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Synthesis of Nano Hydroxyapatite/Stilbite Compositéor

Defluoridation of Drinking Water

Abstract

Taju Sani
Addis Ababa University, 2016

The presence of high fluoride in groundwater useddfinking has become a matter
of great concern in the Rift Valley of Ethiopia dte its serious health hazard,
flourosis. Hence, developing easily accessible andially acceptable low cost
removal methods capable of reducing the fluoridaceatration below the limit
established by WHO (1.5 mg/L) is nowadays a crutaaet. In this study, the
defluoridation capacity of locally available cheaptural stilbite zeolite and its
modified version of high-performing and Ilow energydemanding
nanohydroxyapatite/stilbite, NHAST composite adsatbfor fluoride removal have
been investigated. While modifying, stilbite zeelpplays a dual role: as a support
material and a reagent for calcium source, becdhise particular stilbite from
Ethiopia is rich in calcium. Based on this fack thodification procedure was carried
out simply by the addition of phosphate sourcehis case (N&),HPO, to stilbite. In
the reaction, Ca from STI are first ion-exchanged by NHons, thus released to the
solution. At a favourable pH, the €mns react with PG forming hydroxyapatite
that precipitates on the zeolite surface in thenfof nanocrystals, nHAST composite

(nandHydroxyA patiteSTilbite).



In order to manage the growth of significantly sieratrystals of hydroxyapatite with
higher fluoride removal capacities, the effect yithesis time, crystallization pH and
crystallization time are carefully optimized baswd powder XRD, ICP-OES, TGA,
IR-ATR, 3P MAS-NMR, TEM (G-STEM/EELS) and defluoridation capacity. The
NHAST composite, which is found to have highesicefficy and capacity was
successfully synthesized using crystallization timie 144 hours at autogenous

crystallization pH of 8, and 2 hours synthesis taheoom temperature conditions.

Batch adsorption studies were performed as a fomaif solution pH effect, co-ion
effect, contact time, adsorbent dose and initiabriide concentration. Interestingly,
unlike most adsorbents, nHAST composite shows digftuoridation capacity in a
wider pH range with maximum of 86 % and minimunv8f% fluoride removal at pH
3 and 10, respectively. Similarly, nHAST compost®ws no effect due to chloride
and sulfate concentrations ranging from 0 to 500Lmén real situation as well,
NHAST was found to be efficient. From real watethwiluoride concentration of 8.2
mg/L, at a dose of 10 g/L nHAST resulted in a fiflabride concentration of 1.40

mg/L, below the limit established by WHO.

Finally, the fluoride removal performance of nHAS@®mposite was compared with
that of Bone Char, an applied technology as adsoripethe field in Ethiopia. It is
worth noting that preparation of bone char involyslonged high-temperature
charring treatments, which should be performed undesfully controlled conditions,
and of course involves consumption of energy. Gndther hand the synthesis of
NHAST composite is very easily performed, and doeisrequire energy or skilled

manpower. The reaction mechanism involving the ritle adsorption is analyzed



based on kinetics and isotherm studies. In both®&HAnd BC, the kinetic data fitted
well to a pseudo-second order kinetic model of lsingharacteristics. In contrast, the
adsorption isotherm on the nHAST composite fittegthwith the Freundlich model,
whereas on BC, it correlated well with the Langmmiodel, suggesting a different
mechanism: adsorption of fluoride on BC was homeges, whereas on composite,
it was heterogeneous, possibly related to theemnidad of fluoride on the nHAp
component in the composite. At low concentratitnogh adsorbents behave similarly,
the maximum adsorption capacity, measured at hagitentrations, is higher in the
NHAST composite than in BC. The intrinsic HAp capaof nHAST, normalized to
the amount of HAp on the adsorbent, is significahtgher (9.15 mg ¥y HAp) than
that of BC (1.08 mg g HAp) (measured at low nitial concentrations where the
OH/F—-exchange mechanism predominates), showing a mgbkrtfluoride removal
efficiency of nHAp on the composite. These restitisesee a high potential of

NHAST composite towards its application for defidation of potable water.
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Chapter One

1. Introduction

1.1. Fluoride occurrence

Fluorineis the 1% most abundant naturally occurring element in taeties crust [1-
4]. Due to its very high reactivity, it is found enically as fluoride (f in various
rocks, commonly in Fluorite (CaF Cryolite (NaAlFg) and Fluorapatite
(Cas(PO4)F) [4-7]. Although these fluoride bearing mineral® hardly soluble in
water, when conditions favor they do dissolve iiyted water, or are found through
human activities such as discharge by agricultaral industrial activities including

fertilizer, steel, aluminum and glass manufacturamgd electroplating [8-13].

Generally, most groundwater sources have higherifla concentrations than surface
water. As groundwater percolates through the weatheock in the aquifers, it
dissolves fluoride bearing minerals, hence relepfiiroride into solution [4]. Due to
the large number of variables that include the ggohll, chemical and physical
characteristics of the aquifer, the porosity andligc of the soil and rocks, the
temperature, the depth of the aquifer and the maifoother chemical elements [14,
15], the fluoride concentrations in groundwater camge from well under 1 mg/L to
more than 35 mg/L [16]. High fluoride levels ar¢eof seen in regions where there is
geothermal or volcanic activity. The floor of theadt African Rift Valley is
characterized by high hydrothermal activity, whiakcelerates the solubility of
fluoride bearing minerals such as fluorite and fymtite with high concentrations of
fluoride in the groundwater [17]. In another simiktudy by T. Rango et al., the

presence of high fluoride levels was demonstratedalkaline (pH of 7 to 8.9)



groundwater containing high concentrations of swdigNa), and bicarbonate
(HCO3"), and low concentrations of calcium (©a[18]. When fluoride rich minerals
come in contact with water of high alkalinity, thestiease fluoride into groundwater
through hydrolysis replacing hydroxyl (OHion. The degree of weathering and
leachable fluoride in a terrain is more importamtdeciding the fluoride bearing
minerals in the bulk rocks or soil. Due to weathgrof rocks, the Ca-Mg carbonate
concentration in arid and semi-arid areas appede &a good sink for the fluoride ion
[4]. Thus, a low level of Ca in water supplies meamgher levels of fluoride

solubility [19, 20].

Human exposure to fluoride may occur through fobdire, drinking water and even
inhalation. However, drinking water is a major smuf21-23] and is responsible for
75 to 90 % of daily fluoride intake [24, 25]. Thevel of fluoride in drinking water is
a very important physicochemical factor, which mibetconsidered when assessing
water quality for human consumption. Based on curliéerature, fluoride has both
beneficial and detrimental health effects dependingts concentration in drinking
water [26]. As a trace element, fluoride is essertbathe growth as well as
strengthening of teeth and bones [18, 27, 28],iarttat it is especially beneficial to
young children below eight years of age. Low intaiefluoride could reduce the
incidence of dental caries [13, 27, 28]. Thoughtalecaries is not life threatening, it
might decrease one’s quality of life through irtflig pain, impeding nutrition, and

incurring treatment costs.

In contrast, excess ingestion of fluoride can cadeetal/skeleton fluorosis and

increased blood pressure [29-33]. It has been tegothat chronic ingestion of



fluoride and its accumulation over a long periodtiofie can bring about further
complications (cancer, osteosclerosis and neurcdbgimpairment) [34]. In
recognition of high levels of fluoride in drinkingater to be a risk factor for fluorosis,
the World Health Organization (WHO) has set the imaxn permissible limit of
fluoride in drinking water at 1.5 mg/L [6, 35]. Hewer, the recommended level to
achieve maximum protection against dental cariesresk of fluorosis is in the range

between 0.5 and 1 mg/L [13, 18].

1.2. Fluoride adsorption mechanisms

Consumption of high amount of fluoride exposeduorbsis, most probably due to its
reaction with HAp, Ca(POy)s(OH),, the main inorganic constituent of bones and
teeth. Several studies were conducted on the mesthaof fluoride adsorption onto
HAp particles [14, 36-42]. In general, both phykiealsorption originating from
electrostatic interaction (eq. 1) and chemical gatsan from ion exchange (eq. 2 and

3) were proposed as the main driving force forride uptake onto HAp surfaces [37-

39, 41, 42].

Ca(PO)s(OH), + NF————> Cag(PQy)s(OH); ... Fy [1]
Cao(PQ)6(OH), + F Cao(PQ;)s(FOH) + OH 2]
Cao(PQy)s(OH), + 2F Cao(POy)eF> + 20H 3]

Furthermore, it has been reported that the flutindaat significantly high fluoride
concentration could also take place on HAp dissblsarface phase to form calcium

fluoride (Cak,) [40, 43, 44] as shown in eq. 4.

Cao(POy)s(OH),+20F — > 10Cak+ 6PQ*+ 20H [4]
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Therefore, these studies indicated that fluorapatit hydroxyfluorapatite is the
resulting product of electrostatic interaction on iexchange reaction. Fluorapatite,
which has very low solubility, is the compound kfdride found in the mineral part
of bones and teeth, and that play a significarg nolstrengthening them if present in
small quantities. However, at high fluoride concetdn the conversion of a large
amount of the hydroxyapatite into less soluble fatite (K, FAp = 3.16 X 16°,
Ksp HApP= 2.34 X 10 favors the condition of making the teeth denbarder and

more brittle, also known as dental fluorosis andxtreme case skeletal fluorosis.

1.3. Health effects of fluoride: World and the Ethopian scenario

Intake of higher fluoride than the WHO permissildeels increases risk of fluorosis,
which has already become a serious threat worldv8defar many cases of fluorosis
have been reported in several parts of the wortduding Ethiopia, where water
sources used for drinking purpose are contaminatgd fluoride [45-50]. For
instance, groundwater having as high as 4.5 mgitritle has been found in many
States of Mexico, and even higher concentrationtou® mg/L, was also reported in
fluorisis endemic Guanajuato and Sonora States 2], where the prevalence of
fluorosis has reached about 60 % [49]. In Soutl@afifornia Lakeland, the fluoride
concentration in groundwater is about 5 mg/L [Z8ld nearly 23 % of children in the
US are suffering from dental fluorosis [54]. In iadalone, more than 60 million
people including children are suffering with diget forms of fluorosis [24]. In
Ethiopia sources from various studies have shovat the fluoride level in the
groundwater of the Rift Valley area used by mostalrcommunities for drinking
purpose may reach about 36 mg/L [17, 55, B6the early 1980s, the World Health

organization predicted that more than 260 milli@ople worldwide were dependent



on drinking water with a fluoride concentration bigher than 1 mg/L [4, 57].
According to the latest estimates, globally morantl200 million people consume
drinking water with a fluoride concentration highttian the permissible 1.5 mg/L
level [46, 58], the majority of which live in tropical regions, fdaen countries in
Africa, eight in Asia, and six in the Americas [589] (Figure 1) with the worst
situation occurring in India [60], China, Sri Lankand the countries of the RIift

Valley, in particular Kenya, Tanzania, and Ethiogial4, 61]

Yy

Mew Zestand —

Figure 1: Geographical area of the world with higik of fluorosis. Countries in blue

have high fluoride concentration >1.5 mg/L in drimkwater

It is already known that Ethiopia is one of the mes in the world where a
significant percentage of the population suffemrfrthe consumption of fluoride rich
drinking water.As shown in Figure 2, the scope of fluoride disitibn is very wide and
spread throughout all regions, thoutite potential concentrations in the Rift Valley
region is very high [62]. As a result of this, graficant number of studies have been
conducted in this region since the existence abrfisis was first identified in the

country in 1962 [63]. The findings of these studiedicated thatvater is the major



contributor to the total daily fluoride intake iufan body [22, 47, 56, 64, 65]. By
now it is well known that &ignificant amount of population living in the Ritalley
region are consumingroundwatemwith fluoride concentrations exceeding the WHO
permissible levels [17, 45, 47, 56, 66-68], thatcteed in some places to 26 mg/L

[56], indicating the presence of very high risklabrosis in the region.

Fluoride (mg/l)
>7.1
35-7.1
1.3-35
04-13
0.1-04
<01

OO0 @ 9o 0o @

Figure 2: Fluoride concentration profile in dringiwater sources of Ethiopia

There are several reports regarding the incideotcBgorosis in this region. R. Tekle-
Haimanot et al. [17] reported the prevalence oftaletuorosis that accounts to more
than 80 % of the sampled children living in thetRialley of Ethiopia (1,221 out of
1,456). In another similar study in children livingthe Rift Valley areas conducted
by F. Wondwossen et al. [67] reported even alartgingery high, 91.8 % in
moderate-fluoride area (0.3-2.2 mg/L), and 100 %high fluoride area (10-14

mg/L), prevalence of dental fluorosis. The lateéstyg result by R. Tekle-Haimanot et
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al. also showed the increasing tendency of dental dkisrin children, reported over
80 %, and significant cases of skeletal fluorosigjnly among older people. This
study also indicated that more than 41 % of drigkivater sources in the Ethiopian
Rift Valley are fluoride contaminated. The repoltoarecorded the highest fluoride
concentration in Ethiopia in Lake Shala Rift Vall®864.0 mg/L) [47]. The highest
fluoride concentration ever found in natural waters reported in lake Nakuru [23,

69], 2800 mg/L in the Kenyan Rift Valley .

Despite the presence of high fluoride in groundwdateat is used for human
consumption, lack of suitable infrastructure f@attment makes this region one of the
most affected by fluorosis [16, 18]. The actual memof people affected by fluorosis
is not known, but according to the Ethiopian Minysbf Water Resources estimates,
more than 11 million people in the Rift Valley regiare highly vulnerable to fluoride
related problems as they rely on drinking waterrees having high fluoride
concentrations [63, 65, 70]. Though there are giteno reduce the total fluoride
concentration in potable waters, the mitigationvétets in Ethiopia are still at the

initial stages.

1.4. Guidelines of drinking water

In areas where alternative options are not feasilble most prioritized effective
fluorosis mitigation means should be defluoridatiore. removal of excessive
fluorides from drinking water to permissible lev§l®, 71]. Taking health effects into
consideration, the World Health Organization guites followed in most of the
nations set the acceptable fluoride concentratiordrinking water in the range

between 0.5 to 1.5 mg/L [72], above which the ommee of chronic fluorosis is



inevitable. However, national standards can bebaséd on factors such as climatic
conditions, volume of water intake, and diet. Fastance, the Australian Drinking
Water Guidelines [20] set the recommended maximaee@able level of fluoride in
drinking water at 1.1 mg/L due to hot climatic cdiwhs and similarly, the Indian
standards for drinking water [24] set the recomneeincthaximum desirable limit of
fluoride in drinking water at 1.0 mg/L, whereas tmuntries in tropical regions, the
recommended fluoride concentration is even lowbgué 0.8 mg/L because of the
relatively higher water consumption [45]. Howevére Ethiopian drinking water
quality guideline so far adopts the WHO maximumitjrdespite the presence of hot

climatic conditions in flourosis endemic Rift Valleegion.

1.5. Overview of defluoridation techniques

If the community water sourcassed for human consumptidound to havehigher
fluoride concentratiothanthe permissible level, the first remedial meastioesombat
fluorosis should be to search for water sourcel witower fluoride level, if any or else
blending multiple water sources that can lower tBl®V/guideline values is another
alternative [6], harvesting rainwater, and provisad bottled water, at least for young
children or pregnant women, again if possible. dses where these alternatives are
not available, or limited, like in the case of Eihian Rift Valley region, and where
the groundwater to which communities at large ddpem is often greater than 10
mg/L [12, 18], defluoridation of drinking watertise sole option remaining to prevent

fluorosis [19, 71].



Over the years, various defluoridation methods hbeen proposed to remove
excessive fluoride from drinking water and prevém associated health problems
[48, 73]. In general, based on fluoride removal naetsms the defluoridation
methods may be classified as chemical precipitaiimmexchange, adsorption, and
membrane-based mechanisms [48]. However, most em thpresent certain

disadvantages.

Chemical precipitation method: chemical precipitation involves addition of soluble
chemicals, such as calcium and aluminum saltsuwritle-contaminated water, and
the formation of fluoride precipitates or co-pretapes.The Nalgonda process, which
was developed in India by the National Environmegiagineering Research Institute
(NEERI) ismostwidely studiedand establisheplrecipitation technique. Due to low cost,
it has been applied in developing countries inglgdindia, Kenya, Tanzania [74] and
Ethiopia [63] for defluoridation of water. HoweverJow treatment efficiency,

requirement of a large chemical dosage and closdtanmg, adverse health effects
of dissolved aluminum species in the treated wated continuous production of a

sludge that requires appropriate disposal limiagplication at large [16, 63, 75, 76].

lon exchange method:ion exchange process involves the replacement rd i

solution by counter ions in exchanger surface tintas electrical neutrality. In the
case of defluoridation, fluoride can be removedrnfrvater with a strongly basic
anion exchange resin containing quaternary ammoniunctional groups [48],

according to eq. 5.

Matrix-NRs'CI" + F Matrix-NR;'F + CI [5]



The fluoride ions in solution replace the chlorides of the resin as it has stronger
electro-negativity. The exhausted resin is regdadravith concentrated solution of
sodium chlorideln the case of ion exchange, the presence of @hiens such as
sulfate, phosphate, bicarbonate results in ionmpeition, it is relatively costly, and

treated water sometimes has a low pH and highdexfathloride.

Membrane based methodithe most advanced membran@sed processessed by
industrialized countries such as reverse osmo&stredialysis and nanofiltration are
highly effective for fluoride removal as well asrfthe production of high-quality
water [76] that meets WHO standards. However, tlagiplication in developing
world, and even in rural and remote communitiethandeveloped world not shining
due to very high operational and maintenance &ystem complexity, requirements
for skilled manpower, the need for constant sumgplglectric energy, and membrane

fouling in case waters contain high salinity andST(@otal dissolved solids).

Adsorption based method:adsorption based processes, which involve the gassa
water through a bed containing adsorbent matet@lsetain fluoride either by
physical, chemical or ion exchange mechanisms,varg attractive due to their
effectiveness, convenience, easy availability, fisiip of operation, and economical
as well as environmental low impacts [28, 48, 73ince the past few years,
adsorption is being the most interesting area ftudedation research that is widely
recognized as an ideal and appropriate comparedher defuoridation techniques,
particularly for poor communities in developing nationglthough not without

disadvantages because it is affectecsdiytionpH, the presence of co-anions such as
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sulfate, phosphate, and bicarbonate, besides,etiilgrements ofegeneration or an

appropriate disposal of fluoride-loaded adsorbeattenials £8].

1.5.1. Adsorbent materials for defluoridation

The starting point in the development of adsorpbased process is the choice of
suitable adsorbentSeveral locally available and naturally occurringdsorbent
materials have been tried in the past to identify an efficieamnd economical
defluoridating agentpt8, 77, 78] such as thmost commonly used activated alumina
and activated carbon [48ctivated clay [60], ceramic materials [79], diatm®@ous
earth [34], bleaching earth [29], carbonaceous nadse produced from coffee
grounds [80]. Cheap natural materials such as odd aharcoal, brick, fly-ash and
serpentine [81]or natural zeolites [26, 82,83], roxgapatite [37, 39], evebanana
peel [7/7] and bone char materials [48] were also triedefisctive and low cost

adsorbents for fluoride removab, mention a few.

Defluoridation study in Ethiopia has been startettes the first recognition of the
fluorosis problem in 1962 [63, 84]. Similar to othseveloping countries, relatively
simple, relatively low cost adsorbentnaterialssuch adocally produced aluminium
sulphate and lime combination (Nalgonda technigaeglimported activated alumina
[63, 84] have been used to remove fluoride in thenjiYShoa and Methara Sugar
Estates since 19624 ocally available cheaglay soils [84], untreated hydrated
alumina (UHA) and thermally treated hydrated alumi(THA) obtained from
hydrolysis of locally manufactured aluminium sulh$85], and everwaste residue
from alum manufacturing procefl?] were also tried in the past for fluoride rerabv

A local non-governmental organization (NGO) cali@dmo Self Help Organization
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(OSHO) field-tested bone char technology in ruilhges of Ethiopian Rift Valley
[63] since 2007. Inecent years, thermally treated latertic soils [8&¢ally available
cheapnatural zeolite [26, 82], aluminium oxide—manganesiele composite material
[50], nanoscale aluminium oxide hydroxide (AIOOH) [65hdaAluminium hydro
(oxide)—-based (AO) adsorbent [63] for defluoridated drinking water. These studies
reported the low fluoride removalfficiency for natural zeolites antigh fluoride

removal in the case of AO based adsorbents.

However, the applicability of these methods is tfedi either due to their low
efficiency, high production cost or lack of publcceptance in the case of BC.
Therefore, it is of paramount importance to idgntdsorbent materials with a
compromise between their fluoride removal capaatgial acceptance, as well as
cost, in addition to technical including disposakues for applications in rural
communities in developing countries. Adsorbent male that have been studied in

this research work are discussed in the followisgisns.

1.5.1.1. Natural zeolites

Zeolites are crystalline microporous aluminosikesatvith defined three-dimensional
structures. Zeolites framework structures can bk by linking in a periodic pattern,

a primary or basic building unit, the tetrahedr&,Twhere T stands for Si or Al
atoms), which share oxygen vertices to form difiérepen structures as shown in
Figure 3. The tetrahedra are linked together tmfoages connected by pore openings
of defined sizes, typically less than 1 nm [87],iefthin turn are connected to form
channels of molecular dimensions, properties aregt for a number of applications

[88, 89]. The aperture dimensions of a channelgaditatively determined from the
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number of tetrahedral atoms (or oxygen atoms) efnthings that defines the channel.
Structures with 8-ring, 10-ring, and 12-ring chadnaeertures are the most common
and are known as small-pore, medium-pore, and Jaoge zeolites [90, 91]. This

topology can promote reaction rates and selectibdged on spatial constraints,

attractive or repulsive interactions between adsarimaterials and pore walls.

