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KEYWORDS
The adsorption of fluoride ions on activated carbon prepared from low Adsorption;
cost materials has been studied by batch process. The influences of Actnll_aled carbons,
angmuir;

contact time, dosage, pH, pH zpc and co-ions on the fluoride sorption
were studied. Adsorption was explained using Langmuir and Freundlich
isotherms with the help of Chi-square analysis. Thermodynamic param-
eterslike A, AH® and AS® were calculated to understand the nature of
adsorption. The surface morphology of the adsorbent material before
and after fluoride sorption was observed using scanning electron
microscope(SEM) and X -ray diffraction studies(XRD). The performance
of the activated carbons has been tested with field samples collected

Freundlich isotherm;
Chi-square analysis,
Intraparticle diffusion.

from fluoride endemic areas.

INTRODUCTION

Endemic skeletal fluorosiscontinuesto beapublic
health problemin severd parts of theworld including
India, wheredrinking water contains naturally occur-
ring sol ublefluoride much abovethepermissblelimit of
1.5mg/L1. Huorideexissadequately intheearth’scrust
and can enter groundwater by natural process such as
natural weathering and leaching. Many statesin India
such as Rgjasthan, Gujarat, Andhra Pradesh, Orissa,
Karnatakaand Tamil Nadu report fluoride concentra-
tioninwater abovethepermissiblelimits?. Thisavail-
abledtatisticsindicatethat al over Indiamorethan 6
million peopleare serioudly affected by fluorosisand
another 6 million are exposed to it¥. A number of
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defluoridati on techniques have been suggested for the
remova of excessfluoride. Depending upontheir mode
of actionthey are classified into threemgjor typesviz.,
those based on chemical addition, adsorption processes,
and ion exchange mechanism(*587, Membrane pro-
cesses such asreverseosmos's, nanofiltration, electro
diadysisand Donnan didysiswererecently investigated
to reducefluoridein water®°1014 Themost economi-
ca adsorbent for fluorideremova fromdrinking water
isactivated dumina. In recent years, much effort has
been devoted to theinvestigation and devel opment of
other, more cost effective, fluorideadsorbentssuch as
fly ash and bauxite, sllicagd, bonecharcod, spent cata-
lyst, and bentonite?. A locally available and cost ef-
fectivefluorideadsorbent will behighly desirable.
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This paper narrates the fluoride adsorption
behaviour of thematerialswhich efficiently remove of
fluoridefromagueoussolutionsat ardatively low level
whicharelow cost and easily available. Activated car-
bons prepared from Recinius Communis Linn(RC),
Carica Papaya Linn(CP) and Morinda pubescences
(MP) areused to adsorb fluoride by batch experiments.
Themain objectiveof thisstudy wasto analyzethe ef-
ficiency of these adsorbentsfor removing fluorideions
from agueous solutions.

EXPERIENTIAL

The preparation of activated carbonsRC, CPand
MP consisted of carbonization of the respective plant
materials. Each dried raw material wascut into small
piecesand the carboni zation was conducted inamuffle
furnace at 400°C, 450°C and 500°C for RC, CP and
M Prespectively. Thehesating period was 2 hoursfor dl
materials. After carbonization, the carbon wasground
using domestic mixie. Thematerial wassieved using
BSS 52 to have uniform particle size. The activated
carbons obtained were kept in adesicator and were
characterized for the physical parameterswhich are
showninTABLE 1.

Adsor ption studies

Thethreeactivated carbonsshowninTable 1 were
used to study adsorption of fluoride. Adsorption equi-
librium study of fluoridewas carried out in 250ml stop-
pered lodineflask by adding 300mg RC, 400mg CP,
and 2g of MP activated carbon to 50ml of 3ppm Fluo-
ride sol ution. FHuoride determination wasdoneusingan
expandableion analyzer, EA 940, and fluorideion-se-
lectiveelectrode BN 9609 (all Orion USA made). The
pH measurementsweredonewith sameinstrument with
a pH electrode. The concentrations of NO,’, SO,?,
weredetermined by UV visible spectrometer (Perkin
Elmer Lambda 35) and the concentration of Mg?* and
Ca?* ions were determined by an atomic adsorption
gpectrophotometer AAS (Perkin Elmer AAnalyst 100).
pH_. (pH of zero point charge) was determined by
pH drift method (13). All other water quality param-
eterswere analyzed by using standard methods. The
surface morphology of theraw and treated activated
carbon was visuaized by SEM with aHITACHI-S-
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TABLE 1: Characteristicsof the activated car bons

