedmainly in the urine while the
remainingpart is absorbedin the tissues.Onceretained,only a small percentageof
fluoride canbe slowly released.Repeatedor continuousexposureto fluoride sources
will thereforecauseaccumulationof fluoridein thebody.

3
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2.1.2Fluoride in Drinking Water

Fluorideis well knownasa substanceeffectivein thestruggleto preventdentalcarries.
However,the intakeof excessiveamountsof fluoridecausespathologicalchangesin the
teeth (dental fluorosis), and also in the skeleton(skeletalfluorosis or bone fluorosis)
eventuallycausingpermanentdisability (BULSU andBISWAS, 1993; FRENCKEN, 1990;
HELMER, 1998; SUSHELEELA, 1993).Usually thecauseof thefluorosis lies in theuseof
drinkingwaterthathasa fluoride contentin excessof 1.5 mg/l (WHO, 1984a),theWHO
limit for drinkingwater.

In areaswith fluoride containinggeologicalformations,the groundwater, throughits
direct contactwith the fluoride minerals,usuallyhasa higher fluoride contentthanthe
nearbysurfacewatersources.Groundwaterfromboreholes,wells, andspringsmayhave
varying andlor fluctuating fluoride contents, ranging between 0.1 and >100 mg/i,
dependingonseveralinfluences,e.g.:

• In shallowgroundwater,fluoridecontentusuallyis lowerduringtherainy seasonthan
thedry season,becauseofdilution by infiltrating rainwater;

• In deepgroundwater,thefluoridecontentis moreor lessconstant;
• Groundwatermay show variation in fluoride contentdependingon the presenceof

fluoride-containingformationsatdifferentdepths.

Surfacewater, including rivers, streams,lakes,etc.,usuallyhavea low fluoride content
exceptwhenfluoride-containingwasteproductsaredischargedinto thesewaters.Lakes
in volcanicareasmaycontainextremelyhigh fluoridevalues,e.g. a lakein Kenyawith
morethan2,800mg/i(FRENCKEN, 1990).WHO haspublished‘Guidelinesfor Drinking-
Water Quality’ (WHO, 1984a)and in Table 2.2 thefluoride valuesandpossiblehealth
effectsaregiven.

TABLE 2.2FLUORIDE CONTENTSiN DRINKING WATERAND POSSIBLEEFFECTS

3 — 6 mg/I
Above 10 mg/l

Source:WHO, 1984a

In the settingof a guidelinelimit of 1.5 mg/I andin definingpossibleeffectsfor higher
concentrations,WHO assumedthatpeopleconsumea daily averageof 2 litres ofwater.
However, in tropical countries drinking water consumptionis much higher than in
countrieswith a temperateclimate;the ambienttemperatureis higherandthe physical
workload is usuallygreater.Adults consumeon average2 to 5 litres percapitaperday
(lcd), sometimesevenup to 10 lcd of drinking water.Apart from this fact, the urinary
excretion of absorbedfluoride is lower and the transpirationis higher in tropical
countriesthanin modestcountrieswhile the fluoride contentof the sweatis higherthat
ofurine.

Concentrationoffluoride Possibleeffects
0.5 — 1.5 mg/I Fluorideinwaterhasno adverseeffects,

Incidenceofcariesdecreases
Above1.5 mg/I Mottling ofteethmayoccurto an objectionabledegree

(DentalFluorosis;incidenceof cariesdecreases)
Associationwith skeletalfluorosis
Crippling skeletalfluorosis

4
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Thefactsgivenaboveshowsthatthe internationalguidelinesandstandardson fluorides
are too high for tropical countries, an adjustmenttowards more realistic fluoride
guidelinesandstandardsis necessary.Resultsof a studycarriedout in Senegalsuggest
otherguidingvaluesfor tropicalregions(FRENCKEN, 1990).Theseare:
• Above 0.6 mg/i: mottling of teethmay occurto an objectionabledegree,i.e. dental

fluorosis;
• Above7.0 mg/i: crippling skeletalfluorosis.

2.1.3Areaswith Higher Fluoride Concentration in Drinking Water

More than260 million peopleall overtheworld consumedrinking waterwith a fluoride
contentof morethan 1.0mg/i (WHO, 1984b).A largepartofthis grouplives in tropical
countries.Someof the countrieswith areasfacing the problemof a fluoride content
above1.5 mg/i in drinkingwaterarelistedbelow.

Africa: Ethiopia, Sudan, Kenya, Tanzania, South Africa, Nigeria, Senegal,
Algeria,Egypt,Zimbabwe,Malawi, Morocco,Uganda,andSomalia.
(In KenyaandTanzaniavaluesfar above100mg/iarereported).

Asia: India,China,Korea,Thailand,Sri Lanka,Indonesia,Yemen,andPakistan.
(In India approximately25 million peoplein 8,700 villages drink water
with afluoridecontentofmorethan1.5 mg/i).

Latin America:Mexico,Peru,Ecuador,Chile, andArgentina.
Europe: Greece,Finland, Sweden,GreatBritain, Germany,Poland,Moldavia,and

Ukraine.

2.1.4Existing Fluoride Removal Techniques

Fluorosis,as an illness, is not amenableto treatment.However,the causeof it (high
fluoride concentrationin local drinking water) canbe combated.Most of the methods
usedfor removingfluoride from drinking water sourcescanbe broadly groupedin to
precipitation, adsorption and ion exchange,osmosis, electrochemically stimulated
coagulationand electrodialysis(FRENCKEN, 1990). Precipitationmethodsinclude the
useof lime and alum (commonlyknownasNalgondatechnique),aluminium sulphate,
gypsum, lime, magnesite,semi-calcineddolomite or calcium chloride (FRENCKEN,

1990),and a mixture of sodiumdihydrogenphosphateandcalciumchloride (knownas
Contactprecipitation) (DAm, 1996)1. The adsorptionor ion-exchangemedia include
activated alumina, activatedbauxite, bone char, granulatedbone media, tricalcium
phosphate,superphosphate,zeolites,activatedcarbon,plantcarbon,charcoal,claypots,
coconutshellandseveralcommerciallyavailableion-exchangeresinssuchasDefluoron
1 and2, Zeocarb225, Tulsion,CarbionandAgrion 0-100(FRENCKEN, 1990).

The defluoridatingcapacity of kaolinitic clay, china clay, and serpentinitehasbeen
investigatedrecently. Furthermore,a number of electrochemicalmethods, reverse
osmosismethodsandafewnewprecipitationmethodshavebeentested.

DM11. ELI. Paperinvitedfor presentationat the
5th NationalConferencefor FluorideandArsenic

Research;Taiyuaii, China,October16-21,1996.
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The most extensively testedand used methods include activated alumina, reverse
osmosis,andelectrochemicallystimulatedcoagulation.Accordingto thereviewmadein
FRENCKEN, 1990 thesemethodsareable to reducethe fluoride concentrationin the
treatedwaterto below the recommendedWHO level. However,they areonly suitable
for use in technologically advanced areas. The activated alumina, and the
electrochemicallystimulatedcoagulationmethodareappliedpresentlyonly in municipal
plants.Thereverseosmosismethodis appliedpresentlyathouseholdlevel. Although the
electrodialysismethodhassofar only beentestedin thelaboratoryandatapilot-plant, it
appearsto be promisingfor theremovalof fluoride in technologicallyadvancedareas.
Other methods which are able to reduce the fluoride concentrationto below the
recommendedWHO level and which seemto be suitablefor applicationin municipal
plants,aremethodswhichuselime andalum, lime alone,thephosphate-calciummixture
used in the Andco processand semi-calcineddolomite. In general,the suitability of
thesematerialsfor fluoride removal is not studied to the extent asdonefor activated
alumina,reverseosmosis,andelectrochemicallystimulatedcoagulation.

Therearemethodssuchaslime and alum, poiyaluminiuinchloride(PAC), gypsumand
fluorite filter, clays,anduseofbonemedia(granulatedboneandbonechar)that canbe
usedin decentralisedunits,eitherat individualwells, in households,or atthecommunity
level. A disadvantageofseveralofthesemethodsis thattheydo not achievea fluoride
reductiontill theWHO recommendedlevel of 1.5 mg/I. A furtherdisadvantageofmost
of thesemethodsis that, they have only beentestedin the laboratoryusing artificial
waters. Neither information on the life spansnor on the bacteriologicalquality is,
unfortunately, available for thesetechnologies.As most of thesemethodshavenot yet
be testedwider field conditions,it is not clearwhetherthey will be acceptableto the
populationtheyaresupposedto serve.

Here,only someofthesedefluoridationtechniqueswill bediscussedbriefly.

(a) Lime andalum method

This method,commonlyknown asNalgondaTechnique,involvesaddition of lime and
aluminiumsulphateto fluoridecontainingwaterfollowed by rapidmixing, flocculation,
sedimentation,filtration anddisinfection(BULSU andBISWAS, 1993;FRENCKEN, 1990).
Aluminium chloridecan alsobe substitutedfor or usedin conjunctionwith aluminium
sulphatedependingon the concentrationsof sulphate and chloride ions to avoid
exceedingtheir permissiblelimits (BULSU andBISWAS, 1993).The doseof aluminium
sulphateandlor aluminium chloride dependson alkalinity pH, and the amount of
fluoride in theraw water. It increaseswith fluoride contentand alkalinity level of the
rawwater.Themethodis reportedto reducefluorideto levelslower than 1 mg/i from as
high as 20 mg/i, although thereare conflicting views with respectto its efficiency
(FRENCKEN, 1990).Theoptimum removalof fluorideoccursat pH 6.5 andthe doseof
lime is empirically 1120ththatofthe doseof aluminiumsalt (BULSU andBISwAs, 1993;
FRENCKEN, 1990).

Themethodis testedin thevillage level in India andat apilot plant in Kenya. According
to FRENCKEN, 1990the disadvantagesof themethodare listedas follows: it cannotbe
usedin householdunits, theadditionof chemicalsrequirestrainedstaff, largeamountof
alum is required to obtain a good removal efficiency, it results in high residual

6



Defluoridation ofDrinking WaterbyConditionedZeolite Background

aluminiumlevelsof the drinking waterand a sludgedisposaldeviceis needed.Figure
2.1 shows a schematicrepresentationof the Nalgondatechniqueasusedin India as a
communitydefluoridationplant.

FIGURE2.1 DEFLUORIDATION OFWATER WITH THE NALGONDA TECHNIQUE(FRENCKEN,
1990).

According to BULSU andBISWAS, 1993 the chemicalreactioninvolving fluorides and
aluminium speciesis complex.It is a combinationof polyhydroxy aluminium species
complexationwith fluorides and theiradsorptionon polymeric aluminium hydroxides
(floc). Besidesfluorides, turbidity, colour, odour,pesticidesand organicscanalso be
removedand thebacterialloadreducedsignificantly. All theseoccurdueto adsorption
on the floc. Lime or sodium carbonate ensuresadequatealkalinity for effective
hydrolysisofaluminium salts,so thatresidualaluminiumdoesnot remainin thetreated
water.

BULSU andBISWAS, 1993 suggestedthefollowing chemicalreactionsto takeplace:

1. 2Al2(SO4)~.I 8H20 + NaF+ 9Na2CO3~

[5Al(OH)3.Al(OH)2F]+ 9Na2SO4+ Na}{CO3 + 8C03+ 45H2O

2. 3Al2(SO4)3.18H2O+ NaF + 17 NaHCO3=>

[5A1(OH)3.Al(OH)2F]+ 9Na2SO4+ 17CO2+ 18H2O

(b) ContactPrecipitation

In this method, sodium dihydrogenphosphate(NaH2PO4.H2O)and calcium chloride
(CaCl2.2H2O)were mixed with raw water in a relatively large column (DAm, 1996).
The mix wasthenallowedto flow slowly througha contactbedconsistingofbonechar,
alreadysaturatedwith the fluoridewater. Themethodwasdevelopedin Denmarkand
testedat village school level in Tanzania.It was reportedthat during one year of
operation,1200bedvolumesofwatercontaining11 mg F-/i wasdefluoridated97.9 %,
without any signs of deteriorationof waterquality or clogging of contactbed. The

cajciteand
alum b~eachingpowder
Solution

stirringpaddles
se~~rnentaliori mechanical
lank fiflrat~on
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methodwas alsoreportedto havehigh efficiency,high reliability, goodwaterquality
andvery low cost(DAm, 1996).