\
| &
Si A @ »

Figure 3: Representations of basic building tetdaherQ, (T, Si/Al) and an open

structure cages built from tetrahedra units, arahobls of zeolites

Zeolites are found naturally in sedimentary ancanic areas all over the world. The
inorganic network is exclusively composed of Si @hdwith different relative ratios
depending on the particular framework topology. Hteictures of the low silica
zeolites are predominantly formed with four, sixdaght rings of tetrahedra. One of
the chemical properties of zeolites that deterntirgereactivity is the Si/Al ratio. The
composition of the zeolite framework (Si/Al ratibps a significant effect on the
adsorptive properties of the adsorbent such aacitfity, ion exchange capacity and
hydrophilicity. The aluminosilicate zeolites based increasing framework Si/Al
composition are classified into four arbitrary cptees: (1) “Low” Si/Al zeolites
(Si/Al of 1 to 1.5), represented by zeolites A aXdre Al saturated, and have the
highest cation concentration. (2) “Intermediate/ASizeolites (Si/Al of 2 to 10)
consist of synthetic zeolite Y, natural zeolitesoeite, stilbite, chabazite and

clinoptilolite to mention a few. (3) “High” Si/Alewlites (Si/Al of 10 to 100), can be
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generated by framework modification or by direchtdyesis; This including zeolite
beta and ZSM-5. These materials represent a rangere sizes from 0.4 to 0.8 nm.
(4) “Silica” molecular sieves (Si/Al > 100), consistypical of silicalite [92]. For
example, the acidity tends to decrease in strewtjile the cation concentration and
ion exchange capacity, proportional to the alumingontent, increases with
decreasing Si/Al ratio [93]. In general, zeolitessé a low Si/Al ratio and therefore a
high degree of ion-exchange capacity. The Si/Absatogether with none-framework
cations play an important role in determining zeslichemical properties, as this can

be fine-tuned in terms of compositions, cations faachework structure [93, 94].

The incorporation of AT in the inorganic framework generates a negatisggon
the network, which needs to be balanced by theepoesof cationic species. These
cations usually contain alkali and alkaline eartitais and are hosted within zeolite
minerals. The general formula for a zeolite can laitten as: My
Al,03:xSi0,:yH,O, where M is the charge balance cation, n is therge of the
cation, x is generally 2, and y is the water in the voids of the zeol[@5s. Other
cations can also exchange the extra framework reatio zeolite microporous
structure easily, and this is one of the main apagilbns of these minerals as an ionic
exchanger. Indeed, they are used world-wide asoruatiexchangers, even as
adsorbents in water and wastewater treatments $@6he of the main applications of
zeolites in this area include the selective treatnoé sewage water, the extraction of
ammonia, odor control, heavy metal extraction fronclear, mining and industrial
waste, soil conditioning for agricultural use anctre as an additive to animal feed
stock [97]. Among these applications of naturallites, we are especially interested

in the potential use of this mineral as a cheaplacally available fluoride adsorbent
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[26], because the occurrence of groundwater containimgp lwoncentrations ¢
fluoride is extensive in Ethiopia a is an endemic problem that needs to be tac

urgently.

From our previous study or“Natural zeolites from Ethiopia for elimination

fluoride from drinking wate” stilbite zeolitewas identified among others for its hi
calcium contents [26]. Thion-exchange of this samplas studied to fincthe
possibility of exploitation of this calciu zeoliteand to understand isignificance in
the intended application as fluoride removal eittiieectly [26, 82] or in its modified
version, aghe support preasor for the controlled growth of hydroxyapatiteher

active fluoride removal face, on isurface [98].

The stilbite familywith the <TI framework type [99consists of three minerals wi
the same framework topology, but different extearfeworkcation compositions ar
symmetries: barrerite, stellerite and stilbThe framework of stilbite has two kin
of interconnecting channels, -ring channels and smallerrByg channel (Figure 4).
A cavity, which also contains-rings and 4-rings, is fored at the intersection

these channels [99].

Figure4: The framework of stilbite zeolite
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The dehydration of stilbite has been studied imitldbecause it is thought to involve
a partial collapse of the framework as a resulttr approach of the strongly
polarizing extra-framework cations to the zeolitalle [100]. Early attempts to
stabilize the stilbite structure involved the intigation of the stabilizing effect of

cations on the crystal structure [101].

Although many research works have dealt with lovgtcdefluoridation methods,
attempts made to evaluate zeolites for defluomatire very limited in spite of the
fact that they have the properties necessary fmoa adsorbent [48]. The result of a
recent study by L. Gomez-Hortiglela et ako revealed the low adsorption capacity
of zeolites for fluoride anion [26, 82], in similgattern with other low cost natural
minerals. This is because zeolites in general Imegative surface charges at all pH
values, predominantly cation exchanger and we aeexh exchangers. So they have
to be modified [26, 48]. Here, many researchers iavelved in zeolite surface
modification research, and they indicated the fogss to enhance the capacity for
anions through surface chargeversal by the impregnation of their surface with
multivalent cations[28, 102, 103]. Of these, a pioneer attempt madeMb§.
Onyango et al. to exchange an extraframework ibias usually present in zeolite by
multivalent ions of Al" or L&" was successfully accomplished by yielding of
modified zeoliteswith greatly improved fluoride removal capacity. Hera, the
La/Al-zeolite modifications, Naions in Na-bound zeolitare exchanging with A"

or La®* ions to create active sites for fluoride sorptiafttributed to more surface
positive charges generated due to the incorporatidhe multivalent cations [102]
This is confirmed by the point of zero charge (Pd4&)ermination, which in the case

of AI*" and L&" exchange zeolites appeared at 8.15 and 4-5.2heately,
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indicating that at pHs below these values, theitesohre positively charged, thus
resulting in an increased attraction of the negégicharged fluoride anions, and a
consequent higher defluoridation capacity. Furtloeen higher defluoridation
capacity for Al-treated zeolite was reported as parad to La-treated zeolite,
indicating their differences in Femoval mechanisms, suggesting the chemical
adsorption in the case of Al-treated zeolite. Sanhyl, S. Xingbin et al. carried out
modification studies on natural stilbite using alient AP* cations [104], this also
reported enhanced fluoride adsorption capacityttier Al-modified zeolite. Other
studies have also shown an increased defluoridaapacity after zeolites pretreated
with various multivalent cations, Zt F€* or C&" exchanged zeolites [83, 105-108].
Thus, it is possible to use zeolites in fluoridenowal application, especially if
subjected to suitable pre-treatments. In this sttidy defluoridation potential of
locally available natural calcium rich stilbite #ié® obtained from Ethiopia as raw,
and its modified version, nanhydroxyapatite/stdlebmposite (nHAST) has prepared
using stilbite as calcium reagent as well as a sugp grow nano hydroxyapatite on

its surface has been explored.

1.5.1.2. Hydroxyapatite

Following human metabolism, where fluoride is reed¥rom water and taken up by
our teeth and bones through the hydroxyapatite oo, one of the most widely
tested adsorbents has traditionally been hydroxitep@Ap), Cao(POy)s(OH). [37,
39]. It is a double salt of tri-calcium phosphated acalcium hydroxide and the
principal inorganic constituent of human bones &eth (Figure 5). Over the past
three decades, researchers have studied seveeatsasgp the uptake of fluoride ions

by tooth enamel and synthetic HAp [37, 109, 110he Tsurface of HAp has a
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remarkable capacity for retaining fluoride ionsnfr@an aqueous solution because of
the presence of exchangeable hydroxide anionsdi due to the higher stability of
fluorapatite (where hydroxide is replaced by fldesi Ca(PQu)sF, Ks= 3.16x10%)
compared to hydroxyapatite (§BQs)30H, Ks= 2.34x10°%), such hydroxide anions
of HAp can be exchanged by fluoride anions, resgltin a fluoride removal
material. This process is governed by factors sctiuaride, calcium and phosphate
ion concentration of the solution, its pH, expodimee, temperature and the nature of

the apatite surface [111].

o (M !
o)
0 ’ d ol 0 ;
[OH) \p;o 0.~ [OH|
0 \q 0 /0-7..
"Ca r— ‘.". ,, i Ca"
1 /Pcﬁg ....... Ca 0,.,-/P
0 s \ 0" 0
0‘ p \ E '-."'.
"Ca"' \Pﬁ \‘P/O' ""C P
P g \ N\
/ e
: i 0
0 0
“CQ"" "..Ci!u

Figure 5: Crystal structure of hydroxyapatite

Bone char (BC), is a natural HAp material produbgdan incomplete combustion
(charring) at a relatively high temperature (50B0® °C) of animal bones to remove
all the organics. It contains a porous matrix ficlsurface ions, mainly about 57 to 80
% of calcium phosphate (g&0y),), 6 to 10 % of calcium carbonate (Cagy,Gand

about 7 to 10 % activated carbon that allow adsampir ion exchange to occur [6].
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Bone char is a commonly used adsorbent in devajoguntries for defluoridation of
drinking water, mainly due to economic reasons, had been studied by several
researchers [112-115]. Despite the encouragingltsesbtained from high-quality
bone char materials, this adsorbent has importasdddantages. The hygienic
problem and the low adsorption capacity of the gpaality bone char, which are a
direct consequence of the crucial preparation nigths well as cultural and religious
objections, are the major barriers that limit isage on a large scale throughout the
world. For these reasons, considerable number uafieg have dealt with various
types of other adsorbent materials, of which syiitheydroxyapatite remains as the
main candidate due to its identical chemical coniws non-toxicity, availability

and high defluoridation ability [39, 41, 44, 114,7].

Although HAp has shown an excellent potential taigaihe retention of fluoride from
water, current research is applied in an attempirtber enhance its fluoride-removal
capacity through the production of nano structufiégp materials. When the crystals
are in the nano-range, the surface propertiesirefec structure, coordination, etc.,
get modified enhancing their performance [37, 118]this context, a significant
number of nanohydroxyapatite (nHAp) adsorbents Hmaen synthesized and studied
for fluoride removal from aqueous solution, theutessof which could definitely give
a new dimension in the field of the defluoridatias it showed significantly higher

defluoridation capacities [37, 42, 117-120].

Nevertheless, the potential application of theseernads in the field is not easily
achievable, due to the cost associated with theidyction and significant pressure

drops during filtration owing to the small particleize. To overcome such
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permeability problems and at the same time utittze advantages of nHAp, it is
essential to prepare adsorbents based on nHApsalkle form by combining them
with other high-surface materials [38, 120-122].H&aving the HAp nanoparticles not
free but supported on the external surface of @&nahtwith a large particle size, we
provide mechanical stability, and thus avoid pressdrops associated with the
nanosize of HAp, as well as prevent the potentigicity typical of nanoparticles and
possible sintering (and loss of efficiency) of th®Ap nanoparticles during

defluoridation.

There are several methods of synthesizing hydraatyt@p materials such as,
precipitation [37, 38, 44, 117, 122, 123], sol §E24, 125], microwave technique
[42], ultrasonic and microwave combined technigi20Jjand hydrothermal methods
[126]. Among these, the precipitation route, whiabolves the crystallization of HAp
from solution reaction mixture of calcium saltstpadvide C4" and phosphates in the
presence of basic solutions such as ammonia, appedre the most widely used
technique for the preparation of HAp materials, duse it is very simple, cost
effective and eco-friendly that makes the processlye acceptable by the useis.
addition to this, it is indicated that relativelrge amount of HAp can be produced
using this technique at a reasonable ct2f[ In order to obtain homogeneity and
stoichiometry of the resulting hydroxyapatite, thmethod usually needs diluted
solutions and long time (days) for complete reac{ib24]. However, in most cases
they employ systems that involve high temperatue [zasic high pH conditions, pH
9 or higher that require extra cost, or environraiyunfriendly solvents [37, 38, 42,

44,98, 117, 124].

20



Based on the fact that hydroxyapatite was crygtdliout from the reaction mixture
of calcium salts, which provide €aand phosphate salts in basic media, L. Gémez-
Hortigtiela et al recently reported the synthesis of HAp on stilb&arface
(stilbite/hydroxyapatite composite), in the reacticarried out between phosphate
source and Ca-rich natural Ehiopian stilbite in pflnesence of ammonia solution to
keep pH of crystallization at 9 [98]. This studysdebed the crystallization of HAp
on the external surface of stilbite as an ion erghaof C&" ions from stilbite by
NH," in the synthesis medium. According to this studyghsexchange leads to a
controlled release of G4ions to the surface of the zeolite, which in thesence of
phosphate and at the suitable pH precipitates ashydroxyapatite on the external
surface of the zeolite. This technology was predty a patent, and thus the current
research work conducted in my thesis is mainly t&ldo the optimization of the

synthesis conditions using stilbite from Ethiopia.

1.5.1.3. Hydrotalcite

Hydrotalcites, HTs also known as layered doubletyides (LDH), are anionic clays
with positively charged octahedral hydroxide layevghich are neutralized by
interlayer anions and water moleculdsig(re 6).The general formula BT is [M?*,.
M3 (OH)] (X™)wm-NHO, where M* and M* are di-and trivalent cations,
respectively, X" is an anion whose charge is m-. The replacemedivafent cations
by AI** in HT framework generates a positive charge on rib&vork, which is
balanced through the intercalation and adsorptionomnpensating anions, such as
COs%, S and NQ;, situated in the interlayer spad®ecause there is no overall

charge, hydrotalcites are quite stable.
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The nature of the compensating an, type of divalent cations as well the
M3*/M?* ratio determine key propertiesuch asanionic exchange capacity, stabil
under different pl conditions, surface area aacid-base properties chydrotalcites
[127). They have a s-called “memory effect”, wher@a material can be therma
treated to remove water, hydroxyl, and carbonatésuffom its matrix, thei
rehydrated in an aqueous solutionrecover their original layered structure in

presence of appropriate ani [128, 129]

Interlayer anion: [XymnH,OF

JO 30

Layerd double hydroxide: [M2*, M3, (OH)LJF*

Figure6: Structural representation of hydrotalc

Researchers havalready started using the advantage his anomalous, but
interesting property of calcinecydrotalcite, cHTin fluoride removal from water. 1
Liang et al. among@ther: have shown that cHT can be usstectively for fluoride
removal from ageous solutions througmemory effectmechanisr [129, 130]. The
exceptional property ccHT is that when they are exposed to water and a saifi

anions, the HBtructure is recover, incaporating anions and wat
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1.6. Rationale of the study

Fluorosis is known to be endemic in the Ethiopiaft YRalley that already imposes a
great health impact insignificant number of peo@é&udies have shown that more
than 11 million living in this region are affectéy flourosis[63, 70] Despite the
widespread awareness of the problem among locarvegfencies, specifically rural
communities at large still rely primarily dtuoride rich groundwater sources for both
drinking and domestic use$he scarcity okuitable infrastructure such as affordable
water supply systems or the absencetbéralternative safe water sources on the top
of very low economic developmeaggravated the situatiand makes the region one
of the most affected areas by fluorosis [18, 4HjisTdictates not only the seriousness
of the problem, but the need for an immediate smiuipossibly using defluoridation

technologies to remove excessive amount of fludrol@ drinking water.

Commercially available, most advanced defluoridatieethods, which claimed to be
highly efficient and recently used by industriatizeountries such as adsorption by
reverse osmosis, electro dialysis, and ion-exchamgeess require more technical
support for operation and maintenance besides itjte ihitial cost for installation
[50]. However, the adsorption processes is foundet@referrecandmost promising
for poor communities in developing countries imtsrof running costs, availability of
various adsorbent materials, effectiveness, sintylénd ease of operation as well as

environmental low impacts [28, 48, 63, 77].

In line with this, in Ethiopia, mitigation measurémsed on activated alumina,
Nalgonda technique since the early identificatidrflourosis, and in recent years,

bone char technology has been implemented at coityrierel in this hotspot Rift
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Valley region. However, at present almost all afrthare non-functional, mainly due
to poor operation and maintenance, lack of chemieald capacity to manage the
plants by the community, besides the knoefigious and cultural reasons in the case

of bone char.

This, and the widespread of fluorosis in the Riéllgy region of Ethiopia motivated
us to do this research work with the foarsthe development aocio-economically

equitable andefficient alternative defluoridation technolodyased on the use of
locally available, cheap natural minerals from toentry, stilbite zeolite in this case

[26].

Ethiopia has vast natural deposits of zeolitescilare mostly unexploited because
there is a lack of scientific knowledge, availableanpower with a geology
background and the means to initiate the systeneafpdoitation of this resource.
Previous studies showed abundant resources of mitedend clinoptilolite zeolites
near Adama [131], and phillipsite and also clinlofite zeolites in the Hawassa area
[132]. One latest survey has also revealed theepoesof large deposits of pure
stilbite zeolite, which possesses the STI structype [99], in the northern Tigrai

region of Ethiopia as shown in Figure 7 [26, 133].

Figure 7: Picture of natural stilbite rock sampleni Ethiopian
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Recently, researchers at the Chemistry DepartrdeXitl, Ethiopia and the Instituto
de Catalisis y Petroleoquimica, CSIC, Madrid, Sphave shown the limitation (poor
defluoridation performance) in Ethiopian naturaloltes [26, 82]. However, in
another study they proposed an interesting optiaseth on one of these zeolites,
natural stilbite for the development of high pemfiang nanohydroxyapatite for
fluoride removal. Here the stilbite zeolite simukausly plays a dual role: a support
material that hold nHAp, and a Ca reagent (a soofc€a) in its reaction with
phosphate salts for the growth of nHAp, to produestilbite/hydroxyapatite
composite material [98]. They proposed that*Oans are first ion-exchanged by
NH,*, thus being released to the solution, which, & pihesence of P@ and at the
pH 9, leads to a precipitation of HAp on the zeolgurface. However, as we
understand from this work, optimization of syntlsesconditions of the
stilbite/hydroxyapatite composite is no complet@therefore, further optimization
work was planned in order to finalize the remainwgrk to identify the best
combination of synthesis conditions for compositeparation. In the present study
the best performing stilbite/hydroxyapatite compgaanHAST in this case, is reported
at an autogenous pH of 8 (pH of only solution migtwf stilbite and phosphate
reagents, without the addition of base), unlike ¢tbenmon precipitation methods of
HAp preparation, which in many cases carried outigih temperatures and basic pH

conditions, often higher than 9 [37, 38, 42, 44,087].

In addition to this, further study on the effectppbcess parameters for the composite
sample synthesized at the optimized best conditi®risghly required for any new
adsorbent materials before it can be used for ipectapplications [104-106].

Therefore, the most important process parametetsatifiect fluoride removal from
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water such as adsorbent dose, initial fluoride eatration, co-ions effect, solution
pH effect, and stability have carefully analyzedirtRermore, in this study, the
regenerability of the exhausted nHAST adsorbentthasoughly investigated. The
adsorption kinetics and isotherms has also beatestun order to understand the
possible fluoride adsorption mechanisms of this@anthe result of which has been

compared with the BC adsorbent that needs replatteme

Therefore, in this work natural stilbite from Etpia in fluoride removal application
is carefully assessed based on the following rekeguestions:

» Could natural zeolites be applied to the defludradasystem?

» Can we modify zeolites to improve the fluoride remiccapacity?

» Could natural zeolites play any other role in thevelopment of fluoride
removal technology?

» Would the combination of stilbite zeolite and HAgelh in the final
development of defluoridation technologies

» Could the synthesis parameters affect the perfocmari zeolite and HAp
composite?

» Is the fluoride adsorption performance of the cosmgobeing comparable
with the widely tested BC adsorbent in developirsgiaons? From natural
resource exploitation point of view, if the apptioa of natural stilbite zeolite
based defluoridation method is possible, it mustabéocus of attention.

Having these questions in mind the following are dbjectives of the study.
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1.7. Objectives

1.7.1. General objectives

The main objective of this thesis is to develgrio-economically equitable and

efficient defluoridation technologgased on natural stilbite zeolite from Ethiopia.

1.7.2. Specific objectives

+

To test the defluoridation potential of locally dshle natural stilbite zeolite
obtained from Ethiopia;

To synthesize an efficient, high capacity and a lemergy demanding
stilbite/hydroxyapatite, nHAST composite adsorbdot fluoride removal
using stilbite as a support material as well asagent for calcium source;

To fully characterize the adsorbent materials imleorto understand its
property;

To test the performance of nHAST composite in fide@removal thoroughly;
To compare the fluoride removal performance of nFIA®mposite against
BC and HAp, this is currently applied as adsorherie field in Ethiopia;

To test the fluoride removal capacity of another fHRAased adsorbent,
nHT/HA composite, in which the anionic exchangenataydrotalcite, nHT is

supported on HAp.
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Chapter Two
2. Experimental

2.1. Materials and Methods

In this study different adsorbent samples are uakaatural zeolites, synthetic HAp,
bone char and hydrotalcite samples were collestad arious places. A raw Italian
natural clinoptilolite, commercially labeled Zeoda€O, a clinoptilolite rock from
San Luis Potosi (Mexico), a heulandite (greenisit) laydrotalcite samples were from
Puebla in Mexico. Natural zeolites, stilbite (Figur) and analcime collected from
Tigray region in Ethiopia were obtained from theh&al of Earth Sciences, Addis
Ababa UniversitySynthetic HAp, andone char samples were kindly donated by the
Oromo Self-Help Organization (OSHO) defluoridatigshant located at Modjo,
Ethiopia. NaOH (99 %, Sigma Aldrich, Germany), H@7 % Sigma Aldrich,
Germany), NaF (98 %, Merck, Germany), (NMHPQ,, NH3(25 %, Sigma Aldrich,
Germany), HNQ@ (70 %, Sigma Aldrich, Germany), NaN(®9.5 % Sigma Aldrich,
Germany), Ng&SO, (99.5 %, Sigma Aldrich, Germany), NaHg(9.5 %, Sigma
Aldrich, Germany), NaCl (99.5 %, Sigma Aldrich, @amy), TISABIII (CRYSON),
EDTA (99.5 %, Sigma Aldrich, Germany), GEIOOH (99.9 %, Sigma Aldrich,
Germany), tri-sodium citrate, deionized water wersed in this work. All the

chemicals used were at least reagent grade andnisedo further purification.