Adsor bents

S.no Parameters RC cp MP
1 Particlesize (mm) 015 011 0.14
2 Density (g/cc) 054 056 058
3 Ash content (%) 204 198 211
4  Moaisture content (%) 164 134 150
5 Loss of ignition (%) 82.00 85.10 88.30
6 Water soluble matter 017 031 0.24
7 pH of agueous solution 7.5 7.2 7.0
8 pH (zpc) 7.1 6.9 6.7
9 lodine number (mg/g) 204 236 190

s = e
52 e
) ] -~ P— T e
g5 =] .
s 1 /:/
o = 1
55 1 A [
b2 L /‘ Sa

S 5 P X Fi

Tase (aaydan)

Figurel: Effect of contact time

3000H model. XRD pattern was recorded using X*
per PRO(mode), PAN analytica (make). Computations
weremadeusing Microca Origin, (version 6.0) soft-
ware. The goodness of thefit isdiscussed using the
regression, correlation and coefficient (R).

RESULT AND DISCUSSION

Effect of contact time

Thefluorideremovd efficiency of theactivated car-
bonswas determined by varying the contact time. Itis
evident fromfigure 1. That themaximum fluoridere-
moval timefor RCis35 min, CP30minandfor MPis
25mins. Theresults show that the percentage of fluo-
ride adsorptionincreased withincreasing timeof equili-
bration. Thisstudy doesnot claim any kinetic evalua-
tion of theadsorption process, but it hasshown that the
equilibriumwasattained.

Effect of dosage

Theexperimentswerecarried out with different dos-
agesof activated carbonwith 3ppminitia fluoridecon-
centrationwhichisshowninfigure 2. A significantin-
creasein percent removal with increasein dosage of
activated carbonswas doneto bring down thefluoride
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level to 1 ppmwhichisthetolerancelimit for fluoride.
Finally 300mg for RC, 400mg for CPand 2gfor MP
wasfixed as optimum dose.
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Effect of pH

The pH controlsthe adsorption at thewater inter-
faces. Theremoval of fluorideion from aqueous solu-
tionswas highly dependent on the solution pH in many
cases. Thedefluoridation efficiency of theactivated car-
bonsweredetermined at fivedifferent pH levelsviz., 3,
5,7,9and 11 andtheresultsaregiveninfigure3. The
pH of the sol ution was adjusted by adding HCI/NaOH
solution. Itisevident fromthefigurethat RC, and CP
carbonshaveno sgnificant effect onthedefluoridation
efficiency. Efficiency remainsthesameinboth akaine
and acidic medium. But MP hashigher efficiency at
higher pH.

Effect of co-ions

The dependence of the activated carbon on the
presence of other co-ionsthat arecommonly presentin
water, namely Cl, SO, HCO,, NO,, Ca** and Mg
wasinvestigated with varyinginitial concentrations of
theseionsviz., 100, 200, 300, 400, 500 and 600 mg/L
by keeping fluoride concentration assame. All ionsex-
cept bicarbonateionsdo not haveany significant effect
ontheremoval of fluoride by these activated carbons
andthisisevident fromfigure4.

Adsorption isotherms

Two commonly used isotherms, namely Langmuir
and Freundlichisotherms, have been adopted to quan-
tify thefluoride sorption capacity of the activated car-
bons.

Langmuir isotherm

TheLangmuir isotherm model can berepresented
intheform of equation
Co_ 1 1

= +-C
de Qob Qp °

)

TABLE 2: Langmuir and frendlich constants

Langmuir constants

Freundlich constants

TempK  Q, b R’ s R ¥ 1/n Ki R’ 3] ¥
303 0452 8445 0967 0.0386 0.637 05691 0.892 2.090 099 0.0334 0.0071
RC 313 0444 5445 0967 00396 0579 02543 0.897 1833 0.999 00123 0.0041
323 0432 7.880 0981 0.0430 0.687 0194 0.883 1.828 0998 0.0670 0.0029
303 1.604 0288 0979 0.0230 0664 04123 0.652 2.823 0998 0.0141 0.0057
CP 313 1269 0475 0994 00147 0513 03478 0595 2467 0.994 0.0262 0.0044
323 1287 0599 0993 0.0172 0455 0.2987 0529 2202 0995 0.0254 0.0027
303 0.695 3374 0978 0.0350 0759 0.6591 0.991 2.004 0995 0.0326 0.0121
MP 313 0347 6.289 0967 00784 0581 0489% 0811 141 0.991 0.0444 0.0058
323 0139 4691 0987 00281 0961 03698 0.636 1.37 0996 0.0380 0.0049
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Figure5(c): Lang?nuir plot for M P
whereQ, istheamount of adsorbatea complete mono-
layer coverage (mg/g), which givesthe maximum sorp-

tion capacity of the adsorbent and bisLangmuir iso-
therm constant that rel atesto the energy of adsorption.
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Therespective Langmuir isothermsof RC, CPand MP
areshowninfigure5a, b and c. Langmuir constants
werecdculated andlistedin TABLE 2. Thelinear plots
of Ce/gevs Ceindicatetheapplicability of Langmuir
adsorption isotherms occurring through monolayer cov-
erageof fluorideionson the outer surface of theadsor-
bent materias.