(c) Polyaluminium Chloride (PAC)

A summaryofthis methodis shown in FRENCKEN (1990).PAC is anorganicpolymer
with thegeneralformulaAln(OHmCI3(nm)). Theresultsof Jartestexperimentsperformed
using raw waterwith a fluoride contentof 19mg/i and a pH valueof 8.5 showedthat
96.4 % removal could be achievedat a dosageof 6 ml PAC/500 ml raw water. This
meansaresidualfluoride concentrationof0.7 mg/I. At optimum doseof 4 ml PAC/500
ml water, thefluoride levelwasreducedto 1.6 mg/i. However,thepH valuedroppedto
4.3 requiring adjustmentby addingsodium carbonateand magnesite.Pre-treatmentof
the waterwith sodium carbonatefollowed by addition of 3 ml PAC/500 ml water
resultedin a fluorideconcentrationof 1.5mg/i andapH valueof 7.2.

Thedisadvantagesof themethodcanbesummarizedasfollows: inconvenientto applyit
in householdunits, the additionof chemicalsrequirescareful training of the user, the
method had only beentestedin the laboratoryat the time, and information on the
residualaluminiumlevelswasnotavailable.

(d) Gypsumandfluoritefilter

This methodinvolved passingof fluoride-richwaterthrougha gypsumfilter bed(figure
2.2)resultingin anincreasingcalciumconcentrationin thewaterto exceedthesolubility
product of fluorite, which was thenprecipitatedaccording to the following simple
reaction(SCHUIL1NGeta!., 1994):

CaSO4.2H20+ 2V —~ CaF2+ S04
2 + 2H

2O

3.arnple

offIuont

HH

1~

FIGURE2.2LABORATORY SET-UP FOR THE DEFLUORIDATION OF DRINX]NG WATERBY
GYPSUMAND FLUORITEFILTER METHOD (FRENCKEN, 1990).

In orderto helpthereaction,it wasfoundthat small fluorite crystalshadto beaddedto
the gypsumbed as seed crystalsfor the crystallizationof fluorite. The method was

0
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capableof defluoridatingrelatively large amountsof fluoride-richwater to a level of
approximately4 B 4.5 mgV/i, but, at the sametime, increasethecalciumandsulphate
concentrationssubstantially(FRENCKEN, 1990).Themethodwasrelativelynew andhad
notbeentestedin thefield. Its in-expensiveness,useoflocally availablematerialsin the
developingcountries,possibility to apply in the householdlevel andcommunity level
weresomeoftheadvantagesofthemethod.

(e) Zeolitesforfluorideremoval

According to the reviewmadeon defluoridationtechniquesin FRENKEN (1990),it was
statedthatzeolitesweretestedandfoundto beimpracticalfor fluorideremoval.This was
because;different zeolitesshowedselectivityto different ions. The review pointedout,
however,that it couldbepossiblethat a zeoliteexists,which more effectively removes
fluoride,butconcludedthat the investigationdoesnot seemtobe promising.

However,currentstudy on both natural and synthetic zeolites showedencouragingly
good results (MPIA, 1998)2 This study used natural zeolites (Clinoptilolite and
Mordenite),syntheticzeolites(K-G, Na-Pi),andFly ashes(AvL2 andAvL3) for fluoride
removal.It wasfoundout that modifiedClinoptilolite hasreducedthefluoridecontentby
70% when the concentrationof fluoride in the water exceeded2.5 mg/i. In the
conditioning process,the zeolite was treatedwith a solution of CaCI2 (2M) in acid
condition(HC1, 2N) for different time intervalsof 30 minutes,2 hoursand24 hoursand
thepH wasstabilisedat2. Thenthetreatedzeolitewasfiltered anddriedat 50°C.
It wasbelievedthat calcium-containingzeolitescould liberateCa

2~,which in turn react
with V to form CaF

2precipitate.The otherprocessexpectedto haveplayeda role was
adsorptionof fluorideon the surfaceof thezeolite. Batchexperimentsweredoneusing
standardsolutionsof NaF overa rangeof 5, 10, and 100 mg V/i. To eachsolution, a
zeolitewasaddedin aSolid to liquid ratiosof 1:20 (1 g ofzeolitein 20 ml ofwater)and
1:50 (1 g of zeolite in 50 ml of water).Then the mixture was shakenandthe residual
fluoride concentrationwasmeasuredby a fluorometerat different intervalsof contact
times.
Themain findings of this studycanbesummarisedasfollows:

1. Fly -ashAvL2 andAsL3 showedbestresultsoffluorideuptake(81.3%and
83.4%),theycouldn’tbeproposedfor watertreatment,dueto high contentof
heavymetals.

2. Clinoptilolite showedbetterfluorideremoval(73.3%)comparedto Mordenite
(68.0%)and othersyntheticzeolites.

3. Treatment,with both CaCl2 andacid,wasnecessaryfor theconditioningprocess.
4. Powderedzeolites(<0.1 mm)weremoreefficientthancoarsezeolites.
5. Time oftreatmentalso hasan effecton adsorption.Themorethetimeof zeolite

treatment,thebetterthe fluorideuptake.
6. The useof solid to liquid ratio of 1:20gavea betterresultthanratioof 1:50. It

wasobservedthatfluoride removalusing the ratio 1:50is about 30% lessthan
using the ratio 1:20.

7. Fluorideuptakecapacity ofzeolitedecreasedfor concentrationslessthan2.5
ppm.

2MPJA Cyril R. MAMB0TE Preliminarystudyon theuseofmodifiedzeohtefor theremovalof fluorine

from drinkingwater.Researchreport,University ofUtrecht,Utrecht,TheNetherlands.

9



Defluoridation ofDrinking Waterby ConditionedZeolite Background

8. Eventhoughthedecreaseby about10%in fluoridereductionoccurredwhen
waterwith highTDScontentwasused,it wasclearlyobservedthat modified
zeolite,indeed,showedselectivitymoreto fluoride.

2.2 Zeolites

2.2.1 Definition

Theuseoftheterm“zeolite” hasbeenloosely appliedto all thosematerialswhich were
usedfor watersoftening(AWWA, 1971).Thesematerialsincludedgreensand,bentonitic
clay,syntheticgel-typemineral,sulfonatedcoal,andthesyntheticorganicresins.Strictly
speaking the term should include only thoseinorganic aluminosilicateswhich display
ion-exchangeproperties.Today, the exchangerscan be classified into two types: the
naturallyoccurringandmanufacturedinorganicmineralzeolitesandthesyntheticorganic
resins.

Zeolites are definedas a groupof hydrated,microporous,crystallinealuminosilicates
containingexchangeablecationsofGroup 1A andGroup2A elements(i.e. Na~,K~,Mg2~
and Ca2~)and which reversiblyadsorbanddesorbwater(TOMUNSON, 1998).Or, they
canbedefinedasaluminosilicateswith a skeletalstructure,containingvoids occupiedby
ionsandmoleculesofwaterhavingaconsiderablefreedomofmovementthatleadsto ion
exchange and reversible dehydration (TSITsISHV1LI et a!., 1992). They were first
discoveredin 1756 by Cronstedt,a Swedishmineralogist,who namedthem from two
Greekwordsfor ‘boiling stone’ (zein— boiling, lithos — stone)which well describesthe
escapeofwatermoleculesfrom thecavitiesin naturalzeolites.Early in the historyof the
field, zeoliteswerecharacterisedbythe following properties(T0MLINSON, 1998):

•:• Low densityandhigh void volumewhendehydrated;
•:• High hydrationdegree;
• Generallystablestructurewhendehydrated;
+ Cationexchangeproperties;
• Sorptionproperties;
• Catalyticproperties;
• Uniform molecularchannelsin dehydratedcrystals.

2.2.2Occurrence

Since Cronsted’soriginal discovery,40 naturalzeoliteshave beenidentified,although
only 9 are known to occur in deposits large enough to mine (e.g. Heulandite,
Clinoptilolite, Chabazite,Mordenite, etc.). Natural zeolites are available in both
hydratedandactivated(dehydrated)formsandmaybeenhancedin H~orNa~contentby
washingwith acidor NaCl, respectively.Theyarethe largestgroupofmineralsamong
thesilicates.Beforethe 1 960s,zeolitemineralswerethoughtto bemainly distributedin
hydrothermalveinsandgeodesin basalts,andesitesandothervolcanicrocks.Zeolitesin
suchsettingsform large,well-shapedcrystalsanddruses.Dueto the usualsmall sizeof
theveinsandbecauseofpolyminerality,thesedepositshavenopracticalimportance,but
samplesofvein origin havebeenusedto establishthepropertiesof themineralsandthe
possibility of their utilization in industry. All known zeolites have been found in
hydrothermalveins;someofthemaremajorrock forming species.
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Only in recentdecades,first in Japan,and later in the USA and Europe,hasa wide
distributionof zeolites in certainsedimentaryrocks beenestablished.Thesedeposits
differ markedly from the primary type. They are frequently monomineralic,of huge
dimensionsand suitable for industrial mining. Zeolite crystals in sedimentaryrocks,
however,areusuallymicroscopicin size.

More than 100 zeoliteshavebeensynthesized,but theprincipal commercialsynthetics
areTypesA, X, Y, andZSM-5. Syntheticsiliceousgel-typezeolitesarepreparedby the
mixing andreactingtogetherof solutionsofsodiumsilicateandsodiumaluminateunder
suchconditions that no precipitateforms. The whole reactionmass is poured into a
shallow vat where it sets to a homogeneousgel, which containsall the constituent
elementsof thesolutions.Thegelis dried,crushed,andscreenedto aparticlesizeof0.3
to 0.5 mm withoutintermediateprocessing(AwWA, 1971).

2.2.3CrystalChemistryofthe Zeolites

The primary building block of the zeoliteframework is the tetrahedron,,the centreof
which is occupiedby a silicon or aluminium atom, with four atomsof oxygen at the
vertices.Eachoxygenatom is sharedbetweentwo tetrahedra.Hence,the tetrahedraform
a continuousframework.Figure2.3 showsa schematicrepresentationofthejoined Si04
andAIO4 tetrahedraasgivenby SLANGEN, 1998.Here,only Na~is shownoccupyingthe
cationsite.

+

-~~sr00 ~sr~~s (0~AF~s ~

/ ~‘ / %~ / “ / \ / s~ / \
000000000000I ) I I I I I I I I I I

FIGUBE 2.3. SCHEMATICREPRESENTATIONOF SiO
4 AND A1O4 TETRAI4EDRAMAKING UP

ZEOLITE STRUCTURE

Sincetwo aluminium atomscannotsharethe sameoxygenatom(Lowenstein’sRule), a
zeoliteunit cell containsatleastasmany,andusuallymore,siliconatomsasaluminium
atoms(C1ULLO, 1996).Thepresenceofstructuralaluminiumimpartsanegativechargeto
the zeolite lattice. This is balancedin natureby alkali andalkaline earthcationslocated
togetherwith watermoleculesin structuralchannels.

Cations are substitutedeasily, and thereforeare termed exchangeor extra-framework
cations,unlike Si andAl, which arenot exchangedunderordinaryconditions;the latter
aretermedtetrahedra(T) or frameworkcations.Thechannelsor interconnectingvoids of
this framework,which may amount to as much as 50% of the zeolite by volume,
normally containcationsandwatermolecules.Whena zeoliteis reversiblydehydratedby
heating,the cationsbecomeco-ordinatedto the oxygenalong the inner surfacesof the
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cavities,while thecrystallinestructureremainsintact (TOM1INSON, 1998).This leavesa
porouszeolitecrystalpermeatedwith cavitiesinterconnectedby channels,which havea
diameterrangingfrom 0.3 to 0.8nm.

Theformulaof azeolitecanbewritten in severalways.TOMLINSON, 1998expressesthe
structuralformulaofa zeolitebasedon a crystalunit cell as

M~,~[(AlO2)~(SiO2)~].wH2O.

Where,n is thevalenceofcationM, w is thenumberofwatermoleculesperunit cell, and
x andy arethe total numberof tetrahedraperunit cell. The ratioy/x usuallyhasvalues
from ito 5, althoughzeoliteshavebeenpreparedwherey/xratiocanreach100 orhigher.
Thus, the unit cell formula of the widely distributednatural zeolite, Clinoptilolite is
describedin TOMLINSON, 1998asNa6[A16Si30O72].24H2O.