2.1.2. Adsorbent preparation: Synthesis of n(HAST aoposite

All raw samples except the zeolite from Puebla (Mexand synthetic HAp, which
were obtained as the desired powder form were ntigngramund with a mortar and
sieved to the desired average particle size fradtietween 75 pum to 105 um for

experimental studies.
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The nHAST composite isynthesizd in laboratory as described [95] as follows:
2.00 g of sievedSTI zeolite is added to 30 ml of 1 M (NHEHPO, solution in
polyethyleneplastic bottles and stirred for 10 minutThe pH of the resulting solutic
mixture was adjustetb 9 using 25 % of Nk solution. Growth of HAp was the
carried out keeping the mixture in water bath urgtatic conditions for 19 hours
room temperatuteThe chemical reactio thatcould occur during this crystallizati
time comprisea controlled cationic exchange of Ca from the géllzeolite, and .
subsequenprecipitation of HAp in the presence of a souofgphosphorus on tr

surface of the zeobt according to eq. 5 to

(NH4)2HPOy (dis) 2NH;" (aq) + HPQ” (aq) [5]

STI-C&* + 2NH," (aq) STI-(NH;", + C&* (aq) [6]

STI-(NH, + 5C&" (aq) + 3HP(* (aqg) + 4NH (aq) + HO

STI(NH4")2: - - Ca(PQy)30H (S) + 4NH;" (aq) [7]

The adsorbet solid material labele N(HAST composite was separated by filtrati
washed thoroughly with plenty of distilled waterdadried in an open ¢ at room
temperature overnighSchemel shows the illustration of the preparation procec
Finally, optimizationof synthesis procedural parameters was thorouassessed to

further increase theapacityof the composite adsorbent as follows

MCP-OES
BIpPNMR

Ca-STI - (NH,),HPO4, IM

20¢g i 30 mL

| —C—r—{k=
B. ‘\ll‘q—_ -
1.NH,(25%), pH 9 ittrati
.“___;(. ,)jB- 3...1:"E|Itrat|(:):-

% 2.Crys. time, 19 h 4.Wash & Dry

BXRD

PSEM/TEM
MTGA

!

nHAST composite

Scheme 1: A simplalustratior for the preparation ofHAST composit
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2.1.3. Synthesis procedure optimization for n(HAST @mposite

The crystal size, morphology and the nature oftsstit hydroxyapatite materials are
largely affected by the conditions of synthesiscpaure such as reaction temperature,
synthesis time, crystallization pH and crystalli@gattime. These in turn have an
impact on the performance of hydroxyapatite. Theesfstudies on optimization of
synthesis conditions for the preparation of nHA®Mmposite was carried out to tune
the materials property and upgrade the performamdiioride removal, of course

with respect to the reported precedent literaturekjo8].

2.1.3.1. Synthesis time optimization

The effect of synthesis time, that is spacing thetveen the addition of Nd$olution

to the reaction mixture of STl and (NEHPQO,, in fluoride adsorption performance
by nHAST composite was studied by varying synthesiss, 0, %2, 1, 2, 4, 24 and 48
hours and keeping other conditions constant agitescin [101] while synthesizing
composite samples;two samples were synthesizedamér synthesis time, and tested

in fluoride removal in batch mode to identify thesbperforming nHAST sample.

2.1.3.2. Crystallisation pH optimization

To examine the effect of crystallisation pH on trgstal size of HAp grown on
stilbite surface, synthesis of composite samplesevoarried out at the following
seven different crystallization pHs: pH 7, 7.588, 9, 9.5 and 10, by keeping other
conditions constant as described in [98] or atroed level. The pH values were
adjusted to the desired level either with 0.1 M HCIO.1 M NaOH. Likewise two
NHAST composite samples were synthesized per agstattization pH, and tested in

fluoride removal in batch mode to identify the bastforming nHAST sample.

30



2.1.3.3. Crystallization time optimization

To examine the effect of crystallization time ore thuoride removal by nHAST
composite, synthesis of composite samples werdedaout at thirteen different
crystallization times: 0, 2, 4, 6, 8, 19, 24, 48, 96, 120, and 144hours, again two
composite samples were synthesized per each dizatiain time, and similarly tested

in fluoride removal in batch mode to identify thesb performing nHAST sample.

2.1.4. Synthesis procedure and reproducibility test

Under this section, reproducibility of the best thysis procedure for the preparation
of NHAST composite as proposed based on the expetahresults stated in Section
2.3, was tested using different composite sampyashesized following proposed

synthesis procedure. Note that different stilbitamples, but having similar

composition with natural stilbite sample under stigation are used in a similar
fashion as a support as well as source of calceagent. Finally, their performance
in fluoride removal was tested in batch adsorptexperiments under the same

conditions as nHAST composite, with which theii@éncy compared.

2.2. Characterization Methods

Defluoridation activity is largely dependent on timature and particle size of
adsorbent materials. Thus, combinations of diffeotraracterization techniques have
been used to analyze the chemical composition aidtgral properties of nHAST
composite materials in order to understand thedepth. The techniques used in this

study are described below.
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2.2.1. Powder X-ray diffraction

X-ray diffraction, XRD is used to determine the ey of crystallinity of solid
materials by measuring the diffraction patternpiovides information about the
distribution of atoms (symmetry) found in the sdtducture. Each type of crystalline
solid have unique characteristic X-ray diffraatipattern, which is utilized as a
“fingerprint” for its identification and classifiti@n. In this work the XRD patterns of
the adsorbent samples were collected with a XRDhmacmodel of X’pert Pro
PANalytical diffractometer equipped with an X'ced&wr detector using a CuyK
radiation and Ni filter, which has a wavelengthld54056 A. The instrument settings
for each test at room temperature were: tensiork{scurrent (40 mA), number of

steps of 4368, total run time of 19.3980 s, andriratls between 4.008% 89.9737.

2.2.2. Inductively Coupled Plasma, ICP analysis

Analytical spectroscopic techniques such as indelsti coupled plasma, optical/
atomic emission spectrometry, ICP-OES or ICP-AESwed in order to determine
the concentration of the atomic and molecular ggepresent in the bulk chemical
composition of the samples. In our case, the cha@nsemposition of the adsorbent
materials have been studied by Inductively CoupRidsma Optical Emission
Spectrometry (ICP-OES), Optima 3300 DV model; digesof the samples were

carried out by alkaline fusion.

2.2.3. Thermogravimetric analysis
Thermogravimetric analyser, TGA is a very sensitaralytical instrument that is
commonly employed in research to follow the reactmrocess based on weight

changes as a function of temperature or time. Maartal stability and weight loss of
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the adsorbent materials were evaluated using antiggavimetric analyzer, PERKIN
ELMER TGA7. Samples were heated at a rate of 20nfi@" to a maximum

temperature of 900 °C under air.

2.2.4. Infrared Spectroscopy

Infrared transmission measurements were carried imubrder to analyze the
functional groups in the adsorbent materials. Iis twork an Attenuated Total
Reflectance spectrophotometer (ATR, PIKE TECHNOLES) in the range of 500-

4000 cn* with quartz as detector was used.

2.2.5. Electron Microscopy

The crystal morphology of the adsorbent samplegwardied by Scanning Electron
Microscopy (SEM) using a Hitachi TM-1000 tabletopicroscope. In order to

corroborate the distribution of elemental compositiletermined by ICP-OES, stilbite
zeolite sample was studied by scanning electrorrasiopy coupled with Energy
Dispersive X-ray Spectroscopy (SEM-EDS). Furtheeman order to study the
atomic structure and the nature of the compositandmission Electron Microscopy
was applied. Scanning Transmission Electron MiapgqSTEM) was chosen, as it
is less damaging to electron beam sensitive méderiBhe observations were
performed on selected nHASTcomposite samples, X® B hours. Spherical
aberration corrected FEI Titan XFEG which was uae®00 kV, equipped with a
corrector for the electron probe allowing a maximuesolution of 0.8 A, the

microscope was also equipped with an EDS detectonerQy Dispersive

Spectroscopy) and a Gatan Tridiem energy filter BE&LS (Electron Energy Loss
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Spectroscopy) measurements. Prior to observatitres, samples were crushed,

dispersed in ethanol or acetone and placed ontdeg kbarbon copper micro grid.

2.2.6. Nuclear Magnetic Resonance Measurements

Magic Angle Spinning Nuclear Magnetic Resonant®, MAS-NMR was used to
confirm the presence of HAp in nHAST composite adsents. The spectra were
recorded at room temperature using a Bruker AV-WIBspectrometer and a recycle

delay of 20 s, while spinning the samples at 162zMH

2.2.7. Point of zero charge determination

It is well known that the study of adsorption frasolution strongly demands the
knowledge of the point of zero charge (PZC), beede ability of the adsorbent
materials to adsorb, either anions or cationsefgdd by the charge on the adsorbent
surface. In this work PZC was measured by potergtammass titrations technique
[50, 134]. Point of zero charge was identified laes tommon intersection point (CIP)
of the potentiometric curve of the blank solutioithwthe corresponding curves of the
impregnating suspensions containing 0.5, 1.0, arll d of the adsorbent in
electrolytic solution (0.02 N NaN£in 50 mL of deionized water. The experiment
was performed, under aldtmosphere and the aqueous suspensions wereeafei
for 1 h to reach an equilibrium pH value. Small amoof 1 M NaOH was added to
make the pH around 11 and recorded as initial gelr d&5-20 min. Then the solid
suspensions were titrated by 0.1 N HNQusing 665 Dosimat (Metrohm,
Switzerland). The pH of each suspension was theasared with 1 min time interval
using a digital pH meter standardized by buffersTW Inolab pH/ION Level 2,

Germany).
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2.3. Defluoridation studies

Fluoride removal studies were started with the arafon of standard solutions. A
0.1 M fluoride stock solution was prepared by dsg 2.0995 g of anhydrous
sodium fluoride in a 500 ml round bottom volumetfiask with deionized water,
from which the samples of initial concentrationsoind 10 mg/L have been prepared
by appropriate dilution in accordance with the realluted water compositions
obtained in Ethiopia for experimental purpose. artigular cases, different initial

fluoride concentrations and adsorbent doses wacdkest.

Following this, an aliquot of 20 ml of fluoride swion of the required initial
concentration and the desired weight of the adsdnimaterial were added in a plastic
bottle for batch adsorption studies. After thordyggtirring the resulting mixture in a
magnetic stirrer for 20 hours contact time at rommperature, the samples were
filtered, and to the filtrate total ionic strengttjustment buffer, in this case TISABIII
solution was added in 10:1 volumetric ratio ofréite to TISABIII solution in order to
maintain ionic strength and the pH, and eliminate tnterference effect of
complexing ions. In particular cases, different tagh reaction times were studied.
Finally the equilibrium fluoride concentration wdstermined using a pH/ISE meter
(CRISON GLP 3, China) equipped with combination fluoride-seleetielectrode
(CRISON Code 96 55). The pH was measured with aopHheter (CRISON GLP
2 using an unfilled pH glass electrode. The redidlride concentration was
measured according to the procedure described eninbtrument manual. The
electrode was calibrated prior to each experimerdr @ concentration range of

interest by using pH calibration buffers. All exjpeents were performed in duplicate
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and mean values are reported. All measurements wade at room temperature (23

+2 0C). The adsorption efficency {Qwas calculated using eqn 8.

8
Q=C°_Qx100 o

G

In this study, besides the defluoridation capa¢®y) refers to total mass of the
composite material, including the zeolite and thgpHthat is calculated following eq.
9, the intrinsic capacity of HAp (Quap), referred only to the percentage of HAp in
the composite material was used to describe thagivel activity of the adsorbent

material with respect to the amount of HAp, andglated following eq. 10:

(ge — Q) - Q
dose [9]
Co—-G
Q =
o Total d (wt % HAP)

where G and G refer to the initial fluoride concentration and ttee concentration

after the elimination process, respectively, anel given in mg/L. The total dose
corresponds to the mass of the composite, includeadite and HAp, per volume of
solution to be treated (in g/L), and (wt % HAp) agnts for the weight percentage of
HAp in the composite material, calculated followieguation 8. Capacities are given
in mg of F per gram of HAp. The content of HAp (wt %) in nHARomposite

material is calculated from the content in P oladifrom the elemental analysis p (wt

%) by ICP, according to eq. 11.
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502 [11]

HApwt % = P wt %cp) X
93

where 502 is the total molecular mass of HAp, 5(B&);OH) and 93 is the

molecular mass of P in HAp.

Intrinsic capacity is a concept used in this waidkng with the usual defluoridation
capacity (Q) in order to understand the final properties @f tlano HAp itself. Using

this data we can gather information regarding ttevity of the nanocrytals grown on
the STI surface. Although an intrinsic capacity sloet give conclusive information
towards the actual engineering of the processeaukit provides an important clue

that can be used for a simple comparison of HAgtaslsorbent materials.

2.3.1. Adsorption kinetics and isotherms

Kinetics and isotherm studies were conducted ireotd investigate the reaction
mechanism of the adsorption process. Such infoomgtiays an important role in
designing adsorption processes as it provides ptisorcapacity of the adsorbent and
kinetics of the fluoride-removal process under ttedied conditions. Kinetic
experiments were carried out using various corttaws (0.5, 1, 2, 8, 16, 20, 24 and
28 hours), at a constant dose of 10 g/L and amlirfluoride concentration of 10
mg/L at room temperature under continuous agitatiasorption isotherms were
obtained using initial fluoride concentrations 0#26, 8, 10, 15, 20, 50, 100, and 200
mg/L, and a constant dose of 10 g/L at room tentperaunder continuous agitation

for 20 hours.
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In this study, two most commonly used kinetic medeere surveyed, that is pseudo
first order and pseudo second order reaction meésimanwere applied in order to

analyze the experimental data using equations d2.@nrespectively.

K1
log(Qe— Q) =log Q - t [12]
2.303
1 1 1
= +— [13]

Q K2Qé? Q

where Q and Q are the amount of fluoride adsorbed at a timed equilibrium
(mg/g), respectively, andKand K are the rate constants of pseudo first order and

second order models, respectively.

Although there are a lot of adsorption isotherm elgdthe two most frequently used
models: Langmuir and Freundlich are applied asetlggge a good description of
experimental behavior in a large range of operatiogditions. Langmuir model is

expressed by the following equation, eq. 14.

QbCe
Qe = — [14]
1+bG

where G is the equilibrium concentration of the adsorbabg/L), Q (mg/qg) is the
amount of adsorbate per unit mass of adsorbepntis @he amount of adsorbate at
complete monolayer coverage (mg/g) that gives thgimum monolayer adsorption
capacity of adsorbent. Qmg/L) and b (L/mg) is Langmuir constants related

adsorption capacity and rate of adsorption, respeygt
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Qo and b can be calculated from the slope and intérakethe plot GQe versus G

respectively from the linear form of the Langmuioael, eq. 15.

= & + 1 [15]
Q

Ce
Qe bQ

The affinity between Fand the adsorbents can be predicted using thentuang
parameter b from the dimensionless separationrfé&gtcas shown below.

1
RL:

[16]
1+bG

where G is the initial Fconcentration and b is Langmuir isotherm constéiné value
of R_ indicates the type of isotherm to be either unfalite (R> 1), linear (R=1),

favorable (0< < 1), or irreversible (R= 0).

The Freundlich model is expressed by the f noralinequation (eq. 17). The
constants K and n are obtained from the intercept and theeshifpthe linear plot,

respectively (eq. 18).

Qe= KeC" [17]

log Qe=log Kr+ log G [18]

where K and n are the indicators of adsorption capacity adsorption intensity,

respectively.

2.3.2. Effect of process parameters on fluoride adgption by nHAST
To examine the effects of the adsorbent dosealritioride concentration, contact

time and solution pH, a series of batch adsorptixqperiments were conducted on the
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selected nHAST composite sample that exhibited ebetidsorption capacity.
Adsorption was performed by varying any one of plaeameters, while keeping the

others constant.

The effect of adsorbent dose of adsorbent on fli@oremoval was studied by varying
the dose from 20 g/L up to 1@0L in test solutions containing initial fluoride
concentration of 10 and 20 mg/L in the case of stlbite zeolite, whereas in nHAST
composite and BC adsorbent samples, the adsorlmsageds were in the range
between 4 to 12 g/L (4, 6, 8, 10 and 12 g/L) udiest solutions containing initial
fluoride concentration of 5 and 10 mg/L at constaaction time of 20 hours with
stirring continuously at room temperature. The @ff# initial fluoride concentration
and contact time were investigated for both nHA®Mmposite and BC samples by
varying initial fluoride concentrations and conttiote from 5-200 mg/L and from 0—
28 hours, respectively at an optimized adsorbes¢ @d 10 g/L. The effect of solution
pH on the adsorption of fluoride on to the adsotb&as studied by varying the
solution pH from 3 to 10. The pH was adjusted ® dlesired level either with 0.1 M
NaOH or 0.1 M HCI.Similarly, batch mode adsorption experiments weagied out
using initialfluoride concentration of 10 mg/L and 10 gitisorbent doseith stirring
continuously for a contact time of 20 hours at raemperature condition3.he effect of
co-existing anions (HC® SO and CT) on fluoride adsorption was studied in the
presence of anions that commonly exist in groundw§t35]. The solutions of a
series concentration of each target anion (0-50Q)were prepared by dissolving
the sodium salts of the respective anions in dexguhwater containing 10 mg/L
fluoride solution. The solution pH was determindthen, 10 g/L of adsorbent

material was added and allowed to equilibrate fOr Hburs contact time under
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continuous mixing conditions at room temperaturd 2 °C). The equilibrium
fluoride concentration and pH of the solution weetermined in the supernatant after

filtration as described in section 2.3.

2.3.3. Regeneration experiments

To evaluate the reusability of the adsorbent contgadter one removal treatment,
prior to regeneration successive defluoridatontitneats were performed to exhaust
the material until fully saturateéor this, the adsorbent loaded with fluoride ol#din
in the previous process is subjected to a newifleaiemoval process under the same
conditions in batch adsorption experiments, untilfarther adsorption of fluoride.
Regeneration of exhausted nHAST composite wasechmut using mild NaOH
solutions as follows: 0.50 g of the exhausted caitpanaterial is added to 100 ml of
0.01 or 0.1 M NaOH solutions. The mixture is continsly stirred for a contact time
of 24 hours or 9 hours (for successive 3 hourdrtreats each, 3x3 hours, a total of 9
hours) in 0.01 M. and 0.1M NaOH solutions, respetyi. The solid regenerated
adsorbent thus was filtered off, and washed witkewantil the washing water has a
neutral pH. This regenerated adsorbent is thenestdy to same adsorption

experimental study in order to test its capacity.

2.3.4. Scaling-up nHAST synthesis and using recowt filtrate solutions

To complete the way to practical application, fertlexperiments on scaling-up were
performed based on the best optimized synthesisedtoe. Initially, the scaling up
experiment was planned to reach the amount of H&ST composite production to
250 g from the initial 2 g laboratory level. Moreyin the course of scaling-up, a

series of different nHAST adsorbents (nHAST-1, nHAL nHAST-3) are
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synthesized using the recovered ammonium phospgA&gfiltrate solutions, which
otherwise are a thrown waste material. This islarotost reduction steps besides the
environmental law impact perspectives. Here, th@alnnHAST composite was
labeled as nHAST-0 to differentiate from the othiustration of scale-uproduction

process ipresented in the result section, refer to Schemegyage 115.
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Chapter Three
3. Results and Discussion on Natural Zeolites

3.1. Characterization and Defluoridation test

3.1.1. Powder X-ray diffraction analysis

The diffraction pattern of the natural zeolite séengollected in the Hashenge basalt
corresponds to the stilbite family of zeolite miler(Figure 8) [99]. Stilbite family is
composed by three differentiated types of  mineralsbarrerite
(Nag(AlgSipgO72)- 26H0),  stilbite  (NaCgAlgSi7O7,)-30H0O) and  stellerite
(Cay(AlgSipg072)- 28H0) [99], which share the same framework topologyt, differ

in the cation composition and, consequently, inrtlspace group. Barrierite and
stellerite are the sodium and calcium-rich end memlof the family, respectively,
with orthorrombic space groups, and stilbite hawmigture of sodium and calcium,
and has a monoclinic space groups. These threeatsrn=an be easily distinguished
by their XRD in the 23-24 2 (°) region: the presence of three differentiatedks

indicate that the phase we have is stilbite [88].13

— STI

Intensity, (a.u.)

T T T T T T T T T
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2-Theta {)

Figure 8: XRD pattern of STI zeolite
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3.1.2. Thermogravimetric analysis.

Thermogravimetric analysis was carried out on tngpsrt STI zeolite sample. The
analysis result, which described as TGA-DTG curiegresented in Figure 9. As
shown in the figure, three differentiated weiglgdes can be observed, the first weak
desorption peak at temperatures below 130 °C, slporeding to loosely bound water
molecules, and two other with temperatures of marmndesorption rate at around
175 and 250 °C, corresponding to strongly adsovietér molecules with in stilbite

framework structure.
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-0.04
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-0.08
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Figure 9: TGA (solid line) and DTG (dotted line)tbke STI sample

3.1.3. ICP elemental composition studies

Stilbite samples contain Si and Al as tetrahedmaintwork atoms, and monovalent
and divalent extra-framework cations that compendar the negative charge
introduced by the replacement of Sy AI**. Ca and Na are the most common extra-
framework cations; K and Mg are also observed,tbwt lesser extent. In the stilbite

series of minerals, by far the most common comjosis that known as Ca-stilbite,
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referring to the predominant extra-framework Caiocat Typically Ca-stilbite
contains four Ca and a small amount, less thandiMda, of cations per unit cell.
Only a few Na-stilbite samples are known, and theses Na in excess of four and Ca
between 1 and 2 cations per unit cell. Th®Hontent depends on the number of
cations in the channels. Ca-stilbite usually corgdietween 28 and 3@ molecules
per unit cell, while Na-stilbite has 25 to 26 [13The ICP elemental analysis result of
STI sample indicated the presence of high Ca (4.9c#nfirming that stilbite has a
higher affinity for divalent cation in accordanc&wthe common observation of the
stilbite mineral, and significant amount of Na (@4) content as shown in Table 1,
very similar composition to the previously reporteerature value for natural stilbite
from Ethiopia [82]. Some impurities were detectedhe chemical analysis: 0.5 wt. %
of lithium and 0.16 wt. % of iron, both element® tiight to be detected by X-ray

diffraction.