Inorder tofind out thefeasibility of theisotherm,
theessentia characteristicsof Langmuir constantscan
beexpressed intermsof dimensionlessconstant, sepa-
ration factor or equilibrium parameter R 11449,

R, = 1
1+bC,
wherebisLangmuir constant and C_ istheinitial con-
centration of fluoridemg/L. TheR vauesat different
temperatureswere calculated and given in TABLE 2.
TheR vauesbetween 0 and 1indicatefavourable ad-
sorption for al concentrationsand temperatures stud-
ied.
Freundlichisotherm

@

Thelinear form of the Freundlichisotherm can be
represented by the equation

Iogqe=logKf+%IogCe 3)

where g, isthe amount of fluoride adsorbed per unit
weight of the adsorbent(mg/g), C, istheequiilibrium con-
centration of fluoridein solution(mg/L), K, isthe mea-
sure of adsorption capacity and 1/nisthe adsorption
intensity. Freundlichisothermsof RC, CPand MPare
shown infigure6a, b and c. Freundlich constantsfor
thethree activated carbonswere cal cul ated and pre-
sented in TABLE 2. Thelinear form of the Freundlich
isothermwith high correltion coefficient va ues, R?in-
dicates physisorption asthegoverning forcein thefluo-

5
4

loeg

loz o,
(a): Freundlich plot for R C

(b): Freundlich plot for C P
Figure6

loz c,
(c): Freundlich plot for M P
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ride sorption reaction with the adsorbent. Inall cases
thevaueof K, decreased withincreasein temperature,
showing the temperature dependence of the rate of
adsorption. Valuesof 1/narebetween 0.1and 1.0and
thenvalueslieintherange of 1 to 10 and fulfill the
favourable conditionsfor adsorption(16.7:18,

Chi-squared analysis

| dentification of asuitableisotherm mode for fluo-
ride adsorption on activated carbonswasdone using
chi-squaretestswhichisbascdly thesum of thesquares
of the difference between the experimental dataand
that dataobtained by cal culating frommode s, with each
squared difference divided by corresponding dataob-
tained by cal culation from the model 9. Theequilib-
rium mathematic statement is

2
Xzzz(qe_qe,m) (4)
Qe,m

whereq,  isequilibrium capacity obtained by cal culat-
ing from model (mg/g) and g, isexperimental dataon
the equilibrium capacity(mg/g). If datafromthemodel
aresimilar to the experimental data, 2 will besmall
number whileif they differ 2 will beabigger number.
Therefore, it isalso necessary to analysethe data set
usingthenonlinear chi-squared test to confirm the best
fitisotherm for the sorption system®, They2vauesfor
the systemsstudied herewere cal cul ated and presented
inTABLE 2. The Freundlichisotherm has higher 2
vaueswith small standard deviation thanthe Langmuir
isotherm. Thisindicated that the Freundlichisotherm
fitswell for the adsorption of fluorideon all activated
carbons.

Adsor ption dynamics

From amechanistic point of view, tointerpret the
experimenta data, prediction of therate-limitingstepis
an important factor to be considered in the sorption
process. Though kineticand equilibriumisotherm stud-
ieshelptoidentify the adsorption process, predicting
the mechanismsisrequired for design purpose. For a
solid-liquid sorption process, the solutetransfer isusu-
ally characterized by either external mass transfer
(boundary layer diffusion) or intraparticlediffuson or
both.
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The sorption dynamics can be described by three
consecutive stepsasfollows:

e Transport of the solutefrom bulk solution through
liquid film to theadsorbent exterior surface

¢ Solutediffusioninto the pore of adsorbent except
for asmall quantity of sorption ontheexternd sur-
face; pardle tothisintraparticle transport mecha
nismof thesurfacediffuson

e Sorption of solute ontheinterior surfaces of the
poresand capillary spaces of the adsorbent

Thelast stepisconsideredto bean equilibriumre-
action of thethree steps, thethird stepisassumedto be
rapid and considered to benegligible.