However,TsrFSISHVILI et a!., 1992expressesthe formulaof thezeolitein two ways.The
first one is theidealisedchemicalformulaofthezeolitesandwhich is expressedas

Myjn[AIxSIyO2(x+y) ].pH2O

WhereM is (Na,K, Li) and/or(Ca,Mg, Ba, Sr), n is cationcharge;x/y = 1 to 6, p/x = 1
to 4. The secondway of expressingthe zeolite composition,is by the so-calledoxide
formulaas

M~O.M2O3.xSiO2.yH2O

The oxide formulaof Clinoptilolite is expressedas(K,Na,l/2Ca)O.A12O3.1OSiO2.8H20
and unit cell contentscan be expressedas (K2,Na2,Ca)3(Al02)6(Si02)30.24H20,or
(K2,Na2,Ca)3[A16Si30O72}24H20.Thecompositionof the tetrahedralframeworkis usually
given in squarebrackets.

2.2.4Heulandite-Clinoptilolite

Fourvarietiesare identified: heulandite,high-silicaheulandite,and low- andhigh-silica
clinoptilolites. According to tradition, high-silica clinoptilolite is called simply
clinoptilolite, whereaslow-silica varietiesareknownas Ca-Clinoptilolite (TS1TSISHvILI
et a!., 1992).

Minerals of the clinoptilolite groupare the most widely distributedzeolitesin nature.
Huge occurrencesof clinoptilolite aremined in many countries,and their interesting
propertiesandvarietiesof applicationhaveattractedintensiveinvestigation

As arule, low-silica membersareenrichedwith CaandoftencontainBaandSr.whereas
high-silicaspeciesareenrichedwith K, Na, andMg. Of thealkali metalcations,sodium
is morecharacteristicfor heulanditeandpotassiumfor clinoptilolite, althoughthereare
clinoptilolites,which occurin naturewith very highNacontents.

Simultaneousoccupationof adjacentcationssites is prohibited due to their proximity.
Analysisoftheseconstraintsshowedthat themaximumnumberofcations in the unit cell
of clinoptilolite is 6, andthis is attainedin all naturalsamples(TSITSISHv1LI etal., 1992).
The degreeof occupationof the possiblecation sites indifferentnatural samplesvaries
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between70 and 98 %. On ion exchange,cationsoccupy first the cationsitesdepending
on cationradius,andif thesesitesareinsufficientthe cationscanoccupywatermolecule
sitesaswell.

Figure 2 .4 shows the main componentsof the clinoptilolite structureaspresentedin
TSITSISHVILI et a!. 1992.

FIGURE 2.4.MAIN COMPONENTSIN THE CLINOPTILOLITE STRUCTURE

2.2.5Uses

They can be utilised in various environmentalsystemsagainstpollution with great
successbecauseoftheir uniqueadsorptive,molecularsieve,ion exchangeand catalytic
properties(TSrFsISHvILIet al, 1992).Theprincipalusesfor naturalzeolitesareammonia
removal from organicwastes,removalof radioactiveCesium’37 and Strontium9°from
nuclearwastes,odourcontrol,and soil treatment(CruLLo, 1996). Syntheticzeolitesare
usedin catalytic cracking at petroleumrefineries, for drying, purifying and separating
industrial gasstreams,andasdetergentbuilders.Thevariousapplicationsof zeolitesare
briefly summarizedbelow.

• In Agricu!ture:
Zeolites,principallyclinoptilolite, areusedto removeammoniafrom waterat fish
hatcheriesandfarms, in aquaria,andin live fish transportsystems.They,mainly
Clinoptilolite, are used as vehicles as a controlled releaseof ammonia in
fertilizersandascarriersof insecticides,herbicides,andfungicides.Theyalso are
addedto contaminatedsoils to scavengeradioactiveCs~37and Sr9°,plus Pb, Cd
and other toxic metals (CIuLLO, 1996). Zeolites are used as animal feed
supplementsto improvenutrientefficiencyandgrowthratesfor poultry andswine
while reducingmanuremoistureandodour.

• WasteTreatment:
Clinoptilolite, Chabazite,Mordenite,andPhiffipsite removeradioactiveCs’37 and
Sr9°from nuclearwastestreamsand serve asencapsulantsfor theseisotopesto
facilitatesolidwastedisposal(CIULLO, 1996).Zeolites,particularlyClinoptilolite,

La
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areusedin treatingsewageandindustrialwastestreamsto removeammoniaand
heavymetals.Extractedammoniais subsequentlyvented,recoveredfor chemical
use,orconvertedwith sulphuricacidto ammoniumsulphatefertiliser.

• Adsorption:
Zeoliteswith appropriatechanneldimensionsareusedfor selectiveremovalof
certaingasesfrom gaseousmixtures. Mordeniteand calciumTypeA (NaA) are
preferredfor adsorbingnitrogenfrom the air to generaterelatively pureoxygen
for medicalandindustrialuses.Thelatter include oxygenationof pulp andpaper
mill effluents,waste and sewagetreatmentstreams,andmetalsmelters.Natural
gasandmethanegeneratedby animalwaste,sanitarylandfills, andsewagesystem
arepurified by treatmentwith syntheticzeolites,principally TypeA, to remove
H2O, C02, SO2,andH2S.Clinoptilolite andMordenitecanbeusedto removeSO2
from thestalkgasesatfossil-fuelburningplants.
The resultsof numerousinvestigatorson the adsorptionof different anionsand
cationsaregivenin Table2.3 below:

TABLE 2.3ORDER OF ADSORPTIONOF IONS

ANIONS CATIONS
1~ 2 3 4 5

OH
CNS

I

OH
CNS

I I

H
Al

Cu
Zn
Mg
Ca

NH4
Cs

NH4

CLO3
NO3 NO3 NO3
Cr04
Br Br Br
Cl Cl Cl

SO4
HPO4
SO4 SO4 Rb

K K
Na Na
Li

Source:Mantell, ~
• Detergents:

The largestamountof zeolite,NaA, is usedin detergents,whereit is usedasa
solid exchangingagentto reducewaterhardness(SLANGEN, 1998). The calcium
and magnesiumoften found in tap water can depositassalts on the laundry,
giving it a greyish color. Apart from having a large exchangecapacity for
calcium,the zeolite alsohave a small averageparticle size (largeactive surface
area), no sharp edges (low abrassiveness)and do not contain impurities.
According to SLANGEN, 1998 zeoliteNaA was the first zeolite to be usedin
detergents,but recentlyzeoliteMAP (Maximum Aluminium NaP) startedto be
used. Which of the two zeolites, NaA or MAP, is the more effective ion
exchanger,hasnot yet beensettled.
Reactionsfor removinghardnesscanbegivenasfollows. LetZ bezeolite,then:

Eachof the five columns showsthe results of mdividual investigation.
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Cal Cal
~Salts+ Na2Z ~ ~Z + Na2Salts

Mgj Mgj

Thereversibleregenerationreactioncanbegivenas:
Cal Cal

Z + 2NaCl =‘ Na~Z+ Cl2
MgJ MgJ

• Crackingcatalysts:
Fluid Catalytic cracking is the primary conversionunit in manyoil refineries,
convertingheavyfractionsof crude oil into lighter fractions,mainly gasolineand
middle distilates(SLANGEN, 1998; CIULLO, 1996).The activepart ofa cracking
catalystis generatedthroughthe acidsitesof the zeolites.Usually, zeoliteNaY,
which is modified to createUltra StableY (IJSY), is usedasthe startingmaterial.
The higher SiIA1 ratio in USY gives the zeolite a greater stability at high
temperatures(SLANGEN, 1998).USY also is usedto improvetheoctaneratingof
gasoline,whereas,ZSM-5 is usedprimarily to producegasolinefrom methanol
by both catalysis and molecular sieving, (CIuLLO, 1996). Methanol is first
convertedto dimethylether,which is furtherconvertedby thezeoliteto a mixture
ofhydrocarbons.

• Otheruses:
Zeolites find additional usesas desiccants,heatstoragemedia, filters for air
cleaning,and(in Japan)aspaperfills.
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Chapter 3

MATERIALS AND METHODS

3.1 Introduction
The materials used for the study include conditioned zeolite (Clinoptilolite),
unconditioned zeolites (Clinoptilolite and Heulandite), synthetic Xonotlite
(Ca6Si6Oi7(OH)2), Hydrotalcite (Mg6A12(CO3)(OH)16.41120), and precipitated silica
(SiO2.nH2O). Both the conditionedand the unconditionedzeolites (Cliniptilolite and
Heulandite) were obtained from Roscon Holland BY. Prof. R. D. Schuiling, the
supervisorof thework, suppliedtherestofthematerials.Theconditioningofthenatural
zeolite, Clinoptilolite was done by Roscon Holland BY. The processinvolved the
treatmentof Clinoptilolite with acidified Calciumchloridesolution.
Basically, two different typesof experimentswere done: batchand column. The batch
experimentswere carried out for all the materials listed above. However, the column
experimentsweredoneonly for conditionedzeoliteand syntheticXonotlite dueto time
limitations.All thebatchexperiments,exceptfor very few cases,weredonein duplicates.
Moreover,all theexperimentsandmeasurementswere carriedout atroom temperature.

3.2Batch Experiment

3.2.1 Generalsetup
In the batch experiments,a certain (pre-weighed) amount of the material under
investigationwasaddedto a knownvolume of water containingfluoride dependingon
the solid to liquid (S/L) ratios in use.In usingS/L ratio 1:20, for example,themixture
was 50 g zeolite in 1 liter of fluoridewaterin apolyethylenebeakers.Themixturewas
continuouslystirredat 200 rpm by a Jartestapparatuswith steelpaddles,while taking
samplesat different specifiedtime intervals.The sampleswere immediately filtered by
vacuumfilter using GF6 glassfiber papers(Ref. No 370019)with diameter47 mm and
pore size 0.50 — 1.49 pm. The resulting filtrate was analyzedby ISE25F fluoride
electrode for determiningthe fluoride concentrationremaining in the solution. The
filtered sampleswere also analyzedfor pH (by 691 pH metermadeby Metrohm) and
conductivity (byLF 340 conductivitymetermadeby WTW), wheneverapplicable.The
Methodis schematicallydescribedin Figure3.1 below.

VacuumFiltration by

[Conductivity 1 [pH Measurement 1 1 Fluoride

L Measurement J L Determinatio~~J

FIGURE3.1 SCHEMATICREPRESENTATION OF THE PROCEDURE IMPLEMENTED IN THE
BATCH EXPERIMENTS
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Except in few particular cases,wherewatersamplesfrom Greecewere used,all the
experimentswere done using fluoride-containingwaterpreparedby dissolving sodium
fluoride,NaF (a productof J.T. BakerB.V. Deventer-Holland)in de-mineralizedwater
producedin the IHE Laboratory.First, a stocksolutionof 1000mg F71 wasmade;then,
from this stocksolution,the solutionscontainingthedesiredamountoffluoride ion were
producedby dilution.
Thetypesofbatchexperimentscarriedout in thestudyaregivenbelow.

3.2.2The effect ofconditioned zeoliteon fluoride removal

Conditionedzeolitewasinvestigatedfor fluorideuptakefrom concentrationsof 2.5, 5.0,
10.0, 15.0, 20.0, 25.0, 50.0, 75.0, and 100.0 mg F/l. The following time intervalswere
used: 30 seconds,1 minute, 2 minutes, 5 minutes, 10 minutes,30 minutes,60 minutes
and 24 hours;all with a S/L ratio of 1:20. Additional batchexperimentcarriedout with

theconditionedzeoliteincludedtreatmentof 10 mg~ii in two steps.

3.2.3Varying the solid to liquid ratio on the efficiencyof the conditioned zeolite

Theconditionedzeolitewasalso testedfor fluorideconcentrationsof 10.0mg /1 and 15.0
in 5/1 ratiosof 1:15 and1:10 andtheresultswerecomparedwith that obtainedin the1:20
SIL ratio.

3.2.4The effectof washing ofthe zeoliteon the removalefficiency

To evaluatethe relationshipbetweenfurther washingof the zeolite and efficiency of
removal, the conditionedzeolite was washedwith dc-mineralizedwater to different
conductivitylevels(114,200, 430, 870, and 2610PS/cm).Thesevalueswerefoundafter
measuringthe conductivity of the filtrates from eachbeaker.The zeolite-watermixture
wasallowedto settleandthe supernatantwaterwas decanted.This processof washing
anddecantingwasrepeateduntil thedesiredconductivity level is achieved.Theresulting
zeolitewasdried in anoven(50°C)over night andusedto treat 10.0 mg V/l solutionin
S/L ratioof 1:20.