Table 1: ICP chemical composition analysis of Sarhple

Sample| Element | Al Si Ca Mg Fe K Na Li

(%wt) | 80 | 204] 49| 016 14 03 05 05

STI mol 0.296| 0.729| 0.123| 0.007| 0.029| 0.008| 0.022| 0.071

mol.ratio| 1 2.5 04| 0.02 0.1 0.02 0.0/ 0.24

The experimental chemical composition of the dglltsample was also very similar
with the theoretical composition. The experimeiahl and Al/Ca ratio as calculated
from the experimental data in Table 1 was found¢o2.5 and 2.5, respectively,
while the theoretical ideal composition, derivenfr the stilbite ideal chemical

formula of NaCaAl ¢Si,707,)- 30H0, is 3 and 2.25, respectively.
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The morphology of STI sample was studied by SEM-HBZX]. Figure 10 shows an
EDX-mapping of the sample. It can be observed that composition is nearly
homogeneous, showing quite a uniform distributibrihe framework atoms, Si, Al

and O, and also of the extra-framework atoms, CaNmn

Figure 10: SEM-EDX mapping of STI sample

3.2. Defluoridation test

The main purpose of this study was to test the maleof natural stilbite from
Ethiopia for useful local applications. As previbusientioned, our particular interest
is in defluoridation of fluoride contaminated watersed on the use of calcium from
calcium rich Ethiopian natural stilbite (refer t@fle 1) through CaFprecipitation,
according to egns. 19 and 20, assuming that tié i€aransferred into the solution
from the STI framework by ion-exchange with K@ is present as NaF in the

solution).

STI-C&*+ 2Nd (aq) — = STI-(Nd).+ C&* (aq) [19]
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Cé'(aq) + 2H(aq) Cak (1) [20]

Adsorption studies were carried out in batch modmai specified amount of an
adsorbent material of various doses (20, 40, 6Car@D 100 g/L) at 5 and 20 mg/L
initial fluoride concentrations and 20 hours cohtme continuously agitating on

magnetic stirrer at room temperature, Figure 11.
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As observed in Figure 1la, the natural stilbiteveh@ very low fluoride removal
capacity; only 0.45 mg ) maximum defluoridation capacity was recordedrfro
initial F concentration of 20 mg/L at such a very high adsot dose of 100 g/L. This
is possibly ascribed to inefficiency or a failedh iexchange of the Gaions by N&
ions in the solution. However, the fluoride remogéilciency increases as a function
of adsorbent dose. A maximum of about 22 % abk removal can be achieved from
solutions with initial concentration of 20 mg/L ngi a dose of 100 g/L. More
interestingly, about 30 % of "Hon is removed from a solution with initial

concentration of 5 mg/L at the same dose, Figuke 11
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Nevertheless, in both cases the equilibrium fiharide concentrations remain high,
16.09 and 3.52 mg/L from initial fluoride concemimas of 20 and 5 mg/L,
respectively, significantly higher than WHO maximilimit, 1.5 mg/L. This indicates

that natural STI from Ethiopia is not an effectagsorbent for fluoride removal.
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Figure 11: Fremoval performance of the STI from Ethiopia frajp20 and b) 5 mg/L

initial fluoride concentrations as a function ofsdo

3.3. Comparison of Defluoridation capacity of zeoles from Ethiopia and
Mexico

3.3.1. Characterization of zeolites

The structural identification of zeolites from Edpia and Mexico was carried out by
X-ray diffraction, Table 2. The samples are rathere; the only compounds were
qguartz and montmorillonite in clinoptilolite-heuldite zeolite of Mexico and

vermiculite in analcime of Ethiopian zeolite, allwhich are not dangerous for health
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[138]. The features of the zeolites as reportethénbibliography are again compared

in Table 3. Note how different the channel dimensiand the free pore volumes are.

Table 2: Structural identification by XRD analysisthe natural zeolite from Ethiopia

and Mexico
Sample Main compound Minor compounds
Zeocat ECO Clinoptilolite-Heulandite -

San Luis Potosi, Mexicg  Clinoptilolite-Heulandite u&tz, Montmorillonite

Puebla, Mexico Clinoptilolite-Heulandite Amorphous
Hashenge, Ethiopia Stilbite
Vermiculite, small fraction
Tigray, Ethiopia Analcime of non-crystalline materia

As expected, with this characterization techniquésinot possible to distinguish
between clinoptilolite and heulandite [139, 140]nl¥D by complementing XRD

studies with temperature-based analyses, suchiatton may be obtained.

A major difference between the two zeolites is thatilandite undergoes a sluggish
phase transition at about 230, whereas clinoptilolite does not [139]. Clinoplile

is more stable towards dehydration than heulantfiteeulandites are slowly heated,
part of their water is lost rapidly at first andethslowly up to 20°C, at this

temperature the mineral again begins to dehydegiglly. Besides, heulandites and
clinoptilolite have been distinguished on the badisheir cation contents and Si/Al
ratios, with clinoptilolite having (Na + K) > Ca drsi/Al > 4, and heulandite having

Ca > (Na + K) and Si/Al < 4 [140].
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Table 3: Categorization and structural propertiesliooptilolite, heulandite, stilbite,

and analcime taken from the Atlas of natural zedtamework

Natural Primary cell formula, Channel Free Exchangeable
Zeolites crystal system structure dimension, nm | volume| cations
(NaK)Cay(Al¢Siz7072)- 24H0
Na, K, Ca,
Heulandite | UH HY 0.44x0.72 0.39
9! : Sr, Ba
A Monoclinic
(NaK)sCay(Al ¢Siz7072)- 200
Na, K, Ca,
Clinoptilolite | Hf{ Hf{ 0.44%0.72 0.34
gg o Sr, Ba
/ Y% Monoclinic
NaCa(AI 98i27072)' 30I—bO
Na. K, Ca,
Stilbite 0.54x0.69 0.341
Mg
€ Monoclinic
Nays(Al 16S132096). 16 HO
Na, K, Ca,
Analcime 0.16x0.42 0.18
Rb, Cs

In Figure 12, the TGA curves obtained in air atni@esp are shown. The TGA curves

show that the zeolites from San Luis Potosi (Mexmad Zeocat ECO have higher

thermal stability towards dehydration than the geatollected in Puebla (Mexico).

Therefore, the zeolites San Luis Potosi and ZeB€D are clinoptilolite, but the

Puebla zeolite is heulandite, bearing in mind 8i&l ratio is higher in clinoptilolite.
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Figure 12: Thermogravimetric analyses of Mexicatura zeolites

3.3.2. Defluoridation test results

Three natural zeolites from Mexico were testedfliooride removal and the results

are compared with the performance of two zeolitesnf Ethiopia as described in

Table 4 for two different initial fluoride conceations of a) 20 mg/L, and b) 5 mg/L.

In both cases, the fluoride retention percentagereases with the increasing

adsorbent dose. If the initial fluoride concentratis 5 mg/L, the performance of the
clinoptilolite samples (San Luis Potosi and Zed®@0) reaches 10 % and around 20
% of fluoride retention for low (20 g/L) and higQ0 g/L) adsorbent doses,

respectively. These values are ca. 5 % higher tiawvalues obtained for stilbite but

about four times lower than the fluoride retentodranalcime.
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Table 4: Fluoride removal efficiency as a functiohadsorbent dose from initial

fluoride concentrations of a) 20 mg/L and b) 5 mgéspectively

a) Fluoride removal (%)
dose (g/L) Zeocat ECO San Luis Potosi| Puebla Analcime Stilbite
20 0.4 2.0 2.8 23.5 3.3
60 3.8 5.6 12.4 56.3 12.1
100 5.6 16.2 19.6 76.5 21.9
b) Fluoride removal (%)

dose (g/L) | Zeocat ECO | San Luis Potosi Analcime  Stilbite

20 10.2 10.4 32 5.4
60 16.5 14.6 76 16.6
100 22.1 20.4 84 29.6

If the initial fluoride concentration is 20 mg/Lhe performance of the clinoptilolite
sample from San Luis Potosi only reaches 16 %uifilie retention for high (100
g/L) adsorbent doses. Instead, the analcime frdmofia retains more than 76.5 %,

i.e. more than 5 times.

Although zeolites differ in their structure, thé&i/Al ratio, and their exchangeable
cations among other parameters, some clear tremdbe established. In all cases the
best zeolite to retain fluoride, among the fivedsd in this work is analcime. This
zeolite presents the smallest channel dimensiodstla® lowest free pore volume.

Therefore, at this level, any mechanism based fiustbn has to be rejected. Indeed,
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fluoride is a very small ion (ionic radius of 0.1861) and it is expected to move

easily into clinoptilolite, heulandite, or stilbiteetworks; in analcime it cannot enter.

The rather good retention of analcime may be aifieid to extraframework aluminum
compounds (alumina or aluminum hydroxide) and/océanectivity defects. Such
hypothesis is in agreement with NMR results, whefiowed the presence of
octahedral aluminum atoms [26]. On the other hanthe clinoptilolite samples do
not retain as much fluoride, it must be due to @ahsence of octahedral aluminum
atoms. However, they do retain some fluoride, amthérmore, the amount is higher
than in stilbite or heulandite. Clinoptilolite i:&wn to have a Si/Al ratio higher than
4, whereas heulandite possess Si/Al ratio lowen thg108]. Then, as clinoptilolite
has less aluminum atoms, it is less negativelyggthand should offer less resistance
to fluoride acceptance. But, clinoptilolite exchaaple cations are Nand K, which
exceed those of @5 instead heulandite has also"™Ns well as Kcations which are
less than those of &a Highly charged cations as €are efficient sites for fluoride
retention. Therefore, the difference between thiopmances of those zeolites cannot
be assigned to their slight structural differenbesg to the amount of amorphous
compound present in the heulandite from Pueblachvimost probably partially

blocks the pore entrances.

However, the above discussion is not valid forbgdl whose Si/Al ratio is 2.7 and
whose free pore volume is the same as the free yateme of clinoptilolite. To

explain the differences in fluoride retention weréanentioned first the presence of
extra framework aluminum, then the importance éASiatio; but, we have not taken

into account the type of exchangeable cation ptasemthe zeolite network. Zeolites
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are cation exchangers and are not prone to retaoms Still the charge balance into
the zeolite network may be reversed or at leastadt introducing, into the cavities
and channels, highly charged cations. For instasibegr exchanged zeolites have
been reported to retain efficiently iodine anio@Bver zeolite cartridges are typically
used in nuclear power plants to adsorb gaseousdodi4l]. The introduction of
sulfur into zeolite networks modifies remarkablye tkharge equilibrium into the
zeolite lattice [142]. It is not surprising, thetimat if the compensation cations of
stilbite are fully exchanged to calcium the perfanoe of the sample in fluoride
retention is increased, not only because connégtigfects are generated during the
exchange treatments [82], but, because the calens are divalent and highly
charged. If stilbite contains compensation catiomkich only balance the charge

network and do not create zones highly chargedrifle is not retained.

Therefore, in this work, two mechanisms of fluoridetention in zeolites are
proposed. On the one hand, fluoride retention negtlributed to a high number of
connectivity defects and to a high amount of ektaanework aluminum compounds
present in some zeolitesas already proposed by L. Gomez-Hortigiela eirak

previous work [26]. This mechanism is independérihe type of zeolite structure. In

this scenario, fluoride substitutes Qéhs and it is strongly retained.

On the other hand, fluoride retention may be aited to a typical adsorption force
generated around some highly charged cations,ngiamce calcium. Of course, the
amount of exchangeable cations, proportional to $iWAl ratio, is crucial. This

adsorption bond is weak and fluoride is expectedlelach easily. These two

propositions are not exclusive, most probably imeaeolites containing calcium, or
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any other divalent cation, on a first step somerftle is adsorbed in the vicinity of
the calcium atoms and, then, the remaining flugride a second step, or
simultaneously, is exchanged with the Qjtbup of the extra framework material.

Both mechanisms may be schematized in Figure $8@sn below.

Fluoride Retention

3

Exchange mechanism Adsorption mechanism
Al-OH, present in detrital material Ca®* or other highly charged center
Al-F- Ca¥'— F

Figure 13: Suggested mechanisms for fluoride retemtb natural zeolites

Even if zeolites represent a class of materials hlae all the required properties to
be used as adsorbents [26], the experimental oet@dnthis study indicated that they
are not good adsorbent materials for fluoride remhoVhis is because they have
negative surface charges almost at all pH valued, thus have low adsorption

capacity for anions.

Nonetheless, the surface of zeolites can be maddiffteough suitable chemical
treatments. In recent years, for exampdsearchers have tried in growing the HAp
crystals on the surface of zeolites [98, 103, 148R004, Y. Watanabet al. reported
HAp crystallization on the surface of a syntheteoltte, zeolite A [143]. They
prepared a novel type-A zeolite with hydroxyapatagers on its surface using a
hydrothermal method based on the cation exchang@adfin zeolite for NH* in

solution. Their aim was to achieve a total coverafjeghe zeolite surface with HAp
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crystals in order to trap radioactive ions or otb@ntaminants within the zeolite void
volume, preventing their release. The reported otethields large HAp crystals on
the zeolite surface. However, racentstudy in 2014was proposed an interesting
option based on natural stilbite zeolite from Efitgo[98]. This our precedent work
reported the development of high performing nanobwyhpatite on stilbite surface,
similarly based on the cation exchange of ‘Ga zeolite for NH" ions in solutionIn
this case, however with the aim of fluoride remofr@m drinking water In the
present work as wellwe are studying stilbite modification based on g¢inewth of
nanohydroxylapatite on its surface, nanohydroxytgatilbite (nHAST) composite
with the aim of fluoride removal from drinking watdn this, stilbite plays a dual
role: as a support material to hold the smaller H@moparticles not free, and as a
source of calcium, one of the reagent materialsttiersynthesis of HAp materials.
Besides, the current study is dealt with the oanon of the synthesis conditions of

the nHAST composite.
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Chapter Four

4. Results and Discussion on nHAST composite

Initially, nHAST composite was synthesized accogdia procedure described in the
Section 3.1.2 [98]. The nHAST composite then charaed thoroughly in order to
understand material properties: chemical compasitimorphology and structure.

Afterwards, the performance in fluoride removal baen tested in batch mode.

4.1. X-ray diffraction analysis results

Qualitative X-ray diffraction analysis was used determine whether the support
precursor STI framework went through any transfaromaduring the preparation
process. The XRD pattern (Figure 14) of the ash®gized nHAST composite sample

and the parent STI zeolite are very similar.
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Figure 14: XRD profiles of the support STI and nHA&mMposite samples
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The peaks at@angles of 9.70, 19, 22, 26, 28, 29.5, 32 and Sfrads displayed
characteristic peaks identical to those of stilf#@], evidencing the resistance of the
STI framework. The identification of the bands wag$icult in the case of the nHAST
composite, possibly because of the low concentraifoHAp in the composite, or its
smaller crystal size as well as the possibility aferlapping with the zeolite
diffractions. However, after the growth of HAp o ISsurface these peaks slightly

decrease in intensity.

4.2. IR-ATR analysis result

Further structural studies on nHAST composite sanyyl IR-ATR also provided an
important clue in the formation of HAp structure 8l surface. Figure 15 shows IR-
ATR spectra of (a) as synthesized nHAST compogii@d @) the original support
precursor STI zeolite. In the original STI zeol{fégure 15b), the absorption bands
appear at 1145 and 994 ¢nare due to the external and internal T-O asymmetri
stretching vibrations, while bands at 790 and 7®1 are attributed to the symmetric
stretching vibrations The band at 560 tarises from double ring vibrations, and that
at 430 crit comes from T-O bending [144]. Finally, a broad lémiense band
observed at about 1650 ¢nindicates adsorbed water molecules within the STI

framework.

After the chemical treatment of STI to produce th#AST composite (Figure 15a),

the main bands due to the STI framework remainexlvd¥er a new band arose at
about 1430 cm due to the presence of NHions after the ion-exchange process
during the HAp crystallization. This indicates thiaé chemical treatment caused the

cation exchange of Gaby NH,*, agreed well with the ICP result, refer to Tahle 5
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Figure 15: IR-ATR spectra of a) nHAST composite ah& Tl zeolite

After the chemical treatment, only few characterisbsorption bands of very weak
intensities that confirm the growth of HAp on th&l Surface was identified with a
careful observation due to vibration of Ogtoup (602 cri) [143]. At around 1125
cm® (indicated in black arrow) the new feature seehmsukler start originating in
NHAST composite sample, probably due to the gravfitHAp film on the surface of

STI zeolite.

4.3. ICP elemental analysis results

Quantitatively the formation of HAp on the STI sagé can be easily assured by the
presence of P in the final n(HAST composite, by E#mental analysis (Table 5). The
content of HAp (CgPOy)30H) in the composite in weight % (% HAp) is caldeld
from the content in P obtained from the weight %Pafby ICP), according to eq. 11

in section 2.3.
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Table 5: ICP elemental analysis of STI and nHASmposite samples

Al Si Ca K Na P HAp

Samples| %wt | %wt | %wt | %wt | %owt | %wt | %

STI 8.0 | 204 49| 0.3 0.5 0.0 ---

nHAST | 7.8 | 20.3] 4.8 0.3 0.1 0.3 4.3

As shown in Table 5, the natural STI zeolite usedaasupport material has a
remarkably high content of €awhich supplies for the HAp formation in its react
with (NH4),HPQO,. As determined by ICP elemental analysis the mesef 0.8 % of
P is confirmed, suggesting the growth of the amoemal to 4.3 % HAp, as
calculated using eq. 11stated in section 2.3, enShl surface, which is in the final

NHAST composite material.

4.4, Defluoridation test results

Adsorption experiments were initially performed fefAST composite as well as the
support STI zeolite at different doses, 10 and Q0 respectively using a constant
initial fluoride concentration of 5 and 10 mg/L aadcontact time of 20 hours with
continuous agitation at room temperature. The miakry defluoridation test result
shows higher performance of nHAST composite, ad@&u® % fluoride removal as

compared with the original STI zeolite with veryd@emoval efficiency of 24.7 % at

100 g/L high dose (Table 6). Interestingly, if ihdial fluoride concentration lowers

to 5 mg/L while keeping other conditions constaime, removal efficiency reach about
63.6 % and 29.6 %, for nHAST and STI adsorbentpeetively. Thus, the chemical

treatment process brings about a significant imgmoent in fluoride removal
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conditions [28, 98]. The observed increase in filmmremoval efficiency at lower
initial concentration, 5 mg/L is due to the availép of new adsorption sites of HAp

on the STI surface, possibly more active smallgstat of HAp was formed

Table 6: Fluoride removal efficiency of the supg®itl and nHAST composite

Fluoride removal efficiency, %
[F]o, mg/L at 100 g/L dose at 10 g/L dose
STI NHAST
5 29.6 63.6
10 24.7 46.9

Because the WHO maximum permissible limit was net,raven from such a lower
fluoride concentration of 5 mg/L, further enhancemen fluoride removal
performane of NHAST adsorbent has been carefubgss®d. This is done through

optimization of synthesis procedural parametemdegsribed in the following section.

4.5. Optimization of synthesis procedure for nHASTcomposite

4.5.1. Synthesis time optimization

Optimization of synthesis time was started with thnthesis of two nHAST

composite samples per each synthesis time of Q, 2, 4, 24, and 48 hours. All the
synthesized composite samples were fully charae@riusing the available
characterization means such as X-ray diffractiGhAlTR, and ICP-OES elemental
analyses techniques. Finally, their fluoride removapacity was tested in batch
adsorption experiments on a demanding situatiangusitial fluoride concentrations

of 5 and 10 mg/L.
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4.5.1.1. Xray diffraction analysis results

As shown in Figurel6, the XRD profiles of the composite samples prepaat
different synthesis time are very similar with one heots well as witithe support
STI zeolite. There im0 new crystalline peaks that confirm the formatdrHAp on
the surface of STlprobably due to the lower concentration of Hin the nHAST
composite oints small crystal siz, and the overlapping with the zeoldiffractions.
However, with careful observation in nHAST compesgample, it was clearly
identified from the figure th the intensity of the XRD peaks was slovdecreasing
with time. Thisis more noticeable in nHAS composite sampl at the longer
synthesis timenHAST at 24 and 48 hours) probably due to tbemation ofhigher

amount ofhydroxyapatiteas a function of time on zeolite surface.

Intensity (a.u)
Synthesis time, h

20(%)

Figure 16: XRD profiles of the support STI zeolite and the nHAST cosiies

synthesizeds a function of synthesis til
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4.5.1.2. IR-ATR analysis results

Figure 17 shows IR-ATR spectra of the STI and nHAS®Mposite samples prepared
at different synthesis time. The two strong bantisateout 1040 and 565 ¢m
attributed to stilbite structure as described abddewever, closer to these, the
expected bands due to hydroxyapatite are unalbe ween, probably overlapped by
the stronger and more abundant zeolite band. ilttegesting to note that the band
intensity decreased with time, as clearly identifad the longer synthesis time of 24
and 48hours, possibly due to the particle sizeceffBecause the hydroxyapatite
particles crystallized on stilbite surface mosehkgrowing larger in size with time in

the expense of the zeolite band, with which inkdéginning posses similar intensities.

The new band at about 1430 tiis due to the presence of ammonium ion NMhe
other new band at about 1650 tis attributed to the attached water moleculesiwith
the framework of stilbite. As the latter band doewater is a structural sensitive,
adsorption and desorption of water may be easilyitoged based on the change
occurred at it. In our case, as depicted from Fdli, it is clearly decreasing with
time, showing the release of more and more water fasiction of time. This in turn
might indicate the release of more extra fame wi@e ions that initially surrounded
by the water molecules. More release of"‘Cans means that more and more
hydroxyapatite particles are formed on the surfafceeolite. This complements well

with the XRD investigation described earlier.
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Figure 17: IR-ATR spectrum of the support STI zieolknd NnHAST composites at

various synthesis times

In general, although a slight change was identifrediffraction intensities in XRD
pattern and in IR-ATR absorption bands, after astbte modification there is no
clear presence of the characteristic crystallirekpeor bands that clearly confirm the

formation of hydroxylapatite on stilbite surface.