Theoverall rate of sorptionwill be controlled by
thedowest step, whichwould beether filmdiffusonor
porediffusion. However, the controlling step might be
distributed betweenintraparticleand externd transport
mechanisms. Whatever bethe case, externa diffusion
will beinvolved in theadsorption process. The adsorp-
tion of fluoride onto the activated carbon may be con-
trolled duetofilmdiffusion at earlier stagesand asthe
adsorbent particlesareloaded with fluorideions, the
sorption processmay be controlled duetointraparticle
diffusion. But for design purposes, it isnecessary to
caculatethed owest step involved inthesorption pro-
cess. For the adsorption process, the external mass
transfer controls the adsorption process for the sys-
temsthat have poor mixing, dilute concentrations of
adsorbate, small particlesizesof adsorbent and higher
affinity of adsorbate for adsorbent whereas the
intraparticlediffusonwill control the sorption process
for asystem with good mixing, large particle size of
adsorbent, high concentration of adsorbate and low
affinity of adsorbatefor adsorbent. Themast commonly
used techniquefor identifying the mechanisminvolved
inthe adsorption processisby fitting the experimental
datainanintraparticlediffusion plot. Previousstudies
by various researchers showed that the plot of ¢, ver-
sust¥? represents mullti linearity which characterized
thetwo or more stepsinvol ved inthe sorption process.
According to Weber and Morris, anintraparticlediffu-
sion coefficient isdefined by the equation.

a, =Kpt1/2 (5)

g, = the amount of fluoride adsorbed per unit mass of
adsorbents at any time; tY?=square root of time; K=

ey Snoivonmental Science
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Intraparticle diffusion rate constant.

Theplotsof intraparticlediffusion curvesshow ini-
tid curved portionfollowed by linear portionand apla-
teau. Thefirst sharper portionisthe external surface
adsorption or instantaneous adsorption stage. The sec-
ond portion is the gradual adsorption where the
intraparticlediffusionisratecontrolled. Thethird por-
tionisfina equilibrium stagewheretheintrgparticledif-
fusion startsto dow down dueto extremely low solute
concentrationin solutions?!. Theplotsfor RC, CPand
MPareshowninfigure7a bandc.

Evidencefor intraparticlediffusion (Kp)

A preliminary gppraisa of thesorbent - sorbate sys-
tem may provideinformation indicating the sorption
mechanism. For instance, there are severa chemical
groups on the sorbent which can undergo chemica re-
action to form achemical bond. Acid groups on the
sorbent could provideion exchange Sitesfor metal ions
and ionic dyes. Aminegroups can providealone pair
of dectronsfor chelaionwith metd ionsetc. Reatively
inert sorbent surfacesmay only provide physica sites
for diffusiond controlled bond formation.

In order toidentify the exact mechanismitisneces-
sary to carry out experimentsto study several system
variables, namely, initia concentration, sorbent particle
Sze, olutiontemperature, solution pH and agitationand
analysethedatafor different order kinetic reactionsor
for pore/solid phasediffusion mechanisms.

If equilibriumisachieved withinthreehours, thepro-
cessisusualy kinetic controlled and abovetwenty four
hours, itisdiffusion controlled. Either or both kinetic
and sorption processes may beratecontrollinginthe
threeto twenty four hour period. Another very genera
guidelineisthat changesin pH haveagreater effect on
the sorption of solutesin reaction controlled sorption

TABLE 3: Valuesof Kp

Values of Kp
Temperature(K) RC Cp P
303 0.251 0.143 0.245
313 0.237 0.253 0.261
323 0.233 0.189 0.263

processes. A more appropriate quantitative approach
to distinguish between kinetic and diffusonrate control
isto performthe squareroot of contact timeanaysis
according to equationt®. A plot of theamount of pollut-
ant adsorbed, q,, against the square root of time, t'2,
yidldsastraight lineplot of dopeK . adiffusiona rate
parameter. Thisstraight line, passing throughtheorigin,
indicatesintraparticlediffusion control. Thisapproach
has been successful in many cases?>224, |n cases of
adsorbentswhose pore sizerangeisextensiveinclud-
ing micro-, meso and macro pores up to threelinear
sectionshave been obtained®29. Additiona confirma-
tion of a diffusion mechanism can be obtained by
analysing the effect of the system variableson K o The
valuesof K, aregiveninTABLE 3.

For intraparticlediffusion controlling systemsK ]
should vary linearly with reciprocd particlediameter;
the product of K pti mes sorbent massshould vary lin-
early with sorbent mass.