3.2.5Two step treatment

10 mg V/I solutionwasfirst treatedwith conditionedzeolite,pre-washedto conductivity
levelsof 1560and2522p.S/cm,in aS/L ratioof 1:20for 30 minutes.Theremainingmix
wasfiltered andtreatedagainwith freshconditionedzeolite in similarconditionsasthe
first step.

3.2.6The effectofnon-conditionedzeoliteon fluoride removal

Unconditionedzeolite(Clinoptilolite) wasinvestigatedfor fluorideconcentrationsof 2.5,
5.0, and 10.0 mg/I and S/L ratio andtime intervalssimilar to that of the conditioned
zeolite.

3.2.7 Testing‘real’ water samples

Watersamplefrom Nymphopetravillage in Thessalonilci,Greece,containing5.5 mg F7l
wastestedwith conditionedzeolitein a SIL ratio 1:20 for 1 hour.
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3.2.8Alternativematerials for fluoride removal

Materials tested as alternatives for fluoride removal included the natural zeolite,
Heulanclite, synthetic Xonotlite, Hydrotalcite,and precipitatedsilica. Thesematerials
weretestedon 10 mg V/i in S/L ratio of 1:20 for treatmenttimes of 0.5, 1.0, 1.0, 5.0,
10.0,and30.0 minutes.

3.2.9Varying thesolid to liquid ratio on the efficiencyof the syntheticXonotlite

SyntheticXonotlite wastestedin S/L ratios 1:20, 1:50,and1:100for fluorideup take
from watercontaining10.0mgV/I in 30 minutescontacttime.

3.2.10Others

Additional experimentsperformed include the effect of filter paper on fluoride
adsorption,therelationshipbetweencontinuousstirring of thezeolite in dc-mineralized
waterand the conductivity, therelationshipbetweenwashingthe syntheticXonotlite in
de-mineralizedwaterandpH, and using synthetic Xonotlite to treat ‘real’ water samples
from Greece.To checkthe effect of membranefiltration on fluorideremoval, solutions
containing1, 25, 50, 75, and 100 mg V/i were filtered using the GF6 glassfiber paper.
Themillivolt responsesweremeasuredfor both filtered andunfilteredsolutionsandthe
valueswere comparedfor thepresenceof significantdifference.Theconditionedzeolite
wasmixed with only dc-mineralizedwaterin a S/L ratio of 1:20, and stirred for 1 hour
andsamplesweretaken,filtered andanalyzedfor electricalconductivity in time intervals
of0.5, 1.0, 2.0, 5.0, 10.0,30, and60.0 minutes.Similarly, syntheticXonotlitewasmixed
with dc-mineralizedwaterin aS/L ratioof 1:50andstirred for 30 minutes.Sampleswere
drawn,filtered andanalyzedfor pH in time intervalsof 0.5, 1.0, 5.0, 10, and30 minutes.
SyntheticXonotlite was usedin a Sit ratio of 1:50 to treat ‘real’ water samplesfrom
Greece.Thematerialwasmixedwith thewatersample,stirred for 30.0 minutes.Samples
were drawnin 0.5, 1.0, 5.0, 10.0, and 30.0 minutes,filtered and analyzedfor residual
fluoride concentration,pH and electrical conductivity. This experimentwas doneonly
oncedueto time limitations.

3.3 Column Experiment
In the columnexperiments,a solutioncontaininga desiredfluoridecontentwaspumped
by peristalticpumps (modelWatsonMarlow-1OITJ) throughthe columnpackedwith a
mixture ofinertsilver sandandthematerialunderquestion.Thepurposeofthesandwas
to increasepermeability. Then sampleswere taken at different time intervals and
analyzedfor fluoride, pH and electrical conductivity. Due to problem of pressure
developmentinsidethecolumns,andhenceleakage,downflow typewasusedinsteadof
up flow throughthe columns.Theplastic-madecylindrical columnsusedwereobtained
from the TechnicalUniversity of Delft. They were about50 cm long and 5 cm wide
(internally), equippedwith screw-packingparts on both endsfitted with polyethylene
filter (poresize 10p.m). TheGF6 glassfiberpaperswerealso put inside the filter of the
columnto give additionalability to retainthezeolite.Theschematicrepresentationofthe
columnexperimentshasbeendescribedin Figure3.2.
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FIGURE3.2. SCHEMATICPRESENTATIONOF THE COLUMN EXPERIMENT

Thetypesofcolunmexperimentscarriedout in the study aregivenbelow.

3.3.1The effectof sandon fluoride adsorption

Solutioncontaining100.0mg F/i waspumpedthroughacolumn,packedwith 300 g of
inert silver sand(length 12.0 cm). The flow rate through this column was 0.12 ni/h.
Sampleswerecheckedfor fluoride contentfor approximatelythreedays.

3.3.2The effectof conditioned zeoliteon fluoride adsorption

Threecolumnswererunwith conditionedzeolite.Thefirst two columnswererunto have
an insightonhow longit takesto reachthebreak-throughpoint,while the third onewas
monitoredcloselyandusedto determinethecapacityofthezeolite.Thefirst columnwas
subsequentlyfilled, from top to bottom, with 75 g sand,a mixture of 60 g zeolitewith
210-gsand,and75 g sand.Throughthis colunm waspasseda solutioncontaining25.0
mg V/I at a flow rateof 0.102 JIb. The secondcolumn waspackedfrom top to bottom
with 20-gsand,a mixtureof30 g zeolitewith 300-gsand,and20 g zeolite.Throughthis
columnwaspasseda solutioncontaining100.0mg F/i ata flow rateof0.2 IIh. Thethird
columnwaspackedfrom top to bottomwith 30 g sand,a mixture of30 g zeoliteand300
g sand,and30 g sand.10 mg F/i waspassedthroughthiscolumn at aflow rateof 0.237
1/h. All thecolumnswererununtil thebreakthroughpoint wasnoticed.

3.3.3The effectofsyntheticXonotlite fluoride adsorption

Oneofthecolumnswaspackedfrom top to bottomwith 80-gsand,a mixtureof lOg
syntheticXonotlite with 300-gsand,and40-gsand.A solutioncontaining10.0 mg F/i
waspassedthroughthiscolumnat aflow rateof0.18 1/h until thebreakthroughpoint
wasnoticed.

3.4 Fluoride Analysis by Ion SelectiveElectrode for Fluoride
Theapparatus,reagents,andproceduresusedwerethefollowing:
Apparatus

• Digital pH meter(pH 96, MicroprocessorpH meter, WTW).
• Referenceelectrode.REF2O1 singlejunction referenceelectrodefilled with

saturatedKCL.
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• Fluoride Electrode. ISE25F Fluoride electrode (made by Radiometer,
Copenhagen).

• InsulatedMagneticstirrerandTeflon coatedstirringbars.
• Stopwatch.
• Polyethylenereagentbottlesandbeakers.

Reagents
• De-mineralizedwater.All solutionswerepreparedin dc-mineralizedwaterof

IRE Laboratory.
• Fluoride stocksolution. 2.21 g of analyticalgradeanhydroussodiumfluoride,

NaF,wasdissolvedin distilledwateranddiluted to afinal volumeof 1 liter to
make 1000mg V/i (imI r~1 mgV)

• Working standardsof0.1, 0.5, 1.0, 10.0,and 100.0mgF/i werepreparedjust
beforestartingtheanalysis.

• Total ionic strengthadjustmentbuffer. The total ionic strengthadjustment
buffer (TISAB) waspreparedas follows: 14.3 ml glacialaceticacid(0.25 M)
(99-100%,a productofMallinckrodt BakerB.V.-Holland), 61.5 g anhydrous
sodiumacetate(0.75M), 58.5 g sodium chloride (1 M) (madeby ACROS
ORGANICS), and 0.36436 g DCTA (trans-1,2-diaminocyclohexene-
N,N,N’,N’-tetraaceticacid) (0.001 M) were dissolvedin distilled waterand
thefinal volumewasadjustedto 1 liter.

Procedures
• 10 ml ofthestandardsolutionwasmixed with an equalvolumeofthe TISAB

in a small plastic beaker. The mixture was let to standuntil the room
temperaturewas reached.Then the beakerwasplacedon magneticstirrer, a
stirring bar was added, the electrodeswere immersed,and stirred for 3
minutesfor equilibration. The millivolt responseswererecordedfrom thepH
meterwhena stablevalueis reached;thesetook generallyat least3 minutes.

• The millivolt responsesobtained for the standardsolutions were plotted
againstthe logarithmof their concentrations(calibration curve). The curve
wasmostly linear for fluoride concentrationsof aboveabout 0.2 mg/i. The
processofcalibrationwasrepeatedeverydaybeforeanalysiswasdone.

• Thesameprocedureswerefollowedto analyzesamplesfor obtainingmillivolt
values.Thefluorideconcentrationsofthesampleswerethendeterminedfrom
the calibration curves.
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Chapter 4

RESULTS
This sectionpresentsonly the summaryof the major findings of the study.The detailed
resultsare given in the Appendices.For practicalreasonsthe resultswill be presented
categoricallyby types of experiments.The first sectionpresentsinformation on the
particlesize and chemicalanalysisof the zeoliteasobtainedfrom RosconHollandBy.
Theremainingsectionsaredevotedto theresultsobtainedfrom thestudy.

4.1 Analysisof conditionedand unconditionedzeolites
Table 4.1 presentsthe particle sizedeterminationof the raw (unconditioned)zeolite.
From thisTableit is apparentthat 50 % of therawzeoliteis lessthan24.3 jim whereas,
10 % is smaller than 2.1 j.im and 90 % smaller than 105 jim. The residualzeolite
amountedonly 0.174 %. Comparedto the poresizeof the filter paperused(0.50 —1.49
jim), therearesmaller fractionsofthezeolitewhich still canpassthroughthefilter paper.
Thesesmallerfractionsincludetheresidualandthefraction in therangebetween0.1 and
2.0 jim, which is 9.6 % oftherawzeolite.In conditionedzeolite,however,thedecanting
of the supernatantafter conditioningandwashinghasremovedmostofthe fine-grained
particlesfrom theconditionedzeolite.

TABLE 4.1 THEPARTICLE SIZE MEASUREMENTOF THE UNCONDITIONEDZEOLITE.

FRACTION
(jiM)

FRACTION
(%)

CUMULATIVE
(%)

0.1-2.0 9.60 0.00
2.0-4.0 9.34 9.60

4.0 - 8.0 9.81 18.94
8.0-16.0 11.94 28.75

16.0 - 25.0 10.02 40.69
25.0 - 35.0 8.74 50.71
35.0 - 50.0 10.17 59.45
50.0 - 63.0 6.79 69.62
63.0 - 75.0 5.00 76.41
75.0 - 88.0 4.32 81.41

88.0 - 105.0 4.33 85.73
105.0 - 125.0 3.75 90.06
125.0- 150.0 3.36 93.81
150.0 - 177.0 2.58 97.17
177.0 - 210.0 0.25 99.75
210.0 - 250.0 0.00 100.0

Residual~= 0.174%;D~= 24.3 !.1m D1o~.= 2.1 j.~mD~.,,= 104.8 pm.

This is in agreementwith the factsobservedduringtherestofexperiments:
• The filtered solution after treatment with conditioned zeolite was found to be

relativelyclearerthantheonetreatedwith unconditionedzeolite.
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• The filterability of conditionedzeolite also was found to be better than for the
unconditionedzeolite.Thefinerparticlesin non-conditionedzeolitecausedclogging
ofthefilter andmadefiltration slower.

Table 4.2 presentsthe chemical analysismadebefore and after conditioning of the
zeolite.From thisTable,wecanseethatconditioningprocesshasconsiderablyincreased
the contentof someof the chemicalspecies,suchasCaO(32.2%), Na20(56.5 %), As
(65.5%), Cu (23.8%), Ni (31.1%), andSr (29.0%)anddecreasedotherspecies,suchas
MnO (55.9 %), Cr (65.2 %), Pb (42.4 %) and U (92.5%). The increasein someofthe
heavymetalsmaybe is dueto thepresenceof impuritieswith thecalciumchloride salt
andthedecreaseis due to dilution duringwashingprocess.Theincreasein CaOmustbe
to theconditioningmaterial(calciumsalt)andtheincreasein Na~Oto mobilizationfrom
the zeolite due to ion exchangewith calcium. But their presencein an attachedform
showsthe insufficiencyofwashingthe conditionedzeolite to removesubstance,thatare
no morepartofthe zeolitestructure.