4.5.1.3. ICP elemental analysis result

As shown in Table 7 ICP elemental analysis reshiét,formation of hydroxylapatite
on stilbite surface can easily be assured by thegnce of P in the final synthesized

NHAST composite materials.
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Table 7: ICP elemental analysis results on STliteahd NnHAST composites

Al Si Ca K Na P HAp

Samples | (% wt) | (% wt) | (% wt) | (% wt) | (%wt) | (owt)| %
STI 80 | 204 4.9 03| 050 0.0
nHAsTO | 78 20.4 4.8 0.3 0.1 0.8 4.3
nHAST1/2 | 8 20.7 4.8 0.3 0.1 0.8 4.3
HAST1 | 79 | 206 48 0.3 0.1 0.8 43
HAST2 | 78 | 202 49 0.3 0.2 0.8 43
HAST4 | 80 | 202 49 0.3 0.2 0.9 2.9
CHAST 24| 77 | 202 B1[ 03| 02 10[ 54
CHAST 48| 78 | 198 56 0.3 0.2 1.3 7.0

The study result of ICP elemental analysis indisdte release of more €aons as
function of synthesis time. This is clearly maniéekin the longer time of 24 and 48
hours, suggesting the crystallization of more hysglapatite crystals with time.
Similarly, the amount of P in the final synthesizeHAST materials increasing
slowly with time, probably due to the presence méwgh contact among the reacting
species at a longer synthesis time; therefore thentifty of HAp crystallized as
calculated from eq. 11 stated in section 3.3 bagethe P content produced in the
final nHAST composite materials by ICP also incneggroportionately as clearly

identified at nHAST composites with longer syntlsdésne, Table7.

4.5.1.4. Defluoridation test results
Batch adsorption mode was used to test the fluomheoval capacity of nHAST

samples synthesized at different synthesis time.fiftadings of the study as presented
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in Figure 18 clearly show the relationship that nba@yfound between the amount of
HAp crystallized (in nHAST composite samples) dsiraction of synthesis time and
the associated defluoridation capacity. Interegtingh nHAST samples with the
shorter synthesis time the defluoridation capasibrts increasing, and reached at
maxima just at nHAST sample synthesized at 2 heymghesis time. Soon after this
the capacity declining sharply, refer to the nHA&Imple synthesized at 4 hours
synthesis time. Then slowly until it attained tloevést minimum point in nHAST
sample synthesized at 48 hours synthesis timerdiega of the fact that more amount

of HAp was crystallized as a function of synthdsise (see Table 7).
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Figure 18: Fremoval capacity (dashed lines) and removal efficy (solid lines) of

NHAST composite samples as a function of synthesais

Such unexpected behaviour may be due to the foomafilarger crystal size of HAp

on the stilbite surface at a longer synthesis tirAe.the same initial fluoride
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concentration of 10 mg/L, the corresponding fluerr@moval efficiency at maxima
(nHAST at 2 hours synthesis time) was significarttigher, about 60.9 %, than
NHAST at 0 hour (un-optimized composite samplehvitioride removal efficiency
of only about 46.9 %. Interestingly, from a lowaitial fluoride concentration, 5
mg/L the efficiency increases noticeably, and reachbout 79.2 % in NnHAST at 2
hours synthesis time. Therefore, 2 hours time msictered as the optimum synthesis

time for further preparation of nHAST composite.

4.5.2. Crystallization pH optimization

Under this section, the effect of crystallizatiod pn morphology or crystal size of
HAp crystals in nHAST composite was investigateghtof 7, 7.5, 8, 8.5, 9, 9.5 and
10. The pH was adjusted at a given value usingONADH/HCI solutions. Two
composite samples were synthesized per each disati@n pH at the optimized
synthesis time of 2 hours, while keeping other expental conditions constant. The
resulting nHAST composite samples were characrammilarlyby XRD, IR-ATR,
and ICP-OES techniques. Finally, their performandiuoride removal was analyzed

in batch adsorption experiments in order to diffiisee the best performing one.

4.5.2.1. X-ray diffraction analysis results

Figure 19 demonstrates the X-ray diffraction pesfilof the support STI zeolite and
NHAST composite samples synthesized as a funcfiamystallization pH as shown
below. As clearly observed from the figure, all thdAST composites synthesized
from different crystallization pH media as well the parent support STl have very
similar XRD patterns. All the samples: nHAST pH .B/freated with 0.1M HCI acidic

solution and those nHAST pH 8.5-10 treated withM).NaOH basic solution
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including the untrated NHAST pH resisted the chemicéleatment. Interestingly,
the diffraction intensities as a function of thestallization pH remain unchange
unlike in the synthesis time optimizat case. However, Xay diffractior analysis
provides very littleor noinformation concerninghie effect of crystallization g on

the formationor naturcof HAp crystals on STI surface.
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Figure 19:XRD profiles of the support STI zeolite and nHASInposite samples

a function of crystallizion pH

4.5.2.2. IRATR analysis results

Figure 20describes the FATR spectra of the support STI zeolite and nH/
composite sample$n the originalsupport STl he absorption bands 1145 and 994
cm* was attributedo T-O asymmetric stretching vibrationwhereas those bands
about 790 and’01 cn! were assigned tsymmetric stretchir vibrations of the

framework aluminosilicate in th STI structure.The band at 560 ¢! arise from
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double ring vibrations, and very weak band at abt8® cm' comes from T-O

bending in the STI structure [144, 145].
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Figure 20: IR-ATR spectra of a support raw precyr&¥| and nHAST composite

samples as a function of crystallization pH

The new originating broad band at around 1430 evas due to the presence of
ammonium ion, Niand the last band at about 1650 tmas attributed to the
structural water molecules within the STI framewokk identified in the figure with
closer look, both of these bands remain almosttaah&respective of crystallization
pHs, indicating the independence of cation exchamgeess (C& by NH,") on
crystallization pH. This perhaps suggests the pddgiof equilibrium establishment

without the addition of NgINaOH, or HCI solutions for pH adjustment.

Interestingly, with a closer observation at the danound 1100 cth the growth of

shoulder that seems increasing with crystallizagibnwas identified. As shown in the
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figure, this is clearly visible at higher pH valugfispH 9.5 and 10, probably indicating
the growth of more and more HAp particles on STifate as a function of

crystallization pH.

4.5.2.3. Thermogravimetric analysis results

Thermogravimetric analysis was carried out on #lecded nHAST samples: nHAST
pH 7 and nHAST pH 7.5 (treated with 0.1 M HCI acidiolution), nHAST pH 8
(without chemical treatment), and nHAST pH 9 andASH pH10 (treated with 0.1
M NaOH basic solution). The TGA analysis resultesgnted in Figure 21 show
TGA-DTG curves of the nHAST composite samples amppsrt STI zeolite. It is
clearly seen from the figure that in low temperatuggion alone, two differentiated
weight losses can be observed in both the supp®ttaBd nHAST composite
samples. In both STI and nHAST composite samplesfitst weak desorption peak
at temperature below 130 °C, corresponding to lgds@und water molecules. In STI
zeolite, the second strong weight loss with maxind@sorption rate at around 175 °C
and other of a lower desorption rate at about Z5@re corresponding to strongly
adsorbed water molecules within the STI structyredordination with exchangeable

extra framework cations such as’Cand Nd ions.
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Figure 21: TGA (solid lines) and DTG (dotted linesf) the nHAST composites

synthesized at various crystallization pH, andsiygport STI zeolite

However, in nHAST composite samples there is ahslghift of weight loss for
dehydration at lower temperatures. In this casee@nd weight loss of strongly
adsorbed water molecules inside the zeolite strediakes place at around 240 °C.
Desorption of poorly-retained water at temperatuselow 130 °C is much more
intense for the STI and nHAST composite sampleteréstingly, desorption of
strongly-retained coordinated water molecules ghdr temperatures is much smaller
in the case of NHAST due to the exchange of divalzh’ by monovalent Nkl ions,
which weakly coordinate water molecules, and hethee major water desorption
occurs at low temperature. Interestingly, in nHA®Mmposite samples, an additional
new broad desorption band showed up at around @5fue to deammoniation, the
release of NBlas NH-STI transforms into H-STI [82, 144, 146, 147]. Tétmnstant

nature of this band indicates the existence ofruald exchange between?Cand
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NH," ions. This in turn suggests the release of cohstaount of C& ions and thus

the independence of ion-exchange process on diyatain pH.

4.5.2.4. ICP elemental analysis results

Finally, the chemical compositions of the nHAST géas were determined by ICP as
presented in Table 8. The ICP analysis result etsdirmed the constant release of
Ca*ions, regardless of the crystallization pH. As difiu by the content of P by
ICP, the % HAp in the final nHAST composites sysiked from different
crystallization pH was look alike. This finding ags well with both the IR-ATR and
TGA analyses results. Thus, the growth of the steruin IR-ATR spectrum result is

not due to the amount of HAp produced, possiblyrdsailt of the particle size effect.

Table 8: ICP elemental analysis result of the supfdl and nHAST composites

synthesized as a function of crystallization pH

Al Si Ca Na P HAp

Samples | (% wt) | (% wt) | (% wt) | (% wt) | (% wt) %

STI 8.0 20.4 4.9 0.50 0.0

NHAST 7.0 7.7 22.2 4.7 0.3 0.9 4.9

NHAST 7.5 7.7 22.6 4.8 0.3 0.8 4.3

nHAST 8.0 7.3 20.9 4.7 0.2 0.9 4.9

NHAST 8.5 7.5 204 4.7 0.2 0.8 4.3

NHAST 9.0 7.5 20.2 4.7 0.2 0.9 4.9

NHAST 9.5 7.7 20.5 4.7 0.3 0.9 4.9

nHAST 10.0 7.7 20.2 4.8 0.3 0.9 4.9
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4.5.2.5. Scanning electron microscopy

The SEM micrographs in Figure 22 show crystals ifeent sizes and shapes for
NHAST composite and STI. With careful observatiorthee micrographs, the small
particles of HAp grown on support large STI crystédt micron size) with smooth
surface can be seen in irregular manner. The SEMjénof nHAST pH 8 sample in
Figure 22, composite sample synthesized at critibn pH 8 without the addition
of chemical for pH adjustment, shows an aggregateare amount of smaller HAp
particles grown on STI large smooth crystals, wnlik NHAST composites treated

either with acidic (nHAST pH 7) or basic (nHAST [®#H.0) chemicals.
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Figure 22: SEM micrographs of nHAST composite s@®glynthesized at various pH

of crystallization
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Still, based on SEM images, it was difficult to geadize the clear relationship that
may exist between the HAp crystal size in differeRIAST composite samples and
the corresponding crystallization pH. However,ahde clearly seen from the SEM
micrographs that the surface morphology of STI dnctv the nHAST composites
have been synthesized was stable under synthexigioas, in which both acidic and
basic chemical treatments have involved during dhystallization processes while
synthesizing nHAST samples at crystallization pH.5/ and at crystallization pH

9/10, respectively.

4.5.2.6. Dfluoridation test results

Batch mode fluoride removal adsorption experimentye used to analyze the
efficiency of various nHAST composite samples sgsthed at different

crystallization pH values of 7, 7.5, 8, 8.5, 9, @bd 10. The experiments were
conducted from initial fluoride concentrations 9f @and b) 10 mg/L, using 10 g/L
adsorbent dosage for a contact time of 20 hourtatagy continuously at room

temperature. The study finding results were presemt Figure 23 as shown bellow.

As clearly observed in Figure 23, the defluoridaticapacity of nHAST pH 7.5,
NHAST sample synthesized at crystallization pH gatd 7.5 is low. However, the
scenario was different in another acid treated nHAS 7 sample. This shows better
fluoride removal performance, possibly acid treattmaay generates more adsorption
defect sites or brings about smaller size HAp algstWorth nothing to mention that
NHAST pH 7 (adjusting of crystallization pH at valof 7) consumes more acid than
NHAST with crystallization pH value of 7.5. Intetegly, nHAST pH 8 composite

synthesized at crystallization pH of 8, which ist neeated at all shows higher
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performance in fluoride removal, about 67 and 89 féém initial fluoride
concentrations of 10 and 5 mg/L, respectively. Tikisignificant as compared with
the removal efficiency due to nHAST pH 9 (nHAST qmmite synthesized according
to the patented recipe) with about 61 and 76 % ftbe same initial fluoride

concentrations, respectively.
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Figure 23: Fremoval performance of the nHAST composites s\sitieel at different
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In the case of nHAST composite samples treated batsic solution, (nHAST pH
8.5/9/9.5/10) the defluoridation capacity startsliéng, immediately after nHAST
pH 8.5. The lowest minimum fluoride removal capgaevias recorded for nHAST pH
10 composite sample (Figure 23a, and b), althobghquantity of HAp crystallized
remain almost the same as quantified by ICP, T&bl@he variation in fluoride
removal capacity among the samples may be expldiased on the particle size
effect, probably indicating the smallest HAp pdescin nHAST pH 8 composite
sample. However, the lower defluoridation capadiye to nHAST composite
samples synthesized at basic crystallization pkhages indicate the favourability of
larger HAp crystals formation in basic media. Aentfied from Figure 23, this is
significant at higher crystallization pH values @l 9.5 and 10 (nHAST samples
treating with more basic solution) as evidenced thgir corresponding lower

performance in fluoride removal.

In general, the respective order in fluoride rem@eaformance of these samples is as
follow: NnHAST pH 8 (untreated sample) > nHAST pH & nHAST pH 9 > nHAST
pH 9.5 > nHAST pH 10. Therefore, the best perfognfaptimized) crystallization
pH for further synthesis of nHAST composite is ddased as an autogenous pH
value of 8 (without chemical treatment). This isgoat importance in contributing to
the greener synthesis of nHAST composite preparatiesides to the minimal
production cost, both of which are attributed te gimination of ammonia, the most
environmentally hostile among the reagent chemiceled in NHAST composite

synthesis.
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4.5.3. Crystallisation time optimization

Crystallization time is known to have an importaitect on the nature of HAp

crystals. In order to investigate the effect ofstajlization time in defluoridation

performance by nHAST composite, a series of nHA8MEes were synthesized at
different crystallization time, ranging from 2 ta@l4l hours while keeping synthesis
time and crystallization pH constant at optimumuealof 2 hours and pH 8,

respectively. The as synthesized nHAST samples Westecharacterized and then

tested in fluoride removal in batch mode as desdritelow.

4.5.3.1. X-ray diffraction analysis result

The X-ray diffraction profiles of the nHAST comptesisamples as a function of
crystallization time are presented in Figure 24. disserved, all the composite
samples including the support STI shows very sindiffraction pattern, evidencing

the resistance of the STI framework under the sgithconditions [99]. Moreover,

after the growth of HAp on STI surface most of ffeaks did not change, but slightly
decrease in intensity with respect to the zeokgakpwith crystallization time. In this

case the scenario was similar to the one in théhegis time optimization.

However, a closer look at the diffraction pattenisthe nHAST composites with
respect to STI reveals slight variations in theioedetween 23 and 259 2angles

(Figure 24 sect). In this angle range the initidll $nineral showed three clearly
distinguishable peaks characteristic of a monacli8iTl space group, while the
NHAST composite samples showed a single diffractssnmarked by downward

arrow, evidencing a change of the space groupttmdrombic [82, 136]. This can be
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caused by the almost-complete exchange 6f @ad Ndions in the original STI by

NH," ions during the preparation of the composites.
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Figure 24: XRD profiles of the support STI zeoklted NnHAST composite samples as

a function of crystallization time

However, the identification of the characteristiystalline peaks that confirm the
formation of HAp on STI surface by XRD was not pbks due to the low
concentration of HAp in the composite, its smallr{ometric) crystal size or

possibility of overlapping with the more abundand antense STI zeolite diffractions.

4.5.3.2. IR-ATR analysis result

Figure 25 shows the IR-ATR spectra of the nHAST posite samples synthesized at
different crystallization time and the support SEblite. As shown in the figure, all
the spectra look alike. In the support STI zeolttee band at 1630 chcan be
assigned to the deformation band of adsorbed wdtee. STI framework (T-O)

asymmetric stretching vibrations appear at 114599dcni’, while bands at 790 and
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701 cm® are assigned to the symmetric stretching vibratidihe band at 560 ¢
arises from double ring vibrations, and that at 480" comes from T-O bending
[144, 145]. After the chemical treatment of STlaaiinction of crystallization time to
produce the nHAST composites, the main bands dtieet&TI framework remained,
and a new band arose at about 1430 cue to the presence of NHons after the
ion-exchange process during the HAp crystallizatiims indicates that the chemical
treatment caused the cation exchange df ®g NH,", and agrees with the XRD
analysis result. Additionally, new features in tlmble ring vibration band of the STI
framework at around 560 ¢mshowed up at about 565 and 606 'tmwhich are
consistent with the presence of £Qroups [143] and increases with time. As a
result, it is clearly manifested in nHAST samplésoager crystallization time of 144

hours, possibly indicating the crystallization obma HAp as a function of time.
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Figure 25: IR-ATR spectra of a support STI zedditel nHAST composite samples as

a function of crystallization time
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4.5.3.3. Thermogravimetric analysis

Thermogravimetric analysis, TGA was carried out sehected nHAST composite
samples synthesized as a function of crystallimatime. The thermogravimetric
analysis result presented in Figure 26 shows TGAsRTrves of the support STI and
NHAST composite samples. It is clearly seen fromfthure that in low temperature
region alone, two differentiated weight losses lbarobserved in both the STI sample
and the nHAST composite samples. In STI, a firggiMeloss at temperatures below
130 °C is assigned to loosely attached water, wahdecond strong weight loss with
maximum desorption rate at around 170 °C and ather lower desorption rate at
about 260 °C are due to desorption of stronglyimetawater molecules within the

STI framework by coordination with exchangeablé'Gans.

The slight shift of weight loss for dehydrationttee lower temperatures was clearly
observed in the case of nHAST samples, possiblsiisscof the weaker interaction of
water molecules with monovalent WHons exchanged for aions in NHAST case

as compared to stronger interaction with divalesft @ns in original STI sample.

Furthermore, maximum weight loss in nHAST 2h samplnthesized at shorter
crystallization time of 2 hours, was observed atlightly higher temperature of
around 160 °C as compared to other nHAST sampleshesized at longer
crystallization time, due to structural absorbedtewamolecules with stronger
interactions. The maximum water desorption shifaliiy showed up at about 150 °C
in NHAST 144h sample, synthesized at crystallizatimme of 144 hours. The slow
water desorption shift of nHAST samples toward ltheer temperature region with

crystallization time is due to the exchange of marel more divalent Gaby
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monovalent NH" ions, Figure 26. This one indicates a slow shdhf strong water-
Cd* ion (divalent) interaction toward the lesser inttien of water-NH" ion

(monovalent) with crystallization time.
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Figure 26: TGA (doted lines) and DTG (solid lined)STI and nHAST composite

samples

Similar scenario was also observed in another wdgsorption band of lower weight
loss, again due to structurally absorbed water cubds. In this case, the maximum
weight loss in nHAST 2h sample was observed at @al2®@0 °C whereas the
maximum water desorption shift expected in nHASHAHL4ample with the longest
crystallization time showed up at about 250 °C,ufég26. Interestingly, in both
situations the water desorption intensity decreasgsificantly with time until the
equilibrium was fully established at nHAST 144h qusite sample, suggesting
minimal or no more exchange of €&y NH," ions. Furthermore, desorption of water
at temperatures below 160 °C is much more intensetife nHAST composite
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samples, while desorption of strongly-bonded cowathd water molecules at higher
temperatures is much smaller as a consequencee axithange of more amount of
Cc&* by NH," ions, which weakly or do not coordinate water males, and hence the

major water desorption occurs at low temperature.

Besides, in nHAST composite samples additional beyvad peak was arose at around
450 °C due to deammmoniation, indicating the releddNH; as NH-STI transforms
into H-STI [82, 144]. The deammmoniation band shoars increasing trend,
indicating the release of more and moresikh time and thus, shows increasing ion
exchange of Ca by NH," ions. Therefore, an indirect conclusion would bat tthe
amount of C& ions released to the solution has increased asinatién of
crystallization time, leading to the crystallizatiof proportionate increasing amount
of HAp on STI surface. However, the deammmoniapeak of nHAST 144h sample
showed up at slightly higher temperature of abdf 4C possibly attributed to the
phase transition of the support STI zeolite frormowinic to orthorrombic due to the

total exchange of Gain STI by NH;"ions in nHAST 144h sample.

4.5.3.4. ICP elemental analysis result

As shown in Table 9, the ICP analysis detecteddlease of significant, but constant
quantity of C&" ions in the final nHAST composite samples, irresipec of
crystallization time. No P was detected at allhia original STI, while small amount
of P was detected in nHAST composite samples. Asmied in the figure, the % of P
content in the composite samples is slowly increasis a function of crystallization

time.
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Table 9: ICP elemental analysis result of the supfdl and nHAST composites

synthesized at different crystallization time

Al Si Na Fe Ca P | HAp

Samples | (% wt) | (% wt) | (% wt) [(% wb)|(%6 wi)|(%6 wt)| %

STI 8.0 20.4 0.5 16| 4.9 0.4

NHAST, 2h 8.2 19.4 0.4 2.0 5.4 0.B 1l6

NHAST, 6h 8.5 20.6 0.4 2.0 5.9 0.

(92}
w
N

NHAST, 19h 8.2 19.3 0.4 2.( 5.6 0.p 419

NHAST, 72h 8.2 20.4 0.2 2.( 5.6 14 716

NHAST, 96h 8.4 20.1 0.2 2.1 5.6 1p 8|6

NHAST, 144h| 8.5 20.9 0.2 2.1 5.p 1)/ 9|2

The amount of HAgrystallizedon the STI surface watetermined as usual from the
P wt % content measured by IC&cording toeq. 11 As shown in the table, a
notable increase of the HAp crystallization is alsed when increasing the time,
possibly due to the reagent materials may haveebetintact with time. This is
significant in nHAST 144h sample synthesized atgncrystallization time, 144
hours, where possibly most of all the exchangedr@a the zeolite is reacted and
crystallizes as HAp as compared with othdisis finding fits very well with both IR-

ATR and TGA investigation results.