Thermodynamic parameters

Thermodynamic parameters such asstandard free
energy, (AG°) standard enthalpy change (AH®) and
standard entropy change (AS) of the sorption process
werecalculated asfollowsandthevauesaregivenin
TABLEA4.

Thefree energy of sorption process, considering
the sorption equilibrium constant K , isgiven by the
equation.

AG° =-RTInK, (6)
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TABLE 4: Thermodynamic par ameter sfor sorption of fluo-
rideat different temperatures

AG(kjmal™) N o

Adsor bent 303K 313K 323K AH(kjmol™) AS(kjmol™)
RC -250 -2.68 -2.94 15.98 0.059
CP -2.44 -2.26 -2.70 19.67 0.073
MP -1.66 -1.26 -1.70 13.29 0.084

where AG? isthefreeenergy of sorption (kJmol?), T
isthetemperaturein Kelvinand Ristheuniversa gas
congtant. (8.314Jmol 'k %). Thesorption distribution co-
efficient K for the sorption reaction was determined
fromtheslopeof theplot of In(q/C ) VsC,_at different
temperatures and extrapl oting to zero C_according to
method suggested by Khan and Singhf?7,

The adsorption distribution coefficient may beex-
pressed intermsof enthal py change (AH?) and entropy
change (AS) asfunction of temperature
InKy = ARLT.'- A: 7
where AH% is heat of adsorption (KJmol) and AS® is standard
entropy change(KJmol2). The values of AH® and AS® can be

obtained from the dope and intercept of aplot of Ink Vs /T2,

Instrumental analysis

Surface morphologies of the carbons before and
after thefluoride sorption werestudied using SEM im-
ages. SEM images of the activated carbons RC, CP
and MP before and after fluoride adsorption are shown
infigures8, 9 and 10. Comparison of the SEM images
reveals that the surface texture and porosity of the
adsorbentshasholesand smal openings, which consti-
tutethe contact areasfacilitating porediffusion during
adsorption. XRD patterns of theraw and treated car-
bons also show significant changesin the peak inten-
sity. Figures 11, 12 and 13 indicatethe decreasein the
peak intensity values of RC, CPand MPrespectively,
after thefluoride adsorption®.

Fiedtrial

Thethreeactivated carbonsused inthisstudy were
also employed as defluoridating media using field
samplesfrom fluorideendemic areas. Theexperimen-
tal resultsare presentedin TABLE 5. All theactivated
carbonswere observed to significantly reducefluoride
fromwater. However, other commonwater quality pa-
rametersremaned largdy undtered.

77
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TABLE5: Fidd trial results

Water quality Before After treatment

par ameter treatment RC CP MP
pH 85 79 8.0 8.1
EC (ms/cm) 0.98 086 091 111
CI (mg/L) 66.50 654 685 609
TH (mg/L) 120 140 165 150
TDS (mg/L) 750 740 700 720
F (mg/L) 2.85 0.92 101 110

(a)

Figure8: (a) SEM for RC beforetreatment (b) SEM for
RC after treatment

(@)

(b)

Figure9: (a) SEM for CP beforetreatment (b) SEM for
CP after treatment
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Figurel0: (a) SEM for M P beforetreatment (b) SEM for
M P after treatment
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Figurel1: (a) XRD for RC beforetreatment (b) XRD for
RC after treatment

CONCLUSION

All thethreeactivated carbons, viz., RC, CPand
M P exhibited cons derableadsorption of fluoridefrom
water. Thefluoride sorption process depended on the
adsorbent dosage, contact time, co-ions, temperature
and pH. Theequilibrium dataof adsorptionareingood
agreement with adsorptionisotherm modelsirrespec-
tive of thetemperature or concentration. The adsorp-
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Figure12: (a) XRD for C P after treatment (b) XRD for
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Figurel3: (a) XRD for M P beforetreatment (b) XRD for
M P after treatment

tion dependence of fluoride ontemperaturewasinves-
tigated and the thermodynamic parameters AG®, AH®
and AS’were calculated. The negative AG°vauesin-
dicated thefeasibility of the adsorption and its sponta-
neous nature. Thevaue of AH®ispositiveand it con-
firmstheendothermic nature of thereaction. The posi-
tivevaueof S’ showstheincreased randomnessat the
solid- liquid interface. SEM and XRD studiesreveded
that fluoride adsorptionispredominantly asurface phe-
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nomenon. Feldtria studiesshow that these adsorbents
can be used as defluoridation agents, which exhibited
promising gpplications.
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