TABLE 4.2CHEMICAL ANALYSIS OF THE ZEOLITEBEFOREAND AFTERCONDITIONING.

PARAMETERS QTY NATURAL
ZEOLITE

CONDITIONED
ZEOLITE

Si02 % 73.70 71.96
Ti02 0.15 0.13
A12O~ 11.88 11.38
Fe203 1.66 1.56
MgO 0.32 0.30
MnO 0.03 0.01
CaO 3.85 5.08
K20 3.20 2.85
Na2O 0.28 0.43
P205 0.02 0.02
Total 95.07 93.73
LOl 9.20 9.40
As ppm 0.61 1.01
Co 37.50 34.90
Cr 2.30 0.80
Cu 5.13 6.35
Ni 6.21 8.14
Pb 14.90 8.58
V 9.00 9.70
Zn 33.72 28.57
S (not analyzed) 0.00 0.00
Ba 727.20 686.30
Ga 12.65 12.86
Nb 10.42 9.88
Rb 122.86 117.72
Sr 306.54 395.57
Th 15.78 15.98
U 1.72 0.13
Y 25.06 24.58
Zr 136.90 132.82
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4.2 Resultsofthebatch experiments

4.2.1 The effectof conditioned zeoliteon fluoride removal
Thedetailedresultsfor this experimentaswell asothersaregivenin detail in Appendix
section.Usually duplicateresultswith 95 % confidenceintervalswere found,exceptin
fewparticularcaseslike experimentwith 50 mgFf1. Thesummaryoftheresultsobtained
afterthetreatmentofselectedfluorideconcentrationsfor 60 minuteusing S/L ratio 1:20
aregiven in Figure4.1. This showsthat water,containingfluorideup to 5.0 mg/I canbe
treatedby conditionedzeoliteto below theWHO recommendedlevel of 1.5 mg/I in less
than30 secondsoftreatment.Theelectricalconductivityofthetreatedwater,however,is
veryhigh makingthewaterunacceptablefor drinking. From this Figurewecanalso see
that, asthe fluoride concentrationin the waterto be treatedis increased,the residual
fluoride concentrationis alsoincreased.

FIGURE4.1. RESIDUAL FLUORIDE CONCENTRATION(MEAN ±STh)AGAINST TIME FOR
THETREATMENT OF SELECTEDFLUORIDE CONCENTRATIONS.

FIGURE4.2. FLUORIDE REMOVAL EFFICIENCYOF THECONDITIONED ZEOLITEAGAINST
INITIAL FLUORIDE CONTENT OFTHE WATER FOR 60 MINUTES OF CONTACT TIN’[ES.
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This patternholds for concentrationrangefrom 2.5 mg F/i up to approximately50.0 mg
F/l. For concentrationrangefrom 50.0mg F/I up to 100.0mg F/I, a different somehow
reversepatternis observed,i.e.,whenthefluorideconcentrationin thestartingsolutionis
increasedtheremovalefficiencyalsois increased.Thisreversingpatternoftheefficiency
of the conditionedzeolite is plotted in Figure 4.2 for a 60.0 minutes of contacttime. It
clearly showsa U-shapedpatternof decreasefollowed by increasein efficiency,with a
turning point at about50.0 mg F/i. This pattern is probably connectedto the mixed
adsorptionlprecipitationreactionsremovingtheF ions (SeeChapter5).

4.2.2The effectofvaryingsolid to liquid ratios on the efficiencyof the zeolite.
The results found for the treatmentof 10.0 mg Ff1 and 15.0 mg F/i by conditioned
zeolite in S/L ratios 1:20, 1:15, and 1:10 are plotted in Figure 4.3 and Figure 4.4,
respectively.Although the S/L ratio 1:10 showedthat betterperformanceis achievedby
usingmorezeoliteon bothfluorideconcentrationstested,thereis hardlyanydifferencein
using1:20 and1:50 S/L ratios,especiallyon the 15.0mg F71 solution.Thismaybe is due
to the relatively small differencein theamountsof zeoliteusedin theseSIL ratios.The
amountsof zeoliteusedare 100 g, 66.7 g, and 50.0 g, for S/L ratiosof 1:10, 1:15,and
1:20 respectively.Theresidualfluorideconcentrationis higherthantheWHO guideline
evenafterthetreatmentof 10.0mgFf1 by arelativelyhigherSTL ratioof 1:10.

FIGURE43. RESIDUAL FLUORIDE CONCENTRATION(MEAN ±STh)AGAINST TIME, AFTER
TREATMENT OF 10.0 MG F/LBY S/L RATIOS OF 1:20, 1:15,AND 1:10.

FIGURE4.4. RESIDUAL FLUORIDE CONCENTRATION(MEAN ±STD)AGAINST TIME, AFTER
TREATING 15.0MG F7L BY S/L RATIOS OF 1:20, 1:15, AND 1:10.
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4.2.3The effectof washing ofthezeoliteon the efficiency of removal.
Someof resultsfound for thetreatmentof watercontaining10.0 mg F/i by conditioned
zeolites,pre-washedto differentconductivity levels,areplotted in Figure4.5. For details
of all experimentsseeAppendix. The resultofthe unwashedzeolite (>3000~tS/cm)is
also presentedfor comparison.TheS/L ratioof 1:20 wasusedfor the test.This shows
that the more the zeolite is washed,the smaller the efficiency of fluoride removal
becomes.This is probablybecausethe conditioningprocessdid not fix thecalciumion
well in the structureof the zeolite. Instead,it is looselyheld on the surface.Therefore,
wheneverit is washed,it is easilyremoved.The fluoride removalmechanism,however
dependson the availability of calciumions either attachedor unattachedto the zeolite
surfacefor bothadsorptionandprecipitationto takeplace.

FIGURE 4.5. RESIDUALFLUORIDE CONCENTRATIONS(MEAN ±STh) VERSUSTIME FOR
THE TREATMENTOF WATER BY UNCONDITIONED ZEOLITE.

4.2.4 Two steptreatment
It is foundout thattreatingwater,containing10.0 mg F/i, by conditionedzeolitedid not
reducethe fluoride level below 1.5 mg/i. Here a two steptreatmentprocessis donefor
watercontaining10.0 mg F/i by conditionedzeolite washedto 1560 pS/cmand2522
j.tS/cm in S/L ratio 1:20. Theresultsobtainedfor conditionedzeolite washedto 1560
j.tS/cm aregivenin Figure4.6below.

FIGURE4.6 TWO STEPTREATMENT OF 10.0 MG V/L BY CONDITIONED ZEOLITE
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From this figure it is apparentthat water containing 10.0 mg F/i can be treated
successfullyto valuesbelow 1.5 mg/I, in two steps.The first stepconstitutes30 minutes
of treatment,whereaslessthan 1 minutesoftreatmentis sufficientfor the secondstep.

4.2.5The effect ofnon-conditionedzeoliteon fluoride removal
Figure 4.7 gives the results found afterthetreatmentofwatercontaining10.0, and50.0
mg F/i in a S/L ratioof 1:20 in comparisonwith theresultsobtainedfor the treatment of
similar concentrationsandby the sameS/L ratio,but with conditionedzeolite.It canbe
seenfrom the figure that somereduction in fluoride was achievedby non-conditioned
zeolite,but this wasvery muchlessthantheoneachievedby conditionedzeolite.For all
fluoride concentrationstested,a remarkablerise in residual fluoride concentrationis
observedfor non-conditionedzeoliteafter24 hoursoftreatment.

CZ = with conditionedzeolite;UZ = withunconditionedzeohte
FIGURE4.7. COMPARISONBETWEENTHE CONDITIONEDAND UNCONDITIONED ZEOLITE

FORTHE TREATMENTOF 10 MG F/L AND 50.0 MG FIL.

4.2.6Testing ‘real’ water samples.
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FIGURE4.8TREATMENT OF GREECEWATER SAMPLESBY CONDITIONEDZEOL1TE.
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Theresultsobtainedafterthetreatmentof Greecewater samplesby conditionedzeolite
aregivenin Figure4.8 above.As we canseefrom thisFigure,a fastreductionof fluoride
from 5.5 mg/i to 2.35 mg/i (57.27% reduction)in fluoride is occurredin abouthalf a
minute,but this is followedby an increasein fluorideconcentrationto 3.7 mg/i (32.73%
reduction) in 60 minutes.This maybe is dueto varietyof competingionspresentin the
watersample.

4.2.7Alternativematerials for fluoride removal
Figure 4.9 gives a plot of the residual fluoride concentrationversustime for the four
materialstestedas an alternativeto zeolite for fluoride removal. Thesematerialsare
Heulandite,syntheticXonotlite, Hydrotalcite,andprecipitatedsilica. Singletestson these
materialsshow thatsyntheticXonotlite cantreat thewaterevenmoreefficiently thanthe
conditionedzeolite.While precipitatedsilicaandHeulanditeshowedalmostno reduction,
aslow reductionwas observedwith Hydrotalcite.

FIGURE4~RESIDUALFLUORIDE CONCENTRATIONVERSUSCONTACTTIME FORTHE
TREATMENT OF FLUORIDE-WATERBY ALTERNATIVE MATERIALS.

The better performanceobserved by the synthetic Xonotlite is may be due to
displacementreaction or anion exchangereaction, the replacement of the hydroxide ion
by anion of themostelectronegativeelement(F).

4.2.8Varying the SIL ratio on the efficiencyof the syntheticXonotlite

Sinceinterestingresultswerefoundfor syntheticXonotlite,it wasfurtherinvestigatedon
watercontaining10.0mg F/i in S/L ratiosof 1:20, 1:50,and1:100.Theresultsobtained
after theseinvestigationsare plotted in Figure 4.10. Theseresultsshow that synthetic
Xonotlite can reducethe fluoride level from 10.0 to below 1.5 mg/i in less than 30
secondsusing the STL ratioof 1:20 andin little morethan 1 minuteusingtheS/L ratioof
1:50. Theonly disadvantageof this materialis that it impartshighpH (~10) to thewater
aftertreatment.This is dueto thepresenceofhydroxide(Off) ions in the structureof this
materialand it losestheseions wheneveraddedto water. This fact is provedby other
experimentgivenbelow.
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FIGURE4.10 RESIDUALFLUORIDE CONCENTRATION(MEAN ±STD)VERSUSTIME FOR THE
TREATMENT OF FLUORIDE WATER BY SYNTHETIC XONOTLITE IN DIFFERENTS/L
RATIOS.

4.2.9Other batch experiments.
1. The treatment of Greecewater sampleby syntheticXonotlite.

Theresultsobtainedfor thetreatmentof Greecewatersampleby syntheticXonotlite in a
S/L ratioof 1:50 areplottedin Figure4.11.This resultshowsthat syntheticXonotlite can
also treat naturalwatersampleaccompaniedwith a lot of competingions. Although the
fateofthe other ions is not studied,it is expectedthat thematerialselectivelyremoved
fluoride.

FIGURE4.11 RESIDUALFLUORIDE CONCENTRATIONAGAINST TIME FORTHE TREATMENT
OF ‘REAl’ WATER SAMPLE BY SYNTHETICXONOTLITE.

2. The relationship betweenwashing the syntheticXonotlite in de-
mineralizedwater and pH

Stirring syntheticXonotlite with only distilledwaterandmonitoringthepHprovedthat
thereleaseof thehydroxideion occursindeed.In this experiment,the syntheticXonotlite
wasmixed in S[L ratioof 1:50 with distilled waterandstirredcontinuously.ThepH of
the mix is raisedto 9.99 in about5 minutes.
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3. The relationship betweencontinuousstirring ofthe zeolite in de-
mineralizedwater and conductivity

Mixing the conditionedzeolitewith de-mineralizedwaterin a S/L ratio of 1:20 resulted
in a gradualincreasein the conductivityof thewaterfrom 804 p~Sfcm,immediatelyafter
theyaremixed, to 1454.5p.S/cmafter1 hour.This is presented in Figure4.12 below.

FIGURE 4.12 EFFECTOF WASHING CONDITIONED ZEOLITEAND CONDUCTIVITY.

4. Effect of GF6 glassfiber paper on fluoride reduction.
The effect of membranefiltration on fluoride removal was checkedby measuring
miUivolt responsesbeforeandafter filtration of solutions containing 1, 25, 50, 75, and
100mg F/i by GF6 glassfiber paper.Theresultsshowthat thereis hardlyanydifference
betweenthe two measurementsand the effect of filtration on fluoride removalcanbe
considered to be insignificant. The millivolt responseversus logarithm of the
concentrationsis plottedin Figure4.13.