4.5.3.5. Defluoridation test results
Batch adsorption experiments were carried out $b tiee fluoride performance of
NHAST composite samples synthesized at differeystallization time using initial

fluoride concentrations of 5 and 10 mg/L at 10 gfsorbent dose for a contact time

85



of 20 hours with continuous agitation at room terapge. Figure 27 describes the
fluoride removal efficiency as well as the corrasgiog final equilibrium fluoride

concentrations as a function of crystallizationgim
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F equilibrium concentration, mg/L
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0 16 32 48 64 80 96 112 128 144

Crystallization Time, h

Figure 27: F equilibrium concentration (solid lines) and remlog#iciency (dotted

lines) as a function of crystallization time of nBA composite samples

As clearly observed from the figure, nHAST 2h swsilied at shortest crystallization
time (2 hours) shows low fluoride removal perform@nonly 39.6 and 32 % from 5
and 10 mg/L initial fluoride concentrations. Howegvthe trend in fluoride removal
has improved significantly with time, and rapidigcreasing up to nHAST 24h,
sample at 24 hours crystallization time, where eljailibrium was nearly achieved
with high fluoride removal efficiency of 88.4 and.6 % from initial fluoride

concentrations of 5mg/L (blue line) and 10 mg/Le@r line), respectively. The
corresponding final equilibrium fluoride concenioats were found to be 0.58 and

3.35 mg/L, from 5 and 10 mg/L initial concentrasonBecause the final equilibrium
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fluoride concentration with respect to 10 mg/L,3318g/L, was significantly exceeded
the WHO maximum permissible level of 1.5 mg/L, hat optimization of nHAST at
higher crystallization time, up to 144 hours wegdged. As shown in Figure 27, the
fluoride removal study results of these samples mdicated the increasing trend, but
slowly until at nHAST 144h sample at crystallizatitime of 144 hours. At this
sample the measured final equilibrium fluoride @mtcation was found to be 1.60
mg/L, very close to the WHO maximum permissibleiliat 10 mg/L initial fluoride
concentration with fluoride removal efficiency diaut 84 %. At the same adsorbent
dose if the initial fluoride concentration lowers 5 mg/L, the fluoride removal
efficiency increases significantly, 95 %. This el lower equilibrium fluoride
concentration of about 0.25 mg/L, significantly Emthan the WHO stetted safe
range. Thereforerystallization time of 144 hours onsidered as an optimum time

for further preparation of nHAST composite.

Following, the associated fluoride removal capasif the composites as a function
of crystallization time were investigated using rh@/L fluoride initial concentration
at a dose of 10 g/L. Figure 28 shows the cleatiogiship between the amounts of
HAp (in wt %) crystallized in nHAST composites atte associated fluoride removal
capacity as a function of crystallization time. Whe crystallization time increases,
both the amount of HAp crystallized and the coroesiing defluoridation capacity
notably increased, even if the presence of largeuanof low performing STI zeolite
in NHAST composite materials. This possibly indésathe growth of smaller HAp
crystals in the longer crystallization time. Theref, the fluoride removal capacity as
a consequence of the amount and crystal size of ¢iygiallized can be controlled by

adjusting the crystallization time.
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Figure 28: Percent HAp crystallized in nHAST comifess and the corresponding

defluoridation capacity as a function of crystaltion time at 10 g/L dose

In order to fully understand the nature of the nH&pstals and how it affects the
high fluoride removal performance, further struatustudies were conducted using
3 MAS-NMR and advanced Electron  Microscopy  Techegu
(STEM/HAADF/EELS). Selected samples were furtherdstd: nHAST 144h and
NHAST 19h in order to evaluate the growth of theApktrystals with crystallization

time.

4.5.3.63'P MAS-NMR analysis result

The *P MAS-NMR analysis carried out on the selected amsitp samples nHAST
19h (solid line) and nHAST 144h (solid line) syrdlzed at crystallization pH 8. Two
other NMR spectra, nHAST 19h at crystallization BH(dashed line), from the

previously patented research work and atypical HéAptted line) samples were
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included for comparison purpose. As shown in Figg@e in all composite samples
the same signal as typical HAp (dotted line) isesbbed at around 2.85 ppm,
characteristic of P in HAp, confirming the formatiof HAp in the composites [125,
148]. However, in NHAST 19h (solid line) and nHA%%4h (solid line) composites
synthesized at crystallization pH 8 of this stuthe band is broader as compared to
the typical HAp materials (dotted line). Furthermoit developed a shoulder at
around 0 ppm, both being features related to tlmatric nature of HAp crystals

[98, 149].

Interestingly, the NMR spectra of our compositddAS8T 19h and nHAST 144h at
crystallization pH 8 were even broader than nHASh tomposite synthesized at
crystallization pH 9 (dashed line), suggesting pnesence of even the smaller HAp
particles in nHAST 19h and nHAST 144h compositepkt8, Figure 29. If nHAST

19h and nHAST 144h composites from this study coegpavith one another, the
band due to nHAST 144h (solid line) is still slighbroader, again suggesting the
crystallization of even smaller size HAp at londd#d hours crystallization time and
room temperature conditions. Therefore, wWith NMR technique we can confirm the
notably reduced HAp particle to nanometric sizenkWAST 144h composite under

investigation.
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Figure 29:3'P MAS-NMR spectra of nHAST 144h at pH 8 and nHASh &t pH 8

(solid lines), and nHAST 19h at pH 9 (dashed lia@g HAp (dotted line)

4.5.3.7. Advanced electron microscopy results

Scanning transmission electron microscopy (STEMypted with High Angular

Annular Dark Field (HAADF) detector was chosen tiody NnHAST 19h and nHAST
144h composite samples in order to fully comprehdra evolution of the HAp

crystallized on STI surface as a function of crijigt@tion time. Cs-corrected

STEM/HAAD F mode was selected given the beam seitgitof both materials

under the electron beam. These high-resolutionrgagens may allow investigating
the growth of the hydroxyapatite crystals over theface of stilbite. Figure 30
demonstrates the crystallization of HAp on the ek surface of STI zeolite. In
Figure 30a HAp nanocrystals are clearly shown ia ithages as very thin hairy
crystals protruding from the STI homogeneous serfatsing this mode, we managed

to obtain high-resolution images of the HAp layesédicture with a d spacing ofe
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(in the inset of Figure 30b) which highest resalntever reported for HAp structure.
Furthermore, chemical composition could be idesdifusing Electron Energy Loss
Spectroscopy (EELS). STEM/HAADF/EELS mapping (FguiB0c) analyses
performed over the area marked in green clearlyvsthe crystallisation of HAp on
the external surface of the STI zeolite, distingalde by its main constituent element
P, blue colour (not present in the STI zeolite) &ad green colour (present in both, as
originating from STI itself), attached to the swudaof the zeolite crystals, whose
identifying element is Si (red colour). As it cae bbserved in nHAST composite
samples, red color follows a sharp surface cormedipg to the STI crystal, whereas
green color, Ca and blue color, P of the HAp dréws irregular forms on the surface

of STI zeolite.

As crystallization time increases to 144 hours, gnewth of HAp will cover the

surface of the stilbite crystals in a heterogenenaaner but yet, linked to the zeolite
crystals, i.e. no separate HAp crystals are obsemvich means that the surface of
the stilbite acts as source of nucleation points] kter on, the crystals grow to

connect these nuclei leading to a full coveredasigf as shown in Figure 30a.

91



C 144h | |

Figure 30: STEM/HAADF/EELS results on nHAST 19h aitdiAST 144h
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STEM/HAADF/EELS mapping observations clearly showatable increase of HAp
crystallization on the external surface of the #echt longer time, suggesting that
most of the C& from the zeolite is exchanged and crystallizedHa® at higher
crystallization time. Figure 30c includes an EELlfalgsis of the area marked with the
green box, confirming that P and Ca are the mampmments of the thin hairy
crystals, while Si is the main component of thefamm larger crystals underneath. In
this case, the STI crystals are rather well covdygdHAp thin-layered crystals.
Indeed, significantly higher amount of HAp crystal® clearly observed in nHAST
144h sample abairy needlesas shown in Figure 31. This is in good agreemettt wi
the ICP analysis result in Table 9. Thus, adjustirgcrystallization time can control

the amount of HAp crystallized.

i ! * 19 hours
- :___.-'. . . 'I‘ y

¢

144 hours

Figure 31: Comparison of STEM images at differeagmification for HAp grown on

stilbite surface for nHAST 19h and nHAST 144h sasspl
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4.5.3.8.Point of zero chargedetermination

Potentiometric mass titrati technique was used for the detération of thePZC of
the supporBTI zeolite and nHAST 144h composite samplegjure32 and 33 clearly
show the pH of point of zero cha, as identified byhe common intersection point
the potentiometric curve of the blank solution wikie corresonding curves of th
support STI zeolite and nHAST 14 adsorbent materiglsespectively,containing
0.5, 1.0, and 1.5 g in 0.02 N Nals electrolytic solutions. Th&ZC value of natural
STl was confirmed to be ve low, about 2.1lindicating that only snll portion of the
surface that is below pH .1 was positively chargedhis in turn shows theluoride

adsorption through electrostatic attrac is not favorable.

12
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Figure 32:Experimental curves corresponding tee potentionetric mass titratic

technique for the determination of the PZC of rat&TI zeolit
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However, the PZC of nHAST 144h was confirmed tovery high, about 10as
compared tdhe parent suppoSTI zeolite, asdentified from Figure33. This shows
significantly large portion of nHAST 144h surface, belPZC10, positively chargec
Therefore, nHASTL44h composite is highly suitakfor fluoride adsorption throug
electrostatic attractiorThe experimental finding from PZC is agreed welthathe
defluoridaton test result, which reported high defluoridatcapacity for nHAST
144h adsorbent and low STI zeolite case. Note that nHASB4h sample now @

simply called nHAST composit
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Figure 33 Experimente curves corresponding to ehpotentiometric mass titrati

technique for the determination of the PZC of nHARSH
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4.6. Factors affecting fluoride adsorption onto nHAT

The effect of most important process parameters as@dsorbent dose, contact time,
effect of initial fluoride concentration, solutiqpH effect, effect of co-ions on the
adsorption of fluoride ions by nHAST composite asllwas the possibility of

regenerating have been explored under this section.

4.6.1. Effect of adsorbent dose

The influence of adsorbent dose on fluoride remaefficiency of nHAST was
studied at 4, 6, 8, 10 and 12 g/L dose. The stuaty performed using initial fluoride
concentrations of 5 and 10 mg/L for a contact feactime of 20 hours at room
temperature. As described in Figure 34, the fluwriégmoval efficiencynotably
increases withincreasing adsorbent dose up to 10 dlle to the availability of more
number of fluoride binding site#\s identified, the equilibrium was fully estalbled at
10 g/L dose with high fluoride removal of about & 84 % from 5 and 10 mg/L
initial fluoride concentrations, respectively. Basa the equilibrium fluoride
concentration falls within the WHO limit, and nasificant change on the efficiency
beyond this, a dose of 10 g/L was considered amimum dose for further

adsorption experiments.
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Figure 34: The effect of adsorbent dose on fluorgtaoval efficiency (dotted lines)

and fluoride equilibrium concentrations (solid ky)éy nHAST composite

4.6.2. Effect of contact time

In order to identify the dynamics of the adsorptmocess, batch experiments were
carried out using different contact times at 10, @jtimized dose and 10 mg/L initial
fluoride concentration at room temperature reactionditions. As shown in Figure
35, rapid fluoride removal was observed up to 8reimaaction time. During this time
high removal efficiency was recorded, about 81 #e Teaction proceeds slowly and
at 20 hours reaction time the equilibrium is fuliytained with fluoride removal
efficiency of about 84 %. Since there is no sigaifit increase of the fluoride

adsorption beyond this, the contact time of 20 avas fixed for further study.
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Figure 35: Fluoride removal efficiency as a funetaf contact time at 10 g/L dose of

NHAST composite (&= 10 mg/L)

The composite, NHAST adsorbent shows significanigyn performance as compared
to its support precursor STI with very low remoeéficiency. This is due to not only

the presence of new active sites, but the higltieffcy of nanometric size HAp

crystals in nHAST as evidenced B¢ MAS-NMR and STEM analyses. Thus, the
high activity as reflected by the fast fluoride agion up to 8 hours time is due to
ion exchange with such sites, surface hydroxyl mmshe nHAST. However, the later
slow adsorption stage is probably the result of dreedual and slow uptake of the

adsorbed fluoride to the inner adsorbent surface.
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4.6.3. Effect of initial fluoride concentration

The effect ofinitial fluoride concentratioron fluoride removal ohHAST adsorbent
was studied using fluoride concentrations rangnoegnf2 to 200 mg/L. An adsorbent
dose and contact time were kept constant at 10agf.20 hours, respectively with
continuous agitation at room temperature. Note dlagd of sample 1 and 2 were taken
from real ground water sample analysis test ragulHAST composite, the detail is

presented in section 5.6.6).
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Figure 36: Effect of initial fluoride concentratiamnto NnHAST composite fluoride

removal capacity, studied at 10 g/L dose

As shown in Figure 36, the defluoridation capaaitgreases with increasing initial
fluoride concentration. It is significant at lowitial concentrations, up to 20 mg/L
due to the utilization of more accessible energ#ticactive sites on the adsorbent
surface.Interestingly the capacity keeps on increasingl@wer rate, until it reaches
the final maximuminitial fluoride concentration 0200 mg/L. This can be attributed to

the utilization of less accessible sites becausea€ased diffusivity and activity of
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fluoride upon the increased concentration. It algbcates the heterogeneity of sites
that are unevenly distributed on rough surfacefati, the SEM image in Figure 37

clearly shows that nHAST had a significantly rosginface and lots of pores.

Figure 37: SEM micrograph of nHAST composite

4.6.4. Effect of solution pH

The effect of solution pH was investigated withialifluoride concentration of 10 mg/L,
adsorbent dose of 10 g/L for a contact time of 20r& stirring continuously at room
temperature conditions by varying the initial smotpH from 3 to 10, using 0.1 M HCI
or 0.1 M NaOH.Figure 38 demonstrates the influence of initidugson pH on the
fluoride removal efficiency of nHAST composite adsent. It is evident that the
percentage of fluoride removal initially, at pH $6increases slowly against solution
pH and reaches a maximum at pH 3, with 86 % fluorieimoval Further increase in
the solution pHpH > 6.5,decreases the fluoride removal efficiency, agamwki until it

reaches at the lower value of about 79 % fluoretaaval at pH 10. This is only 7 %
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lower than the maximum efficiency at pH 3. The mmal solution pH effect in
fluoride removal of nHAST adsorbent may be attrdolito the nature of its surface
charge. The nHAST composite has a PZC of about 6fér to Figure 33), which
means that the surface of the adsorbent presem@s@ositive charge when pH is less

than 100.
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Figure 38: Effect of solution pH on fluoride rembwdNHAST composite

Anyhow, the slightly higher efficiency at pH ledsah 6.5 may be ascribed to the
gradual increase in attractive forces against mwiytH, whereas the relatively lower
efficiency in alkaline medium can be explained bg tompetition between the OH
and F ions for the adsorption sites. Note that pH ofi§.the real solution pH (only of

NHAST and Fsolution mixture) without pH adjustment.

It is already known that most adsorbents used uorile removal have narrow
working pH ranges, and usually show optimum per@omoe in acidic pH range.

However, the pH of natural groundwater with higiofide content is in the range of
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7.6 to 8.6 in most cases [46, 150]. Within this p&hge, unlike most other
defluoridation adsorbents, nHAST composite shovgh tperformance, about 84 %
removal efficiency at 10 g/L dose and initial flid® concentration of 10 mg/L
(Figure 38). Interestingly, the performance remaiosparably high in the pH range
under investigation: pH 3 to 10, between 79 % atliHto 86 % at pH 3 removal
efficiency, indicating the minimal solution pH efteon fluoride removal by nHAST

composite.

4.6.5. Effect of co-existing anions

Varieties of other anions are generally presemgroundwater, and may compete with
fluoride ions for adsorption on the nHAST adsorbéntorder to investigate their
effect on fluoride removal, batch adsorption expents were done in the presence of
100-500 mg/L concentrations of chloride, sulfatel dncarbonate solutions in 10
mg/L fluoride solution. Figure 39 describes theifeet on the fluoride removal
efficiency of nHAST composite. When no competingsavere present, over 84 % of
fluoride was adsorbed from 10 mg/L initial fluoridencentration. The final residual
solution pH in this case was about 7. In the presea bicarbonate ions the fluoride
removal efficiency decreases while increasing tleecentration. This effect is
significant at higher concentrations of 300 mg/L ligher. As observed, the
efficiency decreased significantly from about 84nAen no competing ions to 65 %
in the presence of 500 mg/L HGQons, possibly due to the change in pH as well as
the stronger competing effect of HgGons. However, other ions such as chloride

and sulfate show no significant effect within tlencentration range tested.
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Figure 39 Effect of coexisting ions on fluoride removalrdiAST composit, studied

at 10 g/L dose

In generalthe change in removal effincy when the coexisting ioconcentration is
below 300 mg/L is almost insignifice (Figure 39. This possibly indicat« the higher
selectivity of nHAST for fluoride, even if detailed mechanistic aspect of -

competitive adsorption reactions requiresher investigation.

4.6.6.Regeneration of nHAST composit

In order to ensure a complesaturation of the adsorbembaterial, successiv

defluoridation treatments were conducted be regenerationexperiments, usin

initial fluoride concentration of 1mg/L and 10 g/L doseResult: clearly show that
the defluoridation capacity was not exhau after the first defluoridion treatment,
Figure 40 In fact, thecapacity in the second use-cyclengarly half the capacity «

the first treatmentirom 0.84 to 0.48 mg Fy. However, after the second treatment
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NHAST shows insignificant defluoridation capacitp.05 mg Fg, and thus

regeneration study has started here. The ovenadoity after these cycles was 1.37

mg F/g.
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Figure 40: Defluoridation capacity of nHAST compesn consecutive cycles before

regeneration

The possibility of regenerating the adsorbent waslied using 0.50 g osaturated
NHAST in 100 ml of 0.1M/0.01M NaOHolution (5 g/L)at various contact times.
The regenerated residue (NHAST) was then sepataetiltration, washed with

plenty of distilled water, air driednd characterized.

In this particular study only powder X-ray diffraant analysis was used. Figure 41
shows the XRD patterns of the regenerated adsodaanples (nHAST 0.01M 24h,
NHAST 0.1M 3*3h, and nHAST 0.1M 24h) treated witlh®H solutions. As clearly
observed from the figure, as compared with theeatéd reference nHAST sample,

all the samples resisted the basic treatment.
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The regenerated adsorbent, after being washedutjoisowith distilled water until it
is free from fluoride, were put to repeated usedsorption study. The result show
that desorption of fluoride is effective in thragcsessive treatments in 0.1M NaOH,
by renewing basic solutions at 3 hours time foro&ltof 9 hours. The overall
defluoridation capacity of this sample was foundb® 0.63 mg Fg, significantly
lower than the original nHAST with an overall capyacof 1.37 mg Hg. The
exhausted adsorbent was again subjected to the dasoeption treatment as before
as shown in Figure 42. In th&2ycle of operation, again the capacity was deangas

noticeably, from 0.63 in the first cycle to 0.41 mfy, after three tests.
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Figure 42: Effect of regeneration on defluoridatc@apacity of nHAST

The defluoridation efficiency of the regeneratechpkes, nHAST 0.1M 3*3h, nHAST
0.1M 24h and nHAST 0.01M 24h were found compardbly, 54, 50, and 47 %,
respectively as shown in Figure 43. Note that thgirmal nHAST removes about 84
% fluoride. As identified in the figure, the regemted samples in general are
exhausted almost completely in th&" Aefluoridation treatment, sooner than the
original NHAST composite. The decrease in fluorigenoval capacity as well as
efficiency after regeneration may be due to thattnent with highly alkaline solution

of regenerating media, and the details need taitiedr investigated.
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Figure 43: Fluoride desorption test of regeneratésbrbent samples

4.6.6. Fluoride removal on real groundwater from Ehiopian Rift Valley

Finally, the potential of nHAST was tested at fieddndition with the fluoride
containing real groundwater samples, sample 1 aedl2cted from a nearby village
near Maki Town, in the Ethiopian Rift Valley flude endemic area. Table 10 lists the
detailed characteristics of the water before aner dhe treatment. As shown in the
table, when untreated water sample 1 and 2 wergecteld to a defluoridation
treatment at a dose of 10 g/L and a contact tim20afiours, about 83 % of fluoride
was removed in both cases. The corresponding flunaiide concentration was found
to be 1.2 and 1.4 mg/L, respectively, giving sanwalf pH of about 8.10.
Unexpectedly, their respective fluoride removaicsghcy was found to be slightly
lower than that in lab made fluoridated water solutwith 84 % removal efficiency
from higher initial concentration of 10 mg/L duette presence of various competing

ions in the groundwater.
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Table 10: Physicochemical parameters of groundws#enples, before and after

treated with nHAST adsorbent

Sample Water Sample-1 Water Sample-2

Parameters | Untreated Treated Untreated Treated
Fluoride, mg/L 7.2 1.2 8.2 1.4
Chloride, mg/L 24.1 8.1 19.5 7.9
Sulphate, mg/L 72.0 48.0 76.0 49.0
pH 8.3 8.1 8.3 8.1

The defluoridation capacity of sample 1 and 2 wam#él to be 0.6 and 0.68 mJd;
respectively, falls well within the trend of nHASE a function of the fluoride initial
concentration (refer to Figure 36). This probalgicates the efficiency of nHAST

adsorbent for defluoridation in a real case as.well

4.6.7. Optimized synthesis procedure and reproducility test

Reproducibility of optimized best synthesis proaatiparameters for the preparation
of NHAST composite was successfully tested in ofirilar natural zeolites, labeled
Z2, Z4-Z9 collected from different parts of the otny by the School of Earth

Sciences, AAU.

4.6.7.1. Zeolite samples characterization

All zeolite samples, Z2, Z4-Z9 involved in the paegtion of nHA/zeolite composites
were first studied by XRD in order to identify tlzeolitic structure (Figure 44),
followed by ICP elemental analysis in order to fyetheir similarity in chemical

composition with the STI sample under study (Tddle

108



Z2, 4-9 Stilbite
Z1 and 3 Quartz

Z3

|
I Y 51 Y W e

e o 78
3 I W ‘M 77
: = :
2 Jﬂ ‘ z4
< - |

W

|
J :
A | Z1
S WY STI
0 20 30 40 50 60
26 (°)

Figure 44: XRD patterns of zeolite samples

As demonstrated in Figure 44, the X-ray diffractiomofiles of samples 22, Z4-78
correspond to stilbite natural zeolite [99], whilee remaining two samples, Z1 and
Z3 were identified as quartz. As clearly shownha figure, all zeolites identified as
stilbite minerals, STI under investigation haveywsimilar diffraction patterns. Those
zeolite samples identified as stilbite group mitenaere further studied by ICP
chemical analysis in order to check the suitabildy the composites, nHA/zeolite
preparation. With ICP analysis, zeolite samplesiwigh Ca content (to be used as a
Ca source/reagent) can be identified as eligibfedickates for the preparation of the

composites.

The ICP elemental analysis results of zeolite samftat include the most abundant
extra framework (Na, Ca) and framework (Si, Al)neéts are presented in Table 11.

Interestingly, all zeolite samples, Z2, Z4-Z9 irdig STI under investigation have
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comparably high Ca composition. However, samples@@ws significant differences
in Si/Al ratio, another important factor that debémne the reactivity. As shown in the
figure, Si/Al ratio of Z2 is found to be 5.13, highthan other zeolite samples (Z4-Z9

and STI) having Si/Al ratio in the range of 3.23t& (Table 11).

Table 11: ICP elemental analysis of Zeolite samples

Al Si Na Mg Ca P

Samples| wt% | wt% | Si/Al | wt% | wt% | wt % | wt %

Z2 6.21 | 31.85 5.13 034 064 449 0.00

Z4 7.67 | 26.28 3.43 047 000 529 0.00

Z5 784 | 2635 339 044 000 546 0.00

Z6 758 | 2525 333 041 000 524 0.00

Z7 743 | 2465 332 040 0.18 531 0.00

Z8 765 | 25.64 333 039 000 549 0.00

Z9 739 | 2593 351 0.1% 020 53237 0.00

STI 8.00 | 2040 339 050 0.1 490 0.00

Based on this fact, zeolite samples having singkemical composition, particularly
in Ca content and Si/Al ratio with stilbite sampleder investigation, that is, Z4 to Z9
samples were thus chosen for the synthesis progedproducibility test of nHAST

composite preparation.

4.6.7.2. nHA/Zeolite composite samples characteridan result
For Z4-Z9 zeolite samples, the corresponding nHA3Zbmposites were synthesized
at the best optimum synthesis procedure of syrgh@se of 2 hours, crystallization

110



pH 8, crystallization time of 144 hours and roomnmperature conditions. The
composites were first characterized, and then destdluoride removal, and finally
their performances were compared with the nHAST musite under investigation.
Figure 45 presents the X-ray diffraction patterrfstiee synthesized nHA/Z4-9
composite samples. As shown in the figure, alheft, including nHAST under study

showed very similar diffraction pattern.

XRD profiles of nHA/Zeolite composite samples
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Figure 45: XRD patterns of nHA/zeolite compositanpées synthesized at best

optimized synthesis procedure for nHAST composite

The peaks at@angles of 9.70, 18.98, 21.91, 26.13, 28.05, 29062515 and 50.01
degrees displayed characteristic peaks identicdidse of the support stilbite mineral
[96]. This suggests that the crystalline structofeall the support zeolites did not
change after the HAp grown on zeolite surface, Wwhsbow their stability under
synthesis conditions. However, same as the nHASposite under investigation,
the identification of the presence of HAp in all AA4-9 composites by XRD were

not possible, again because of the low concentraifoHAp in the composite, the
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small (nanometric) crystal size and the overlappivith the more abundant and

intense zeolite diffractions. Similar to the casenHAST, the presence of HAp can

easily be confirmed by the presence of P in thal foomposites by ICP elemental

analysis as identified in Table 12. Again, the amddAp (quantified by the content

of P by ICP) growth on zeolite surfaces was fowow, lin the range between 5.4 % in

nHA/Z9 to 10.8 % in nHA/Z4 and nHA/Z5. This and etlsimilarities in Ca content

and Si/Al ratio of the final composites with respdo nHAST, indicate the

reproducibility of the synthesis procedure well.

Table 12: ICP elemental analysis of nHAZ4-nHAZ9 @asite samples synthesized

at the optimized synthesis procedure

Al Si Na Ca P HAp
Samples| wt % [ wt % | SI/Al [ wt% | wt% | wt% | %
nHAZ4 | 7.24| 20.24 280 | 0.08| 5.091 2.00 10.80
nHAZ5 | 7.27 | 20.58 2.83 | 0.12| 5.13] 2.00 10.80
nHAZ6 | 7.58 | 21.84 2.88 | 0.10| 5.22| 1.2Q0 6.5
nHAZ7 | 7.24| 20.74 286 | 0.11| 4921 190 10.30
nHAZ8 | 7.29| 21.35 293 | 0.10( 5.16] 1.1Q0 5.8D
nHAZ9 | 7.08 | 21.03 297 | 0.05| 5.14 1.00 5.4p
nHAST | 8.00| 20.04 255| 0.20( 5.30f 1.7Q 9.2D

4.6.7.3. Defluoridation test results

Fluoride removal performance of nHA/zeolite compesiincluding their support

zeolite samples were tested in batch adsorptioererpnts. Defluoridation test was
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performed using 10 mg/L initial fluoride concenimatat 100 and 10 g/L dose of raw
zeolites, and nHA/zeolite composites, respectivaly,presented in Figure 46. As
shown in the figure, the fluoride removal efficignaf nHA/zeolite composites was
significantly high, indicating the formation of igr amount of active nHA sites on

zeolite surface (as evidenced by ICP, wt % of HAp able 12).
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Figure 46: Fluoride removal efficiency of naturaoiites (Z4-Z9, STI) (black bar)

and the corresponding nHA/Zeolite composites (wbég

As identified in Figure 45 all the support zeoli®sow very low performance, less
than 30 % fluoride removal from 10 mg/L initial dride concentration at a dose of
100 g/L. However, significantly high fluoride remad\efficiency was recorded for the
composites at the same initial fluoride concentratf 10 mg/L and at 10 g/L, ten
times lower dose. Maximum fluoride removal of 93 Was recorded in nHA/Z4,

whereas the minimum 75 % removal in nHA/Z7 compmoslhterestingly, all the
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composites are able to reduce the fluoride conagotr below or at least closest to

WHO maximum limit of 1.5 mg/L from initial fluorideoncentration of 10 mg/L.

The fluoride removal capacities of nHA/zeolite caraes are comparable, being
between 0.75 and 0.93 m@d-at 10 mg/L initial fluoride concentration andl#x g/L
adsorbent dose, for nHA/Z7 and nHA/Z4 compositespectively. However, if we
normalize the fluoride removal capacity to the antoaof HAp present in each
adsorbent (determined from ICP and equation 3,eTaB), to give the corresponding
HAp intrinsic capacity, calculated as mgper gram of HAp, we observe a slightly
larger difference. In this case higher fluoride omal capacity of 14.17 mg/g HAp
for the HA in nHA/Z9 composite, almost twice thdtrdHA/Z7 composite with the
lowest HAp intrinsic capacity of 7.25 mgd-HAp, was found. This is still one of the
highest values found in the literature for HAp, gesting that the HAp particles
grown on the zeolite surface of the composite sampke much more efficient in
removing fluoride, most probably due to their snpatticle size and high dispersion
nature. This agrees very well with the findingsnéfAST composite for which the
synthesis procedures have been optimized and teBted, the overall study results
indicate the credibility of the proposed low enedpmanding synthesis procedure,

which can be reproduced with different stilbite ltecsamples.

4.7. Scale-up of nHAST composite synthesis

This study aims to optimize the use of reagentalairatory scale as well as scale up
the synthesis of about 2 g nHAST composite to 250 thhe best optimized synthesis
procedure, that is nHAST synthesized at synthésis tf 2 hoursgrystallization pH

8, crystallization time of 144 hours and room terapge conditionsThe aim is to

114



utilize the recovered ammonium phosphate (AP)alidts upon treatment of each raw
zeolite, which otherwise are thrown as a waste nahtd he process implies that the
ammonium phosphate (NHHPO, original solution (AP-0), used in synthesizing the
first nHAST-0 composite, will be reused in a secegdthesis (nHAST-1) and so on.
Scheme 2 demonstrates a simplified scaling up sgighprocess of nHAST

composite.

Ca-STI £ (NH,),HPO, 1M nHAST-0
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Scheme 2: Scaling up synthesis process illustratioitHAST-0, nHAST-1, nHAST-2

and nHAST-3 composites using the recovered filyr&ds)

As clearly observed, in addition to the initial nHA-O composite synthesized from
ammonium phosphate ((MHHPQ,) original solution and stilbite zeolite, three
differentiated nHAST composite samples namely nHASTHAST-2, and nHAST-3
were synthesized from consecutively recovered anumonphosphate filtrate
solutions: AP-1(Filtrate 1), AP-2 (Filtrate-2), aA#-3 (Filtrate-3), respectively in the
synthesis process and the support STI zeolitesllf#inn searching for the possibility
of using all composites in one, we mixed all confgosadsorbents: nHAST-O,
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NHAST-1, nHAST-2 and nHAST-3 together to form onabeled nHAST-Mix
composite with the overall amount of about 910 Igyast four times the initially

intended amount of 250 g due to nHAST-0 compoddrea

4.7.1. ICP elemental analysis result

ICP elemental analysis was carried out for all nFIA®mposite samples, nHAST-0,
NHAST-1, nHAST-2, and nHAST-3synthesized duringleseg synthesis at slightly

different crystallization pHs. The result of measuent of elemental composition and

% HAp calculated based on P content are summainzédble 13.

Table 13: ICP elemental analysis of nHAST-0, nHABTAHAST-2, and nHAST-

3samples synthesized in scale-up at slightly défiecrystallization pH

Crys. | Al Si Ca K Na P HAp

Samples | pH | %wt | %wt | %wt | %wt | %wt | Y%wt %

NHAST-0 | 7.96 75| 182 5.3 0.4 0.p 2.1 11{34

nHAST-1 | 7.81 78| 18.8 5.7 0.3 0.8 2.1 11{34

NHAST-2 | 7.65 78| 189 5.6 0.3 0.p 2.1 11{34

nHAST-3 | 7.51 70| 17.0 5.1 0.3 0.p 2.0 1080

As shown in Table 13, the ICP analysis detectedpitesence of significant and
comparable quantity of Gaions in all nHAST composite samples, irrespectife o
ammonium phosphate solutions. As shown in the tdahk pH of crystallization of

NHAST-0 was about 8, whereas in the consecutivéhseges the crystallization pH

slowly decreases until it attained at minimum &17in NnHAST-3. This is possibly
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the result of the slight change in chemical comjpmss of the corresponding filtrate
solutions used in the synthesis. Because the chingegystallization pH from the
expected pH of 8 is insignificant, in all cases tloenposite synthesis was conducted
without the addition of bases for pH adjustmenmifir to Ca composition, ICP also
detected constant amount of P in the compositas,tlams the constant amount of

HAp has grown on stilbite surface, irrespectiveystallization pH media.

4.7.2. Thermogravimetric analysis

Thermogravimetric analysis was carried out on #ABT samples synthesized in
scale-up processes. The thermogravimetric anahgsialt presented in Figure 47
shows TGA-DTG curves of the support STI and nHA®Mposite samplesThe
TGA plot shows three overlapping regions of weiglsseslt is clearly seen from the
figure that in low temperature region alone, twiedentiated weight losses can be
observed in both the STI sample and the nHAST caitgsamples. In STI, the first
weight loss at temperatures below 130 °C is asdigmdoosely attached water. The
second strong weight loss with maximum desorptair at around 170 °C and other
of a lower desorption rate at about 260 °C aretdwtesorption of strongly retained
water molecules within the STI framework by coosfian with exchangeable €a

ions.

As can be observed in the figure there is a sicguifi difference in the early weight
lossesof NHAST samples as comparedttee original support STI zeolite. This is
because the thermal curves are influenced by tmeirdmt cation present in the
composites. Besidesa slight shift of weight loss for dehydration toethower

temperature was observead TGA-DGT curves of nHAST samplehis is possibly
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because of the weaker interaction of water moleculgh the dominant monovalent
NH," ions exchanged for Gaions in NHAST samples as compared to stronger
interaction with divalent G ions in the parent STI. In all cases, the maxinwater
desorption shift is observed at about 150 °C dueds of weakly adsorbed moisture
and interlayer free water molecules. Similar scenaas also observed in another
water desorption band of lower weight loss, agaia tb structural water molecules

bound to interlayer cations. In this case, the maxn weight losses were observed at

about 210 °C.
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Figure 47: TGA and DTG curves of STl and nHAST cosife samples

Interestingly, in the high temperature case (210 %@&ter desorption intensity
increases significantly with the stage of recovefididates used in the synthesis
(NHAST-0 < nHAST-1 < nHAST-2 < nHAST-3), suggestimpre exchange of €&
by NH;  ions in the respective order. Furthermore, desmiptof water at

temperatures below 150 °C is much more intensdewlesorption of strongly bonded
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coordinated water molecules at higher temperaa8, °C is much smaller. Again
this is a consequence of the exchange of more anwu®& ™ by NH,* ions, which

weakly coordinate water molecules, and hence thermaater desorption occurs at
low temperature. Besides, in nHAST composite saspbiditional new broad peak
was arose at around 460 °C due to the eliminati@mmnonia, indicating the release

of NH; as NH-STI transforms into H-STI [82, 144].

4.7.3. Point of zero charge determination

Potentiometric mass titration technique was usedd&ermination of the point of
zero charge, PZC of nHAST-0, nHAST-1, nHAST-2, nHAS and nHAST-Mix
composite samples. Figure 48 shows the pH of PZGQHAST-0 composite, the first
synthesized sample in scale-up synthesis proced®eif® 2). As described in the
figure, the PZC of nHAST-0 composite is found highabout 10, as identified by the
common intersection point of the potentiometricveuof the blank solution with the
corresponding curves of the composite materialasoimg 0.5, 1.0, and 1.5 g in 0.02
N NaNG; electrolytic solutions. This shows the drastic genn the surface
morphology of nHAST-0 composites compared to the parent STI zeolite with very
low PZC, about 2.1 (refer to Figure 32). The sigaifit portion of the composite
surface (below pH 10.0) is therefore positivelyrgea, suggesting its favorability in

fluoride removal through electrostatic attraction.
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Figure 48: Experimental curves corresponding topibientiometric mass titrations technique for

the determination of the PZC of nHAST-0

The PZCs in the case of other composites syntheesimsing filtrate solutions: nHAST-1,

NHAST-2 and nHAST-3 are found even higher, 10.5131and 11.3, in the respective order
(refer to Appendix 1). It show slight shift towahigher pH values with the stage of filtrate
solutions used in the preparation. As clearly oleiin Figure 49, the PZC for nHAST-Mix,

most significant composite from practical pointvidw, is found to be 11.15, even greater than
that of nHAST-0 (Figure 48), indicating more pronoad adsorption onto the larger positively
charged portion of nHAST-Mix surface, below its P@fC11.15, than onto the nHAST-0, below

PZC of 10.
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Figure 49: Experimental curves corresponding topibientiometric mass titrations technique for

the determination of the PZC of nHAST-Mix composite

4.7.4. Defluoridation test results

The performance of all composite samples: nHASTAAST-1, nHAST-2, nHAST-3 and
NHAST-Mix were tested in fluoride removal and tlesults are described in Figure 50 for two
different initial fluoride concentrations, 5 and b@g/L. As clearly observed, all composites
performs very well in fluoride removal. Interestipgcomposites synthesized using recovered
filtrate solutions show higher defluoridation perfance that increase with the stage of the

filtrate solutions. This finding is very well supped by point of zero charge studies.

The more pronounced fluoride removal adsorptionded for nHAST-3, 98.4 %, significantly

higher than nHAST-0 sample with 82.1 % fluoride o efficiency at 10 mg/L initial fluoride

121



concentration at 10 g/L adorbent dose, yieldingftha& residual fluoride concentrations of 0.16
and 1.79 mg/L, respectively. At the same adsorbest if the initial fluoride concentration is 5
mg/L, the performance of the nHAST-0 and nHAST-8posites reached around 92.2 % and
99.3 % fluoride removal. In this case, the finaideal fluoride concentrations were found to be
0.04 and 0.39 mg/L, respectively. As compared t&\8H-3, nHAST-Mix sample show slight
decreases in fluoride removal due to the surfa@geheffect. nHAST-Mix has lower PZC,
11.15 and thus lower in the surface positive chaagecompared the higher PZC, 11.3 of
NHAST-3. Defluoridation performance of nHAST-Mix roposite at 10 and 5 mg/L initial
fluoride concentrations, are still higher than tii¢AST-0 sample, 94.1 and 98.3 % at 10 g/L
adsorbent dose, yielding the final fluoride concatitins of 0.59 and 0.09 mg/L, respectively. In

both cases the WHO standard for drinking watemnaeevery well.
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Figure 50: Fluoride removal efficiency (%) of nHAS®mposite samples (dose = 10 g/L)
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From the practical point of view, the high defluaiion capacity of the final nHAST-Mix
composite with an efficient use of the startinggesas, where no waste is generated even at

larger scale production makes nHAST composite tbenfsing defluoridation adsorbent.

4.8. Comparison of nHAST composite with Bone Char

In this section we compare our composite perforreandgth Bone charcoal (BC), a
defluoridation technology already implemented ia Rift Valley of Ethiopia. The nHAST and
BC samples were first characterized using X-rafratition, ICP-chemical composition analysis,
TGA, IR-ATR and NMR techniques. Following, theirrfigmance in fluoride removal was
compared. A mechanism involving fluoride adsorptisralso proposed based on kinetics and
isotherm studies. In kinetic study, the two commgooked models: pseudo-first order and
pseudo-second order were used in order to invésttga controlling reaction mechanism of the
adsorption process. Adsorption isotherm was stutdledhvestigate the information on how
adsorption system takes place and how efficiently adsorbents interact with fluoride ions

including their mechanism of interaction at constamperature.

4.8.1. X-ray diffraction analysis result

X-ray diffraction was used to determine whether tB&1 framework underwent any
transformation during the preparation process. XR® pattern (Figure 51) of the synthesized
NHAST composite samples (blue line) and the pa&i¥it zeolite (red line) are very similar,
evidencing the resistance of the STI framework [#8]wever, slight variations are observed in
the region betweenb2angles of 23 and 24 degree, where the initiddigtilmineral showed three

clearly distinguishable peaks characteristic ofaatlinic stilbite, while the nHAST composite
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showed a single diffraction (marked by an asterisk)dencing a change of the space group to
orthorhombic; this is caused by the almost-compéetehange of Ca and N4 of the original

stilbite by NH;" ions during the preparation of the composite.

— STI
NHAST

—BC
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Intensity (a.u)
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Figure 51: XRD profiles of the support STI, nHASGngposite and BC samples

The identification of the presence of HAp by XRDsnaot possible in the case of the nHAST
composite, because of the low concentration of H#Aphe composite, its small (nanometric)

crystal size and the overlapping with the more dbnb and intense zeolite diffractions. As

shown in Figure 51, the profile of the Bone Chamniifies the presence of HAp structure despite
the calcinations of the bones. The peaksBaargles of 25.9, 29.0, 31.8, 32.1, 32.9, 34.1,,39.9
46.7 and 49.5 degrees in XRD pattern of BC matcfepty that of HAp (Hydroxyapatite, syn,

Cas(PQy)3(OH), ICDD - PDF2 card 00-009-0432).
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However, the formation of HAp on the STI surface ba easily assured by the presence of P in
NHAST material, by ICP elemental analysis (Table fdm which the content of HAp,
(Cas(POy)30H) (in weight %), in the material is calculatedrfr the content in P obtained from

the ICP (weight % P), according to equation 1leiction 2.3.

Table 14: ICP elemental analysis of a support SHAST composite and BC

Element (wt %) HAp
Samples
Al Si Na Ca P wt %
STI 8.0 204 05 49 - -
NHAST 7.5 182 0.2 5.3 1.7 9.18
BC - - - 30.2 149 80.43
HAp (theoretical) - - - 39.8 18.5 99.86

4.8.2. Thermogravimetric analysis result

Figure 52 shows TGA-DTG curves of the STI, nHASTd &8C samples. In STI and nHAST
samples, a first weight loss at temperatures bdlo@°C is assigned to loosely attached water.
In the original STI zeolite, a second strong weilglss, with maximum desorption rates at 175
and 250 °C, is observed, which is assigned to gaearof strongly-retained water molecules by
coordination with exchangeable Céons. In NHAST, a second weight loss of stronglgabed
water molecules inside the zeolite structure tagkase at around 240 °C. Desorption of poorly-
retained water at temperatures below 150 °C is mmote intense for the STI and nHAST

composite samples. Interestingly, desorption afrgjly retained coordinated water molecules at
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higher temperatures is much smaller in the caseHAST. This is a consequence of the
exchange of Ca by NH," ions, which do not coordinate water molecules, laeice the major
water desorption occurs at low temperature. InnHAST composite, an additional broad peak
is observed at around 460 °C, which is attributedlédammoniation, indicating the release of
NH3 as NH-STI transforms into H-STI [82, 146]. In the BC gal®) a slow release of water
molecules is observed at low temperature (up to°)0followed by a continuous weight loss
between 300 and 700 °C which must be due to relehseater after desorption or through
dehydroxylation processes and/or desorption of rocganatter. A final weight loss with
maximum desorption rate at around 820 °C must spared to the decomposition and release of

the remaining organic matter after calcination.
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Figure 52: TGA (solid lines) and DTG (dashed linelsthe STI, nHAST and BC samples
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4.8.3. IR-ATR analysis results

Figure 53 shows IR-ATR spectra of (a) as synthesizg¢AST composite, (b) the original zeolite
(STI), and (c) BC. In the original STI zeolite (Big 53b), the band at 1630 ¢roan be assigned
to the deformation band of adsorbed water. Thereatand internal T-O asymmetric stretching
vibrations appear at 1145 and 994 ‘tmespectively, while bands at 790 and 701 came
assigned to the symmetric stretching vibrationse Band at 560 ctharises from double ring
vibrations, and that at 430 €ntomes from T-O bending [144, 145]. BC sample (Fégh3c)
showed the characteristic pattern of hydroxyapatiiéh strong bands at 1090, 1025, and 962
cm® assigned to the stretching and bending modes af B@ups, and at 600 and 563 tm
corresponding to bending of POthat also match with other literature values [1135]. The
vibrational mode of OHis observed at 630 ¢mAdditional bands are observed at 872, 1420 and
around 1470 cfh, which are consistent with the presence of@nions, suggesting a partial

substitution of PQ" by COs*"in the apatite structure [125].