FIGURE4.13 EFFECTOF FILTRATION ONFLUORIDE REDUCTION.

1600.00
1400.00

1200.00
1000.00

800.00
600.00
400.00

200.00
0.00

c~c~cs
~ ~. \.

300

250

~200

150

~100

50

0

• Unfilt.(mV)
• FiIt.(mV)

- - - - Log. (Filt. (mV))

Log. (Unfit. (mV))

1 10

Log [ConcentTation(n-~1L)]

100

29



flnfl,..irhintn~ of flrj~nfrbw Wni’pr hu Cnndtj7nnpd 7pnhip

4.3 Column experiments

4.3.1 control
The column,whichwasrunasacontrol,showedtheabsenceof adsorptionof fluoride by
inert silver sand. The results arepresented in Figure4.14. The100.0mgF/i solutionthat
passed at a flow rate of 0.12 rn/h throughthe column containing only silver sand
remained mostly at 100 mgF71 for some 70 hours.

FIGURE4.14. COLUMN WITH ONLY SAND (CONTROL).

4.3.2Column with conditioned zeoliteand 100.0mg F/i
One column was packed from top to bottom with 20-g sand, a mixture of 30 g zeolite
with 300-g sand, and 20 g zeolite; anda solution containing 100.0 mgF-/i is run through
it. The break-through point has occurred so fast that it cannot be used to calculate the
capacity of the zeolite. The resultsofthis experimentareplotted in Figure 4.15 below.

FIGURE4.15 COLUMN WITH CONDITIONEDZEOLITEAND 100.0MGF/L
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4.3.3Column with conditioned zeoliteand 25.0 mg V/i
Another column, subsequently filled from top to bottom with 75 g sand, a mixture of60 g
zeolite with 210-g sand, and 75 g sand,was also run with 25.0 mg F-/i solution. The
results of this experiment areadequate to be used to calculate the capacity of the zeolite
either, because of the fast occurrence of the break-through point. These results are
presented in Figure 4.16.

FIGURE 4.16COLUMN WITH CONDITIONED ZEOL1TE AND 25.0MG V/L

4.3.4Column with conditioned zeoliteand 10.0mg F/i.
A solution, containing10.0 mg F/i was passed througha columnpacked from top to
bottom with 30 g sand, a mixture of 30 g zeolite and300 g sand,and 30 g sand, at a flow
rate of 237 mI/h. This experiment was closely monitored by continuous sampling and
used to determine the capacity of the zeolite. The resultsof this experiment areplotted in
Figure 4.17 below.

FIGURE4.17 RESIDUAL AND REMOVED FLUORIDE CONCENTRATIONSAGAINSTTIME FOR
THE TREATMENT OF 10.0MG F7L SOLUTIONBY COLUMN EXPERIMENTWITH
CONDITIONEDZEOLITE.
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To calculate the capacitythe following equationwasused:

Capacity (mg/mg)=[(flow rate (l/h)xVremoved (mg/l)xTime (hr))I(mg of zeolite)1

To do this the curveshowingthe fluoride removedis divided in to two parts,a linearpart
anda polynomial part. The equationsof the two curveswere integratedto obtain the
respectiveareasunderthe curves.Theseareasgivethe product of concentrationremoved
and trealment times in mgh/l. Then the capacity of the zeolite was obtained by
multiplying thesevaluesby the flow rate and dividing the newproduct by weight of the
zeolite.
Therefore, the capacity of the conditioned zeolitedeterminedin this way as 3.75 x i05
mg F/mg zeoliteor 0.0375mgF/g Zeolite or 0.00375%. Detailsofthe calculationsare
given in the Appendix.

4.3.5Determination of thecapacity ofsynthetic Xonotlite by column experiment.
A solution containing10 mg F-/i waspassedthrougha colunm containinga mixture of
synthetic Xonotlite and sand,as describedin chapter 3, at 180 mlih to determinethe
capacity of the material for fluoride adsorption. The results are plotted in Figure 4.18
below.

FIGURE4.18 SYNTHETIC XONOTLITE IN COLUMN EXPERIMENT

The capacity of the synthetic Xonotlite is determined in the sameway done for the
conditioned zeoliteas 0.002673mg F/mgsyntheticXonotlite or 2.6732mgFig synthetic
Xonotlite or 0.2%.
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Chapter 5

DISCUSSION
The resultspresentedin thepreviouschapterindicatethat conditionedzeolite is able to
defluoridatewater sources,which containrelatively small fluoride concentration(~5.0
mg/i or less),down to below the WHO recommendedlevel of 1.5 mg/i. The removal
efficienciesof86 % for 2.5 mg V/i and 81.2 % for 5.0 mg F/1 wereachievedin lessthan
1-minute treatmenttimeusing asolid to liquid ratioof 1:20.Theseefficienciesarehigher
thanthe onereportedby MPTA, 1998 (73.3 %) for similar material,clinoptilolite. Water
containingfluoride level asmuchas 10.0 mg/i canonly be treatedto an acceptablelevel
in two stepsusing S/L ratio 1:20. This involves filtration of the water treatedfor 30
minutes and mixing it with freshconditionedzeolite.The secondstep of the treatment
neednot takeanother30 minutes;abouthalfaminuteis sufficient.
One disadvantageof using this material is that the conductivity of the water after
treatment is so high (>3000 p.S/cm). Further washingof the zeolite to reducethe
conductivity well resultin a reductionin the efficiency of the material.However,water
containingfluorideconcentrationsaslow as5.0mg/i canbe treatedwell with thewashed
zeolitewithoutcausingtheproblemhigh conductivity.
The otherdisadvantageof this methodis that theconditionedzeoliteshowedpreference
to othercompetingions. This is observedwhenthe conditionedzeolite is usedto treat
‘real’ water samplesThis is in agreementwith earlier findings (FR.ENCKEN, 1990).The
questionaswhich ions haveexactlycompetedwith fluorideis not answeredin this study
dueto time limitations. This involvesthecompleteanalysisof thewaterbeforeandafter
treatmentwith conditionedzeolite.Oncethe competingions aredetermined,theremoval
oftheseions shouldbeconsideredfirst, beforedefluoridationis attempted.
Comparingthefeasibility ofusingthis methodover existingmethodsis not donehere.It
involvesknowing the exactcost of materialsat a pilot plant scale.This is beyondthe
scopeof this study.
The treatmentof watercontainingfluoride concentrationsabove 10.0 mg/i for drinking
purposeseemsto beunreliable.However,theresultsobtainedfor fluorideconcentrations
ashighas100.0mg/i canbeappliedfor industries,whichproducewastewaterwith very
high fluorideconcentrationexceedingthedischargelimits. Theycan treattheirwasteby
conditionedzeoliteto anacceptablelevelbeforedischarge.
Generally,asthe fluoride concentrationsin the water to be treatedgradually increased
from 2.5 mg/i to 100.0mg/i, the decreasein efficiencyup to 50.0 mg/i andan increase
afterwardsup to 100.0mg/I wereobserved.One explanationfor this shifting of pattern
may be becausetwo processesplay a role in fluoride removal,namely adsorptionto
surfaceofthezeoliteandprecipitationoffluorite by calcium.Although thetwo processes
mayoccursimultaneouslyin eachregion,oneseemsto be dominantover the otherin one
ofthetwo distinctregions.
In the region wherethe fluoride contentis between2.5 to 50.0 mg/i, the adsorption
processis expectedto be dominant; this adsorptionwill be higher for lower fluoride
concentrationsandlower for higherconcentrations.This is becausethe surfaceareaof
thezeolite,which is availablefor adsorptionis fixed. Therefore,asthefluoridecontentis
increased,the adsorptionprocessdecreases.However, for precipitationprocessthis is
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different, mainly in the rangebetween50.0 to 100.0mg/i. The more fluoride is available,
the more the precipitation process is favored. The precipitation process is due to the
calciumion availablewith the zeolite andthe fluoride ion in the water to form calcium
fluoride (fluorite).
Calcium fluoride is a sparinglysoluble salt whose solubility is dependent on the pH of
the solution in which it is dispersed.When fluorite is placed in water, the following
equilibria areeventuallyestablished(GIMBLETr, 1998):

CaF
2(s) ~ Ca

2~+ 2 V
Ca2~+ F ~‘ CaF~
H~+F ~HF
}iF+F ~HF

2

K5 =4% 10”
K1 = 10
K2=1.5%10

3
K

3 = 3.9

The equilibrium concentration curves(Figure 5.1) indicatethat thepredominantspecies
present in the CaF2(s) / water system areHF, Ca

2~,andH~,at pH valuesbelow 3.25.The
concentrationsof HF

2 andCaFare much lower than those of the HF or Ca
2~speciesat

andbelow this pH value; above this pH value, Ca2~and F ions aremore predominant.

:~

a
LI,

U,
U,

CU

(-)

FIGURE 5.1 THEORETICAL
FUNCTIONOF THE pH VALUE.

SOLUBILITY FOR CaF
2 IN AQUEOUS SOLUTION AS A

The average concentration of Ca
2~in filtered solution from a mixture of conditioned

zeoliteanddistilled water in solid to liquid ratio of 1:20 was determinedto be 230 mg/I.
Therefore, the fluoride concentration requiredto precipitate fluorite can be determined
from thesolubility product:

CaF
2(s) ~ Ca

2~+ 2 F K~=4%10h1

pH
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From this equationit canbeeasilycalculatedthat thecalciumion which is presentatthis
concentrationwould be sufficient to reduceV concentrationto 1.6 mg/i. For washed
zeolite, sincetheprocessremarkablyreducestheCa2~concentration,precipitationstarts
at relatively higher fluoride concentrationsand the effect of precipitation becomes
insignificant for low fluorideconcentrations.
Varying the S/L ratio indicatedthat fluoride-watercanbe defluoridatedbetterby using
morezeolite (S/L ratio of 1:10) thanusing lesszeolite(S/L ratios 1:15 and 1:20). The
resultsfor S/L ratios 1:15 and1:20werecombinedbecausethereis no markeddifference
betweenthemdueto theclosenessoftheamountsofzeoliteusedin eachcase.
In my opinion, the conditioningof the zeolitedid not producethedesiredconditioned
zeolite, clinoptilolite with only Ca2~occupying all the cation sites. The aim of the
conditioningwasto changethenaturalNa form of thezeoliteto theCaform accordingto
thesimplifiedion exchangereaction(my suggestion):

Na4A1
6Si30O72].24H20+ 3CaCI2=

Ca3[A16Si30O72].24H20+ 6NaC1
However,the producedNaCl andunreactedCaC12should bewashedsufficiently sothat
only the zeolite remainsand furtherwashingshould not changethe conductivity ofthe
water. Especiallythe unreactedCaCI2 and the loosely held Ca

2~played a role in
precipitatingfluorite. Fluoride removal by Calcium chloride is one of the existing
methodsofdefluoridationbyprecipitation.
The unconditioned zeolite can be used to treat water containing low fluoride
concentrationas2.5 mg/i downto WHO recommendedlevel.However,thecontacttime
shouldbe limited to lessthan one hour to avoidremobilizationof fluoride back to the
solution.
Among the alternativematerials testedfor fluoride removal, it was found out that
syntheticXonotlite workedmuchbetter for fluoride removalthanconditionedzeolite. It
successfullytreatedwatercontainingfluorideconcentrationsashigh as10.0 mg/i in aS/L
ratioof 1:50. It showedsuperiorityin severalwaysovertheuseoftheconditionedzeolite
namely the use of smaller material to treat the same fluoride concentrations,the
capability to treathigher fluoride concentrations,and the capability to treat the natural
water samplewithout showingpreferenceto othercompetingions. The mechanismof
fluorideby this materialmaybe is dueto thereplacementofthehydroxideionspresentin
the structureof the materialby fluoride ions (ion exchange),which canbe depictedas
(my suggestion):

Ca
6Si6Oi7(OH)2+2V = Ca.6Si6O17F2+ 20ff

Theonly disadvantageof the methodis the rise in pH of thewater to around 10 after
treatmentwith the materialdue to thereleaseofthe hydroxideion to the solution.This
makesthewaternot acceptablefor drinking,without subsequentneutralizations.Parallel
experimentsshowedthat the releaseof the hydroxide was apparenteven when the
materialwasmixedwith only distilledwater.
Thecolumnexperimentsindicatedshowedthecapacitiesofboth syntheticXonotlite and
conditionedzeolite are limited, i.e. 0.2% and 0.00375 %, respectively.Therefore,the
applicationof thesemethodsdependson the availability and cost of the materialsin
comparisonto otherdefluoridationtechniques.
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Chapter 6

CONCLUSIONS and RECOMMENDATIONS

6.1 Conclusions

The following conclusionscanbe made:

U Conditionedzeolitecanbeused,in a solid to liquid ratioof 1:20, to reducefluoride
levelsfrom water sourcescontainingasmuchas5.0mgV/i downto below 1.0mg/i
in less than1 minuteof contact time with about 81 % efficiency. This efficiencyis
higherfor fluorideconcentrationslower than5.0 mg/i (86 % for 2.5 mg/i).