0,54

o o o
b ® i

Absorbance (a.u)

o
=N
1
o

C

0,04
T T T T T T T T T T T T I r
400 600 800 1000 1200 1400 1600 1800
Wavenumbefcm’)

Figure 53: IR-ATR spectra of a) nHAST compositeS) zeolite, and c) BC
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Finally, a broad low intense band observed at 1680 indicates adsorbed.B in the sample.
After the chemical treatment of STI to produce th#AST composite (Figure 53a), the main
bands due to the STI framework remained, and abwew arose at about 1430 tmue to the
presence of Nii ions after the ion-exchange process during the HAstallization. This
indicates that the chemical treatment caused ttiencaxchange of G4 by NH,", and agrees
well with the ICP and TGA results [146]. Additiohalnew features in the double ring vibration
band of the STI framework at around 560 ctshowed up at about 565, 606 and 1020'cm
which are consistent with the presence ofPgoups [143], again suggesting the crystallization

of HAp on the nHAST composite.

4.8.4.3'P MAS-NMR analysis result

3P MAS-NMR was then used to confirm the presenddAy in the nHAST composite and BC.
Figure 54 shows resonances at around 2.85 ppm.&8Agam for nHAST and BC, respectively,
characteristic of P in HAp [125, 148]. However, sodifferences in the shape of the bands are
observed: the band corresponding to nHAST matéesidroader and developed a shoulder at
around 0 ppm, which has been assigned to a nanomature of HAp crystals [98, 146, 149].
The difference between both NMR spectra suggestsaller crystal size and more defective

structure of HAp on the nHAST composite than on BC.

Once the formation of HAp on the composite is conéid, the amount of HAp crystallized was
determined by measuring the P content in the nHAfTerial by ICP elemental analysis (Table
14). According to this, about 9.2 wt % of HAp cialized on the surface of the composite, while

BC showed a higher amount of HAp of about 80.4 %irfeated assuming a stoichiometric
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composition. This value becomes 76 % if we useheontent). The Ca/P molar ratio in BC is
1.57, slightly lower to the nominal value of 1.@8, commonly observed for biogenic HAp. Such
calculation cannot be done for the nHAST compasitee in this case Ca comes not only from

HAp but also can remain in the zeolite (due to @pital incomplete Ca-Niexchange).

Intensity (a.u)

Figure 54>P MAS NMR spectra of the nHAST composite and BCgam

SEM micrographs are included in Figure 55a showsotiginal STI zeolite before modification.
Figure 55b shows the nHAST composite in which theametric size of HAp grown on the
surface of the stilbite crystals cannot be obsemledrly at the magnification exhibited in the
micrographs. However, some irregularities developedhe surfaces as compared to the parent
support STI zeolite can be observed. Finally, Feghbc shows a typical particle forming the

bone char with no particular surface features.
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Figure 55: SEM micrographs of a) STI, b) nHAST casipe, and c) BC
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4.8.5. Fluoride removal results and adsorption meanisms

Adsorption experiments were initially performed fadAST composite and BC using various
doses (4, 6, 8, 10 and 12 g/L) at initial fluorcencentration of 10 mg/L and a contact time of
20 hours with continuous agitation and at room teraure, Figure 56. As expected, the fluoride
removal efficiency was significantly increased ghler adsorbent doses, and reached about 84.0
and 86.7 % of fluoride elimination at a dose of ¢ for nHAST and BC adsorbents,
respectively. This is due to a higher surface arghthe availability of more adsorption sites at
higher adsorbent dosage. Both materials are ahiediace the fluoride concentration below the

WHO limit of 1.5 mg/L.
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Figure 56: Fluoride equilibrium concentration (dedhines) and removal efficiency (solid lines)

of nHAST composite and BC as a function of dose
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The fluoride removal capacity at a dose of 10 @flalso comparable for the two adsorbents,
being 0.84 and 0.87 mg/§ for nHAST and BC, respectively. A slightly largdifference is
observed at the low dose of 4 g/L, where higheacties of 1.25 and 1.58 mg/¢ are observed
for nHAST and BC, respectively. As there is no gigant change on the efficiency beyond this
as well as the measured final equilibrium fluord@centration has reached the WHO maximum
permissible level, a dose of 10 g/L was consideredn optimum dose for further adsorption

experiments.

4.8.6. Experimental results on kinetic studies

In order to identify the dynamics of the adsorptprocess, kinetics experiments were carried out
for nHAST and BC at different contact times (0.5,21 8, 16, 20, 24 and 28 hours) using an
adsorbent dose of 10 g/L and initial fluoride cartcation of 10 mg/L at room temperature. The
study showed a rapid removal of fluoride ions ie tinst 8 hours followed by a subsequent slow
removal until 20 hours, where equilibrium is reathegith 84.0 % and 86.7 % of fluoride
removal efficiencies for nHAST and BC, respectivdfjgure 57. The slow adsorption stage at
long contact times is probably the result of a slqwtake of fluoride and diffusion to the inner
adsorbent surface. Since there is no significasremse of fluoride adsorption beyond this point,

an adsorption time of 20 hours was fixed for furteeperiments.
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Figure 57: Fluoride adsorption kinetics on nHAST &C composite samples at initial fluoride

concentration of 10 mg/L and dose of 10 g/L

In the present study the two most commonly usedtidrmodels, that is pseudo-first order and
pseudo-second order reaction mechanisms were dpple experimental data used for fluoride

adsorption kinetics of nHAST and BC were analyzsish@ eq. 8 and 9 described in section 2.3,

as presented in Table 15.
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Table 15: Data for fluoride adsorption kineticsmdAST and BC, at 10g/L dose and 10 mg/L

initial fluoride concentration

Kinetics of nHAST Kinetics of BC

b Ce, mg/L Eff, % Q.mg/g G, mg/L Eff, % Q.mg/g

0.5 5.15 48.5 0.485 4.28 57.2 0.572
1 3.97 60.5 0.605 3.33 66.7 0.667
2 3.64 63.6 0.636 2.73 72.7 0.727
8 1.89 81.1 0.811 1.71 82.9 0.829
16 1.66 83.4 0.834 1.49 85.1 0.851
20 1.60 84.0 0.840 1.33 86.7 0.867
24 1.53 84.7 0.847 1.28 87.2 0.872
28 1.48 85.1 0.851 1.25 87.5 0.875

The pertinence of the two models was developeddmgteucting linear plot of log (Q Q)
against t for pseudo-first order model (Figure 5&a) t/qt vs. t for pseudo-second order model

(Figure 58b); the adsorption rate constants aneklation coefficients are reported in Table 16.

Results clearly show that the pseudo-first orded@hdoes not fit well to the adsorption kinetics
on the two adsorbents; the correlation coefficieRfs were 0.9678 and 0.9699 for nHAST and
BC, respectively. The calculated values of capaaitequilibrium, Q. following this model
(0.295 and 0.257 mg/g in Table 16) also differearfithe experimental Qalues (0.84 and 0.87
mg/g) for nHAST and BC, respectively, which showttthe model is not appropriate to describe

the adsorption kinetics.
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Table 16: Summary of the Pseudo-first order andutRssecond order rate constants and

correlation coefficients of n(HAST and BC adsorbents

Pseudo-first order Pseudo-second order
nHAST BC nHAST BC
K4 0.177 0.175 K 2.206 2.776

Qecat Mg/lg 0.295  0.257 | Qamglg 0.862 0.885

R? 0.9678  0.9699| R 0.9999 0.9999

In contrast, the adsorption of fluoride on bothA8T and BC adsorbents are best described by a
pseudo-second order model (in both cases B.9999). In this case, the theoretical equilibri
capacities for the pseudo-second order kinetic in(@l862 and 0.885 mg/g in Table 17) fit
nicely with the experimental values (0.84 and 0m83/g) for nHAST and BC, respectively,
indicating that this model represents the fluordisorption kinetics for both nHAST and BC.
The rate constant Kis slightly higher for BC (Table 17), indicatingsaghtly faster adsorption

on this adsorbent, as observed in Figure 57.
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Besides, the theoretical equilibrium capacitie86@.and 0.885 mg/g) for pseudo-second order
kinetic model as stated in a summary Table 16 &tl with the experimental value (0.84 and
0.867 mg/g) in Table 15 for nHAST and BC, respeddtiv This indicates that this model better
represents the fluoride adsorption kinetics forhbaHAST and BC, and that more of the

adsorption might follows second order chemisoriprocess.

4.8.7. Experimental result on adsorption isotherm

Adsorption isotherm experiments were carried ouriter to determine the best conditions for a
maximum fluoride removal by the nHAST and BC adsotb, using various initial fluoride
concentrations (2, 4, 6, 8, 10, 15, 20, 50, 106,200 mg/L) and a constant adsorbent dose of 10
g/L (Figure 59). At low fluoride initial concentians, a very similar adsorption behavior of both
adsorbents is observed. However, a completelyrdiftepicture is clearly appreciated at high
fluoride concentrations (higher than 50 mg/L), wh&C reaches a saturation point (at around
2.7 mg Hg) while the removal capacity of nHAST keeps imasiag, at least up to 200 mg/L
with a defluoridation capacity close to 4 mggFclearly surpassing the defluoridation abilify o

BC.

It is clearly observed from Figure 59 that the rgal@apacity of the nHAST keep on increasing,
unlike the bone char which almost reaches its atatur point at about 50 mg/L fluoride initial
concentration. This can be attributed to the wilan of less accessible sites because of
increased diffusivity and activity of kons upon the increased concentration, whichrin sthow

the differences between the adsorbents surfacajlghpsndicate the homogeneity of sites on
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smooth surface that are uniformly accessible fa tbaction in the case of BC, and the

heterogeneity of sites that are unevenly distrithate rough surface for nHAST composite.

4.2

i - BC
—k— nHAST
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1 *
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[F],, mg/L
Figure 59: nHAST and BC fluoride adsorption isotherperformed at a dose of 10 g/L, with

varying initial concentrations

Although there are different adsorption isothermdeis, the two most frequently used models,
Langmuir and Freundlich, have been applied as they a good description of experimental
behavior in a large range of operating conditidrmgmuir (Figure 60) and Freundlich (Figure
61) adsorption isotherm model parameters were aedlysing equations 10-13. The constants
Kr and n of the Freundlich model are respectivelyioled from the intercept and the slope of
the linear plot of Freundlich model (eq. 14 asestain sections 2.3). The model parameters,

evaluated from the linear plots, are presentechinld 17.
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Table 17: Langmuir and Freundlich isotherm modehpeeters describing the nHAST and BC

fluoride adsorption

Langmuir model Freundlich model
NHAST BC NHAST BC
Qo Mg/g 4.02 2.74 K 0.621 0.686
b, L/mg 0.105 0.448 1/n 0.386 0.348
R? 0.9657 0.9998 R 0.9975 0.9388
R, 0.83 0.53

The R values for the adsorption of fluoride onto nHAST&C adsorbents, as calculated from
the Langmuir model, are between 0 and 1, sugge#tigthe adsorption of fluoride under the
experimental conditions is a favorable process I@ab7). According to the correlation
coefficient, the adsorption of fluoride on the B{tsfbest with the Langmuir model 1R
0.9998), which describes adsorption on a homogensouface (Figure 60). The adsorption
capacity Q represents the maximum sorption capacity of thbesd. The theoretical value of
maximum capacity of BC (2.74 mg/qg) is also in agreat with the experimental value of 2.72
mg/g (Figure 59), which confirms the appropriatenesthis model to describe the adsorption
process in BC. This value was within the rangehef commercial bone chars that have fluoride
adsorption capacities ranging from 1.0 to 3.0 mg/most cases, although a maximum capacity
up to 7.32 mg/g has also been reported [113]. Kpereamental studies reported by C.K. Rojas-
Mayorga et al. [113] and M. Gourouza et al. [11¥pashowed similar adsorption mechanisms

(Langmuir model) for the adsorption of fluoride atler samples of BC.
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Figure 60 Linearized Lingmuir adsorption isotherm fdubride adsorptio

Interestingly, the scenario is rather differenttiie case f the nHAST composite: Figure

clearly shows that in this case, fitting to the gganuir mode is rather poor and instead t
Freundlich isotherm model ? = 0.9975) fitted best the experimental data. Thffernce
indicates a different adsorption mechanism betwbertwo adsorbents, which occurs speci
at high fluoride concerdtions, as olerved in Figure 58being the adsorption mechani
heterogeneous in the case of the nHAST composiehanmogeneous for BC. Adsorption

fluoride on HAp particles occurs by C/F exchange at low fluorideoncentrations [1]], and
such exchange is knowr tbe depenmnt on the HAp particle size [1]. Such different
heterogeneous adsorption mechanism of the HAp raatoles grown on the zeolite surface
NHAST could be related to the particular crystal morpggland size of HAp in this adsorbe
which erable a diffusion of fluoride to the ier part of the crystal at high fluoric

concentrations. This fluoridedsorption is partially impeded by the diffusioquied, and henc
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is slower, explaining the experimental observatioh a heterogeneouadsorption upon
increasing the fluorideoncentration, and would be only available for composite but not fc
BC. Mechanistic studies have also suggested thhigatfluoride concentrations, thfluoride

removal mechanism involves precipitation of fluerkiy partial dssolution of HAp [11, 150].

Such fluorite precipitation could also provide ahlemnative explanation for the differe
adsorption mechanism of both adsorbents at fluoride concentrations, which should be ol
possible for the nHAST compte, due to a larger dissolution of the nanosizedpl

nanoparticles grown on the external surface oztwdite
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Figure 61 Linearized Frendlich adsorption isotherm folubride adsorptio

The maximum adsorptionapacity of th nHAST composite (around #g/g, calculated from
Figure 59 is higher than that of BC (2.74 m(/g as calculated from the Langmuir model, Te

17, equivalent tohe value obtained from Figure), which is used in this study as a refere
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material for natural hydroxyapatite, since it isrreatly the only applied defluoridation
technology in several countries in the African Rifalley. Different reports using HAp
synthesized in different ways have shown typicalpHi&fluoridation capacities between 3 and 6
mg/g [38, 39, 120-122], which are smaller thaniatninsic HAp defluoridation capacity of 9.18
mg/g HAp observed at low fluoride initial concenimas. Our nHAST composite displays a very
similar defluoridation behavior than BC and thet fdmat is supported on large zeolite crystals

would also improve permeability issues.

4.9. Comparison of nHAST composite with synthetic Ap

Once more, our NHAST composite is compared withthetic HAp, a newly arrived
defluoridation adsorbent technology in Ethiopia®8HO as a potential substitute for BC. To
evaluate the HAp performance in fluoride removadtch adsorption studies have been
conducted under the same reaction conditions todhaHAST and BC adsorbent materials
already tested. Figure 62 demonstrates the deflation test results of HAp including nHAST

composite and BC adsorbent materials.

As shown in Figure 62, the synthetic HAp perfornesyvwell, removes about 98 % fluoride
from 5 mg/L initial fluoride concentrationat 10 gddorbent dose. This is slightly higher as
compared to nHAST and BC adsorbents with 94.6 a&n@ 9 fluoride removal efficiency,

respectively at the same reaction conditions (1@gltorbent dose). The final residual fluoride
concentrations of synthetic HAp, nHAST compositd &C adsorbents were found to be 0.10,

0.27, and 0.39 mg/L, respectively.
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Figure 62: Fluoride removal efficiency (%) of BCynghetic HAp, and nHAST composite

samples at 10 g/Ldose

At the same adsorbent dose, if the initial fluorm®centration is higher, 10 mg/L, the HAp
adsorbent shows more pronounced fluoride adsorpsformance of around 95.2 %, whereas
nHAST and BC perform a bit lower, about 84 and 86.6uoride removal. In this case, the final
residual fluoride concentrations were found to B&8Gor HAp, 1.6 mg/L for nHAST and 1.34
mg/L for BC. However, in both cases the treatedewateets the WHO standard for potable
uses. Interestingly, the final water solution pHhe case of nHAST is found to be at about pH
7.5, more suitable than both BC of around pH 8 syrthetic HAp of around pH of 8.3. From
the practical point of view, nHAST compensatesdightly less defluoridation performance by
the use of locally available cheap natural raw neiteas starting reagents and above all by its

green synthesis procedure, in which no waste ierg¢®d even on a larger scale application.
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Thus, we conclude again that nHAST composite igitalsle adsorbent, and has a high potential

to be used as defluoridating agent in fluorideytelll drinking water.

Finally, similar works in the literature were suyee in order to evaluate the adsorption capacity
of nHAST (4.02 mg Fg) composite, as described in Table 18. M. Jimddeyes et alreported

a higher adsorption capacity (4.7 mdgl of hydroxyapatite for fluoride ions in theiusy on
sorption behavior of fluoride ions from aqueoususohs [39]. G.E.l. Poinern et al. also reported
a maximum monolayer adsorption capacity of 5.50grfgf nanohydroxyapatite, synthesized
through a combined ultrasonic and microwave metfid@]. However, C.SSundaram et al.
reported even a lower adsorption capacity thannélAST composite in their study on fluoride
sorption by nanohydroxyapatite/chitin composize34 mg FHg [38]. The reported defluoridation
capacityof bare nHApis 1.296 mgdr L. Feng et alin the study entitled “Heat regeneration of
hydroxyapatite/attapulgite composite beads foruteitlation of drinking water” also reported
the total adsorption capacity of 3.27 mggFor the composite beds, and 3.46 mfp For
hydroxyapatite powder that used in the synthesith®fcomposite beds [121]. One latest study
by K. Pandi et alalso recorded the defluoridation capacity of 3.7 ig for alginate beads

filled with nanohydroxyapatite [122], which is sonosv comparable with nHAST composite.

In general, the nHAST composite possesses appleaaluoridation capacity when compared
with that of the reported adsorbents, which shawshigh potential toward fluoride removal,
even if the variations among the literature valpessibly arising from the differences in the

experimental conditions impose some difficultiesamparing.
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Table 18: Maximum (monolayer) defluoridation capasi of some adsorbents reportedin

literature
Adsorbent PzZC Q. mg/g | pH, initial | [F],, mg/L Ref.
nHAp 7.2 5.5 6 1-35 [151]
nHAp 457 5 35 [118]
nHAp 4.7 7 [39]
nHAp 3.1 3 [37]
nHAp 8.4 11.1 7 1-20 [152]
BC 7.0 5.44 7 1-20 [152]
nHAp 1.29 7 10 [38]
nHApCh 5.9 2.84 7 10 [38]
nHap/Alg 3.87 [122]
BC 5.44 7 [118]
Bone meal 4.99 5 3-5 [118]
NHAST 10 4.02 7.5 2-200 This work
BC 2.74 8 2-200 This work
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Chapter Five

5. Conclusions

Natural stilbite zeolite from Ethiopia has a veowlfluoride adsorption capacity. However, their
unique chemical composition, specifically with respto calcium content along with their
inherent ion exchange properties, and excelleninata and thermal stability as well as local
availability make them very suitable for fluoridemmoval application after suitable chemical
treatment processes. In this study, nanohydroxitefstibite (nHAST) composite was prepared
from a locally available stilbite zeoliteThe optimization of synthesis parameters allowed
controlling the crystal growth of HAp on the suraaf the natural zeolite stilbite. The process
involves a cationic ion-exchange step and subsedqurgatallization through regulation of the

synthesis time, crystallization temperature, ciigition time, and crystallization pH.

This contribution reports the preparation of a nHASmposite under synthesis conditions of
low crystallization temperature, at room tempemtautogenousrystallization pH value of 8,
without ammonia solution, andrystallization time of 144 hours enable ttrystallization of
nano-sized hydroxyapatite crystalBhe optimized nHAST composite is capable of working
under very demanding conditions, in solutions w&l® and 10 mg/L of fluoride initial
concentrations, at pH values similar to those af veaters, reducing to the WHO limit with a
dose of 10 g/L. The defluoridation test has shoenhigh fluoride uptake capacity of nHAST
for fluoride removal in the field as welllhe low cost and easy accessibility of the material
employed for its preparation, as well as the siaoiliof the synthesis procedure, make these

materials suitable candidates for their use inrftleremoval from drinking water.
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The relatively high PZC of nHAST composite (aboQtQ) is indicating its suitability in fluoride
adsorption through the electrostatic attractiorwken fluoride and the adsorbent below its PZC.
Besides, itaninimal effect in the presence of bicarbonate iithie untreated water, up to 300
mg/L concentrations as well as the minimal pH depece of the process shows further

advantage of nHAST adsorbdat fluoride removal from groundwater.

Above all, the elimination of ammonia from the gyat the most environmentally hostile among
the reagent chemicals used in the synthesis of AH&®BNposite, is a considerable achievement
of this work if looked from both scientific as wels commercialization point of view, because
this is not only contributing to minimal producti@osts, but also with the use of inexpensive
stilbite mineral, but it also makes the synthesmcess “greener”. These results foresee a high

potential of NHAST composite towards fluoride rermlowmplementation.
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Appendices
Appendix 1: Experimental curves corresponding te flotentiometric mass titrations

technique for the determination of the PZC of apsH-1, b) nHAST-2, ¢) nHAST-3.
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