U Water sourcescontaining as much as 10.0 mg F~/1can only be treated to an
acceptablelevel by usingthe solid to liquid ratio of 1:20 after24 hoursof contact
time. Alternatively, theycanbe treatedin two stepscomprising30 minutesfor the
first stepand lessthanaminute for the secondstepusing thesamesolid to liquid
ratio.

U For naturalwatersources,the efficiency of the conditionedzeolitewas low anda
gradualremobilizationof the fluoride ion backto the water has occurredafter few
minutesoftreatment,dueto thepreferenceofthezeolitefor otherions.

U It was foundout that theconditioningprocessof thezeoliteleadsto anincreaseof
theelectricalconductivityofthe water aftertreatment,in facttoohigh for drinking.
Washingthezeolitehoweverresultedin areductionin efficiency.

U Twoprocesseshaveplayedarole in removingfluoride ion, namely adsorption and
precipitation.Calculationsshowthattheprecipitationprocesscanremoveaportion
of thezeolite. (SeeDiscussion).

LI Among the alternativematerialstested,syntheticXonotlite performedbetter than
theconditionedzeolitebothon ‘artificial’ and‘real’ waters.It is capableof treating
watercontainingasmuchas10.0mgV/i in lessthanhalf aminuteusing aS/L ratio
of 1:20 (87.7%reduction)andin lessthan5 minutesusing aS/L ratio of 1:50 (91.1
% reduction).For ‘real’ water sources,the materialwas capable of reducing the
fluoridelevel to anacceptablelevel usingSIL ratio of 1:50 in less than a minute.

U The pH of the water after treatment with synthetic Xonotlite was high for drinking
(9—10).

U TheCapacityofconditionedzeolite for fluoride removalwasvery low, i.e. 0.00375
%, while that of the synthetic Xonotlite was found to be 0.2 %.
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6.2Recommendations

Thefollowing pointsarerecommended:

U Theconditioningprocessneedsto be studiedmoreand anappropriatemechanism
shouldbe obtainedso that the zeolite doesnot impart high conductivity on the
treatedwater.

U More fundamentalresearchis neededon thedifferentmechanismsthatplay role on
thefluoride removalby zeolites.

U The column experimentfor the conditionedzeoliteshouldbe further investigated
with morezeolite in thecolumnandwith up-flow typeoftreatment.

U The syntheticzeoliteshouldbe further studiedwith respectto neutralizationbefore
it is usedorneutralizingthewateraftertreatment.

U Thecolumnexperimentfor syntheticXonotlite alsoneedsfurtherinvestigationby
mixing it with relatively lightermaterialthansand,in orderto avoid irregular
distributionofthesyntheticXonotlite throughoutthecolumn.
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APPENDIX-I. Conditioned zeolite
APPENDIX-IA. Treatment of water by conditionedzeolite (SIL ratio 1:20).

ContactTime ResidualFluoride Concentration (mg/I) Efficiency
(Mm) Run 1 I Run2 I Mean Std (%)

On 2.5 mgF/I
0.0 2.50 2.50 2 50 0.00 0.00
0.5 0.38 032 0.35 0.04 86 00
1.0 0.37 0.22 0.30 0.11 88.20
2.0 0.35 0.18 0.27 0.12 89.40
5.0 0.28 0 18 0.23 0.07 90.80

10.0 0.27 0 15 0.21 0.08 91.60
30.0 0.22 0.14 0.18 006 92.80
60.0 0.20 0.12 0.16 0.06 93.60

1440.0 0.10 0 10 0.10 0.00 96.00
On 5.0 mgF/1

0.0 5.00 5.00 5.00 0.00 0.00
0.5 0.92 096 0.94 0.03 81.20
1.0 0.60 0.70 0.65 0.07 87.00
2.0 0.56 0.78 0.67 0 16 86.60
5.0 0.60 060 0.60 0.00 88.00

10.0 0.50 0 62 0.56 0.08 88.80
30.0 0.39 0.36 0.38 0 02 92.50
60.0 0.25 039 0.32 0.10 93.60

1440.0 0.29 0.36 0.33 0.05 93.50
On 10.0 mgV/1

0 0 10.00 10.00 10.00 000 0.00
0.5 3.10 3.00 3.05 0.07 69.50
1.0 3.00 260 2.80 0.28 72 00
2.0 2.50 2.60 2.55 0.07 74.50
5.0 2.50 3.00 2 75 0.35 72.50

10.0 2.60 2.80 2.70 0 14 73 00
30.0 1.70 2.00 1.85 0.21 81 50
60.0 2.10 230 2.20 0.14 78.00

1440.0 1.20 1.50 1.35 021 8650
On 15.0mgVfI

0.0 15 00 15.00 15 00 0.00 0.00
0.5 4.00 7.00 5.50 2 12 63 33
1 0 7.20 7.50 7 35 0.21 51.00
2.0 7.20 8.00 7.60 0 57 49.33
5 0 7.00 7.00 700 0.00 53.33

100 7.00 7.20 710 0.14 5267
30.0 5.80 7.20 6.50 0.99 5667
60.0 6.00 7.00 6.50 0.71 56.67

14400 4.60 4.60 4 60 0 00 69 33
On 20.0mgF/I

0.0 20.00 20.00 20.00 0.00 0.00
0.5 11.50 960 10.55 1.34 47.25
1 0 9.60 7.60 8.60 1 41 57 00
2.0 9.60 8.20 890 0.99 55.50
5.0 9.60 8 00 8.80 1.13 56 00

10.0 9.20 8.00 8.60 0.85 57.00
30.0 8.60 8 60 8.60 0.00 57.00
60.0 8.80 8.20 8.50 0.42 57.50

1440.0 5 20 5.20 5.20 0.00 74 00



nfflr,,,kn,a Wa~~rIn, Cnn,fidni,o,1 7DnI~, 4 nnD~dL.,,~’

APPENDIX-IA continued

ContactTime I ResidualFluoride Concentration.(mg/I) I Efficiency.
(Mm) I Run 1 Run2 I Mean I Std. (%)

On 25.0mgFiI
0 0 25 00 25.00 25.00 0.00 0.00
0.5 16.50 13.50 15.00 2.12 40.00
1.0 14.00 13.50 13.75 0.35 45.00
2.0 14.00 14.50 14.25 0.35 43.00
5 0 14.00 13.50 13.75 0.35 45 00

10.0 15.00 13.50
12.50

14.25 1.06 43 00

30.0 14.00 13.25 1.06 47.00
60.0 13.50 13.50 13.50 000 46.00

1440.0 9.50 10.50 10.00 0.71 60.00
On 50.0mg F/I

00
0.5
10
2.0
5 0~

10.0
30.0
60.0

1440.0

A totalof four experimentswere
doneandthe meanvaluesare the

averagesofthe four results.
This is becausethis experiment

behavedso strangelyinconsistent
comparedto others.

50.00 0.00 0.00
29.75 4.57 40.50
29 75 4.72 40.50
30.75 3 20 38.50
29.00 4.55 42.00
30.50 3.11 39 00
28.00 2.16 44.00
24.50 1.73 51.00
9 15 3.96 81.70

On 75.0mgF/l
00 75.00 75.00 75.00 0.00 000
0.5 45.00 4800 46.50 2.12 38.00
1.0 43.00 44.00 43.50 0.71 42.00
2.0 40.00 38.00 39.00 1.41 48.00
5.0 32.00 30.00 31.00 1.41 58.67

10.0 22.00 20.00 21 00 1.41 72.00
30.0 15.00 10.50 12.75 3 18 83.00
60.0 11.50 11.50 11.50 000 84.67

1440.0 7.30 8.00 7.65 0.49 89 80
On 100.0 mgF/I

0.0 100.00 100.00 100.00 000 0.00
0.5 58.00 56.00 57.00 1 41 43.00
1.0 46.00 41.00 43.50 3.54 56.50
2.0 34.00 3200 33.00 1.41 67.00
5.0 25.00 21.00 23.00 2 83 77 00

100 18.00 18.00 18.00 0.00 82.00
30.0 14 00 12.50 13 25 1.06 86.75
60.0 11.00 10.00 10.50 0.71 89.50

1440.0 9.60 7.20 8.40 1.70 91.60
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APPENDIX-lB Summaryof theTable abovefor residual fluoride concentrations
(S/L ratio 1:20)

Contact
Time
(mm)

Residual fluoride concentration (m ) from mmtmal concentrations
2.5
mg/I

5 0
mg/I

100
mg/I

15.0
mg/I

20.0
mg/I

25 0
mg/I

50.0
mg/I

75 0
mg/I

100.0
mg/I

00 2.50 5.00 10.00 15 00 20.00 25.00 50.00 75.00 100.00
0.5 0.35 0.94 3.05 5.50 10.55 15.00 29.75 46.50 57.00
1.0 0.30 0.65 2.80 7.35 8.60 13.75 29.75 43.50 43.50
2.0 0.27 0.67 2.55 7.60 8.90 14.25 30.75 39.00 33.00
5.0 0.23 0.60 2.75 7.00 8 80 13.75 2900 31.00 23.00

10.0 0.21 0.56 2.70 7.10 860 14.25 30.50 21.00 18.00
30.0 0.18 0.38 1.85 650 8.60 13.25 28.00_ 12.75 13.25
60.0 0.16 0.32 2.20 6.50 8.50 13.50 2450 11.50 10.50

1440.0 0.10 0.33 1.35 4.60 5.20 10.00 9.15 7.65 8.40

APPENDIX-IC Effect of Varying SIL ratioof conditionedzeolite.

Time
(mm)

100mgF-/i 15.0mgF/I

1:20 1:15 110 1:20 1:15 1:10
000 10.00 10.00 10.00 15.00 15.00 15.00
050 3.05 3.75 2.30 5.50 7.40 415
1.00 2 80 3.25 1.63 7.35 7.00 4 15
5.00 2.75 3 00 163 7.00 7.00 3.35

1000 2.70 3.20 1.80 7.10 8.00 2.55
3000 1.85 3.00 1.60 6.50 5.70 3.10

APPENDIX-ID Washing ofthezeoliteand its efficiency (SIL ratio 1:20).

Time
(mm)

114
MS/cm

200
j.iS/cm

430
ç.iS/cm

870
MS/cm

2610
MS/cm

>3000
MS/cm

0.00 10.00 10.00 10.00 10.00 1000 10.00
0.50 7.40 6.20 5.80 640 3.05 4.60
1.00 6.80 6.00 5.80 6.70 280 4.60
5 00 6.00 5.65 4.90 5.85 2.75 4.10

10.00 5.50 5.90 5.25 5 65 270 3.50
3000 490 4.80 5.35 5.30 1.85 3.10

APPENDIX-IE Two steptreatment of 10.0mgV/I (in SIL ratio 1:20)

Contacttime
(mm)

Step1 Step2
F Efficiency EC

(mg/i) (%) pS/cm
F Efficiency EC

(mg/i) (%) j.mS/cm
Zeolite,pre-washedto l56OjmSIcm

00 10.0 00 506 30 700 900
05 48 520 930 13 87.5 1176
10 41 590 860T09 91.2 1224
50 38 620 85.6 JlO 904 1254

100 3.4 660 881 J 10 90.0 120.3
300 30 700 900107 93.0

ashedto 2522
130.2

.
Zeolite,pre-w

00 10 00 50.6 36 64.0 660
4 600 4890 13 873 1048

10 63.0 4860 11 888 1090
50 710 5510 10 90.0 1107

100 67.0 5640 09 912 1172
300 7 730 6260 08 922 1185
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APPENDIX-IF Treatment ofGreecewater sampleby conditioned zeolite(SIL ratio
1:20)

Contacttime (nun) F (mg/I) Efficiency (%)
0.00 5.50 0 00
0.50 2.35 57.27
1.00 2.60 52.73
2.00 2.75 50.00
5.00 2.60 52.73
1000 2.95 46.36
30.00 3.50 36.36
60.00 3.70 32.73

APPENDIX-1G Stirring conditioned zeolite in demi-water and its conductivity (SIL
ratio 1:20)

Contacttime(nun) EC (MS/cm)
Std.RunI Run2 Mean

0.00 804.00 804.00 804.00 0.00
0.50 1279.00 1276 00 1277.50 2.12
1.00 1254.00 127400 1264.00 14.14
2.00 1305.00 1285 00 1295.00 14 14
5.00 133800 1282.00 1310.00 39.60

10.00 136200 1323.00 1342.50 27.58
30.00 1419.00 138000 1399.50 2758
60.00 1458.00 1451 00 1454.50 4.95

APPENDIX-ill The effectof GF6 glassfiber paper on filtration

Concentrationstested(F mg/L) Unfiltered(mV) Filtered (mV)
1 246 245

25 219 220
50 200 202
75 191 191

100 182 184

APPENDIX-H Unconditioned Zeolite (Sit ratio 1:20)
Contact

time(mm)
ResidualF Conc. (mg/i) from

2.5mg/I 10.0mg/i 50.0mg/I

0.00 2.50 10.00 50.00
0.50 1.30 7.40 46.00
1.00 1.45 5.70 42.00
2.00 1.43 5.10 41.00
5.00 1.45 6.30 39.00

10.00 1.68 7.40 38.00
30.00 1.80 6.83 38.00
60.00 2.00 6.50 38.00

1440.00 2.30 8.05 45.50
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APPENDIX-rn Alternative materials
APPENDIX-lilA. The four alternative materials tested(SIL ratio 1:20)

Time
(miii)

syntheticXonothte Hvdrotalcite Precinitatedsilica Heulandite—
F

(mg/i)
EC

itS/cm
pH

9.6

F
(mg/i)

EC
!.IS/cm

pH F
(mg/i)

EC
i.iS/cm

pH

6.0

F
(mg/i)

EC
pS/cm

pH

0.0 10.0 50.6 10.0 50.6 10.0 50.6 10.0 50.6
0.5 1.7 244.0 9.0 212.0 8.7 9.0 65.8 9.8 93.1 6.9
1.0 1.1 235.0 9.2 9.4 266.0 8.8 10.0 67.9 63 9.8 98.9 6.9
5.0 0.7 244.0 9.2 8.8 537.0 9.2 9.4 70.8 6.4 9.8 118.7 6.9

10.0 0.5 261.0 9.6 8.0 638.0 9.1 10.0 70.1 6.6 9.4 94.2 6.9
30.0 0.3 277.0 9.8 5.5 930.0 9.4 10.0 69.4 65 10.0 95.0 6.9

APPENDIX-11IB. The effectof Varying SJLofsyntheticXonotlite on fluoride
removal

Contact
time (mm)

S/Lratio 1:20 SIL ratio 1:50 S/LratioI .100
F(mg/I) pH F (mg/I) pH F(mg/I) pH

0.00 10.00 10.00 1000
0.50 1.23 9.97 2.24 9.71 5.61 9.4
1 00 0.83 9.83 1.56 982 4.75 9.47
5 00 0.55 9.87 0 89 9.93 341 8 97

1000 0.41 10.05 0.74 9.97 282 9.31
3000 0.26 10.10 0.55 997 2.32 9.52

APPENDIX-ifiC. Treating ‘real’ water sampleby syntheticXonotlite (SIL ratio
1:50)

Contacttime (mm) F (mg/I) pH EC (MS/cm)
000 443
0.50 0.22 9.39 16420
1.00 0 16 9.45 161.90
5.00 0.14 9.65 155.30

10.00 014 9.79 154.10
30.00 0.16 10.00 155.30

APPENDIX-HID. WashingsyntheticXonotlite in distilled water and pH (SIL ratio
1:50)

ContactTime(mm)
pH

0.5 9.54
1.0 9.61
5.0 9.99

10.0 9.76
30.0 9.82



flpfluntiiifnlinn ofT)rinLdno Wn#~rhi, Fnn,fidnnDd 7DnIftD A nn~,niIi,.i,v

APPENDIX-1Y Column Experiments
APPENDIX-WA. Column filled with 300gsand 100mg V/i (Control)

Time (Hr) Coric.(mg/1) Efficiency (%) EC (MS/cm)
0.00 100.00 000 481
0.50 100.00 0.00 466
2.72 98.00 2.00 466

1665 9800 2.00 466
65.38 100.00 0.00 466
6855 100.00 000 460

APPENDIX-WB Column filled with 75g sand(bottom), mixture of 60gzeoliteand
210g sand(middle), and 75g sand(top) through which is run a solution containing
25mgF7l

Time (Hr) Conc.(mgfl) Efficiency(%) EC (MS/cm)
0.00 25 00 0.00
1.90 0.10 99.62 968.0
3 07 17.79 28.84 44.8

18.92 25.39 -1.55 1300
24.62 24.86 0.55 134.0
26.90 24.35 2.61 129.4
29.12 24.35 2.61 128.2
43.05 24.35 2.61 128.2

APPENDIX-IVC. Column filled with 20g sand (bottom), mixture of30gzeolite and
300gsand(middle), and 20g sand(top) through which is run a solution containing
100mgV/I._____ ______ ________ ______

Time (Hr) Conc.(mg/1) Efficiency (%) EC (MS/cm)
000 100.00 0.00 481
050 0.33 99.67 20100
2.78 48.56 51.44 236
5.00 65.08 34.92 307

18.93 100.00 000 460
67.67 10000 000 463
70.83 100.00 0.00 460
7292 100.00 0.00 472

APPENDIX-WD. 10.0mg Ff1 in conditionedzeolitecolumn

Total
Time (hr)

EC
(MS/cm)

pH ResidualF
(mg/i)

RemovedF
(mg/I)

0.42 26000.00 5.50 0 06 9.94
0.50 1098.00 5 30 0.04 9.96
058 36800 5.51 003 9.97
0.67 202.00 5.51 0.06 9.94
0.76 136.00 541 0.87 9.13
0.84 101 00 5.47 422 5.78
0.93 44.50 5 46 6.96 3.04
1 03 41.70 5.51 7.56 2.44
111 3820 5.50 7.88 2.12
1.19 38.00 555 788 2.12
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APPENDIX-IVD. 10.0 mgV/I in syntheticXonotlite column

Total
time (hr)

EC
(MS/cm)

pH Residual
Fmg/1

Removed
F(mg/I)

0.63 1160.00 10.83 0.07 9.93
0.87 364.00 10.65 0.03 9.97
1.12 208.00 10.41 003 9.97
1.33 163.40 10.34 002 998
1.53 158.70 10.07 0.02 9.98
1.72 154.80 10.12 0.02 9.98
1.92 150.00 10.10 0.02 9.98
2.35 143.50 lOlL 0.01 9.99
2.77 151.00 10.21 0.01 9.99
2.95 150.10 10.18 0.01 9.99
3.17 153.30 10.34 0.06 9.94
3.38 158.40 10.46 0.05 9.95
3.68 156.00 10.40 0.04 9.96
4.00 174 80 10 52 0.03 9.97
4.20 177.00 10.57 0.02 9.98
4.40 178.00 10.60 0.02 9.98
4.62 180.20 10.06 0.02 9.98
4.82 183.03 10.60 0.02 9.98
5.00 182.00 10.61 0.02 9.98
5.20 165.30 1054 002 9.98
5.40 177.20 10.29 003 9.97
5.58 128.20 8.11 0.03 9.97
5.78 180.60 10.19 002 9.98
5.98 192.00 8.80 0.02 9.98
6.17 191.40 1000 0.06 9.94
7.05 178.50 9.88 112 8.88
7.25 185.40 10.00 1.52 8.48
7.47 184.40 10.00 1 90 8.10
7.70 152.10 9.18 237 7.63
7.90 160.20 10.00 270 7.30
8.08 164.20 9.78 3.09 6.91

20.52 146.30 1034 814 1.86
20.72 147.20 890 889 1.11
21.97 146.60 8.45 8.89 1.11
2300 14820 10.00 8.89 1.11

APPENDIX-V Capacity Calculation
APPENDIX-VA. Capacity of thezeolite
Forthereasonsofconvenience,thegraphthat showsthefluoride removedversustime is
divided in to two parts, the linear part and the polynomialpart. Thenthe equationsof
these two parts are integrated in respectivetime intervals to get the product of
concentrationandtime in mghll. This productis multiplied by the flow rate anddivided
by the weight of the zeolite to get the capacityof the zeolite in eachregion. Then the
valuesobtainedfor the two regionsare addedtogetherto get the total capacityof the
zeolite.
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FigureApp-i. Linearpart ofthegraph

Theequationof thecurve is Y = 0.0305X+ 9.9356. Integratingthis equationin time
intervalsfrom 0.42hrto 0.67hr givesthe desiredproductin mgb/l.

067

Conc.(mg/i) x Time(hr) = J(O.0305x + 9.9356)= 0.0305x2/2+ 9.9356xfrom
0.42

0.42hr to 0.67 hr
Conc.(mg/i) x Time(hr) = 2.488056mgh/l.
Capacityof thezeolite in this regionis thencalculatedas,
Capacity(mg/mg) in the linearregion= (2.488056mgh!l x 0.236751/h)/30000mgzeolite

= 1.96 x jp5 (mg/mg)

FigureApp-2.Polynomialpart ofthe curve

The capacityofthezeolitein this regionis also calculatedin thesameway asthe linear
part.Equation:Y = 260.05x3- 658.89x2+ 524.81x- 123.94.Integrationof this equation
overtimeintervalsof0.67 hrto 1.03hr gives:

1 03

Conc. (mg/I) x Time (h) = f(260.05x3— 658.89x2+ 524.81x—123.94)
067

= [9260.05/4)x4— (658.89/3)x3+ (524.81/2)x2— 123.94x] from

Linearpartofthe Graph = ~ 9.9356
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10.00

~5.00
I-

~ 0.00 0.60 0.80

0.00 0.20 0.40
Tine (Hr)

12.00
~‘ 10.00
~ 8.00
>

4.00
~ 2.00

0.00

y= 260.05x3- 658.89x2+ 524.81x- 123.94

R2=0.9782

0.00 0.20 0.40 0.60 0.80 1.00 1.20

Time(hr)

0.67 hrto 1.03 hr
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Capacityin thepolynomialregion= (2.258582mghfl x 0.2367511h)/30000mg zeolite

= 1.78 x ~ mg/mg

Total capacity of the zeolite= 3.75 x i0~mg/mg
= 0.0375mg V/g Zeolite
=0.00375%

APPENDIX-VA. Capacity of thesyntheticXonotlite

Similarly the graphwhich showsthe fluoride removedis divided in to two partsandthe
areaundereachcurve is calculatedby integratingthecurvein respectivetime intervals.

y 0.0004x+997

1200

10.00 IS Sfttt 5 1155 $ Stttttt5stt$

~800

6.00

~ 400

2.00

000 I
0.00 1.00 2,00 3.00 4.00 5.00 6.00 7.00

Tm~(hr)

Figure4.17Linearpart ofthecurve
Equation:Y 0.0004x+ 9.97

617

Conc. (mg/i) x Time (hr) J(0.0004x+ 9.97)
0 63

= [(0.0004/2)x2+ 9.97x)] from 0.63hrto 6.17hr
= 55.24133mgb/l

Then,Capacityin the linearregion= (55.24133mgh/l x 0.179657511h)/l0000mg
syntheticXonotlite

= 0.000992mg/mg
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Figure4.18.Polynomialpart ofthecurve

Equation,Y = -0.0034x3+ 0.1966x2 - 3.8327x + 27.089.Integratingthis equationfrom
6.17 hrto 23.00hrgivesustheproductofconc.andtime in mghll.

2300

Conc. (mg/I) x Time (hr) = J(_0.0034x3+0.1966x2— 3.8327x+ 27.089)
617

= (-0.0034/4)x4+(0.1966/3)x3— (3.8327/2)x2+27.089x
=93.552976mgb/l

Capacity in the polynomial region [(93.55297 mgh/l x 0.17957511h)/10000mg
syntheticXonotlite]

r0.001681 mg/mg

Total capacityof syntheticXonotlite = 0.002673mg/mg
= 2.6732mg F/g syntheticXouotlite
= 0.2%

y = -0.0034x3+ 0.1966x2- 3.8327x+27.089
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