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bstract

The presence of excess fluoride in drinking water has become a potential cause of agony to hundreds of million people the world over as it initiates
he debilitating disease fluorosis. This concern imparts enough impetus among the water community for concerted research on defluoridation of
rinking water. The present study evaluates the feasibility of using an adsorbent, alumina cement granules (ALC) in removing fluoride from water
hrough batch and column studies. In batch studies, it was observed that a dose of 2 g l−1 of ALC could bring down fluoride concentrations in
ater from 8.65 mg l−1 to below the permissible level of 1.0 mg l−1 at optimum conditions. The equilibrium sorption data, generated by dose
ariations of ALC, were better modeled by Freundlich isotherm. The maximum monolayer capacity of ALC suggested by the Langmuir model
as 10.215 mg g−1. In column studies, the maximum adsorption capacity of ALC at the point of breakthrough was found to be 2.27 mg g−1 at a
ow rate of 4 ml min−1. The responses of the adsorbent in the fixed bed for varying operating conditions of bed depth, flow rate, and initial fluoride
oncentrations were analyzed. The sorption kinetic models; Hutchins BDST, Thomas, Yoon–Nelson, and Clark were examined to describe the
orption process. The characteristic parameters of the respective models for the process design of columns were obtained by their linear regression.
mong all the models tested, the Clark’s model could better describe the sorption process at all sorptive conditions and ranges analyzed. The study
lso suggested the use of sorption contours of effluent fluoride concentration for better visual evaluation and correlation of experimental sorption
rofiles with the model. The sorption contours could aid in the quantitative evaluation of service times of columns at various stages of breakthrough
or any bed depth, flow rate and initial fluoride concentration within the ranges studied.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Water, revered as our culture and life, has many homes in
uman habitat. Nonetheless, the Millennium Development Goal
f safe drinking water is still a dream for about 1.1 billion
eople in the developing world [1]. Of late, this dwindling avail-
bility of fresh water and its increasing pollution from diverse
ources raises overarching global concerns. Further, the entry
f geogenic pollutants like fluoride in drinking water sources
akes this growing global water crisis to ominous dimensions.

luorosis, resulting from intake of excess fluoride, has struck
ore than 25 countries of the world. In India alone, the lives

f more than 66 million people including 6 million children are
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at risk’ of fluorosis [2]. In China, over 26 million people suffer
rom dental fluorosis [3], and 10 million from skeletal fluorosis
4]. The notion of this human vulnerability to excess fluoride
n drinking water obsessed with its well-documented legitimate
oncerns [5] catalyzes global defluoridation research.

Though many technologies like coagulation, adsorption
nd/or ion exchange, electrochemical methods and applications
f membranes are suggested for defluoridation, a lasting solu-
ion is still at large. Coagulation methods are generally effective
n defluoridation, but are unsuccessful in bringing fluoride to the
esired concentration levels. The electrochemical techniques in
eneral, suffer due to high cost factor, both during installation
nd maintenance. Membrane separations can be performed at
ow temperatures under isothermal conditions leading to low

nergy consumption. But they are relatively expensive to install
nd operate and are prone to fouling, scaling, or membrane
egradation. Especially for developing countries, the high cost
f these technologies may be a major constraint for imple-
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Nomenclature

A, r Clark constants
b Langmuir constant related to binding energy or

affinity parameter
bt time for breakthrough (h)
C constant related to thickness of the boundary layer

(mg g−1)
Cad adsorbed fluoride concentration in the fixed bed

(mg l−1)
Ce concentration of fluoride in the solution at equi-

librium (mg l−1)
Ct concentration of fluoride in the solution at any

time t (mg l−1)
Ct(exp) effluent fluoride concentration from the column

(mg l−1)
Ct(theo) effluent fluoride concentration predicted by the

model (mg l−1)
C0 initial concentration of fluoride in solution

(mg l−1)
et time for exhaust (h)
EBCT empty bed contact time (min)
Fb quantity of fluoride sorbed onto ALC in the col-

umn up to breakthrough (mg)
Ftot quantity of fluoride sorbed onto ALC in the col-

umn up to exhaust (mg)
kp intraparticle diffusion rate constant

(mg g−1 h−1/2)
kTh Thomas rate constant (l h−1 mg−1)
kYN rate constant of Yoon and Nelson equation (h−1)
K adsorption rate constant (l mg−1 h−1)
Kf Freundlich constant representing adsorption

capacity (l g−1)
m mass of ALC used in batch study (g)
N number of samplings
N0 adsorption capacity of the adsorbent (mg l−1)
qcol total adsorption capacity of ALC in the fixed bed

(mg g−1)
qe amount of fluoride sorbed onto ALC at equilib-

rium (mg g−1)
qmax Langmuir constant related to saturated monolayer

adsorption (mg g−1)
qmin,col minimum adsorption capacity of ALC in fixed the

bed (mg g−1)
qt amount of fluoride sorbed onto ALC at any time

t (mg g−1)
qTh equilibrium sorbent uptake of the adsorbent pre-

dicted by Thomas model (mg g−1)
Q volumetric flow rate (l h−1)
t service (sampling) time of the fixed bed (h)
t50 service time of the fixed bed corresponding to

50% breakthrough (h)
u linear flow velocity of feed to bed (cm h−1)
V volume of fluoride solution (l)
Vb volume of water treated up to breakthrough (l)

Ve volume of water treated up to exhaust (l)
Z fixed bed depth of adsorbent in the column (cm)
1/n Freundlich constant representing adsorption

intensity
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τ time required for 50% adsorbate breakthrough (h)

entation. Among the options, adsorption has been regarded
s a promising technology practiced in many fluoride endemic
reas of the developing world. The use of adsorbents in sorp-
ive filtration system assures a number of process engineering
dvantages like simplicity in operations, high yield in purifi-
ation process, automation in treatment protocol and above
ll, easy scaling-up from laboratory to field. The pollutants in
ater are removed by getting concentrated onto a small adsor-
ent mass, which can eventually be regenerated or disposed off
6,7]. In this direction, the successful use of activated alumina
or fluoride removal and its effective implementations are well
ocumented [8–10]. However, issues like need for more con-
act time for desired removal due to its slow kinetics, low pH
ange for optimum removal necessitating pre-treatment, turns
isadvantageous.

It has been observed that most of the reported defluoridation
esearch is confined to batch studies, which only suggest the fea-
ibility of an adsorbent for sorption and renders its adsorption
apacity through best-fitting isotherms and some kinetic mod-
ls. However, the actual capacity of the adsorbent in fixed bed
olumn studies, which dictates its field defluoridation potential,
s rarely reported. The capacity of an adsorbent for field use
nd its features of removal can be totally evaluated only by ana-
yzing its sorptive responses both in batch and column studies.
hese responses can be described and compared by modeling

he system for scaling-up. In the process of modeling, though the
nsteady situation prevailing in fixed bed poses difficulties [7],
t is desirable to use simplified model expressions to describe
he sorptive responses, as demonstrated in many recent sorption
tudies [11,12].

This paper researches into the feasibility of using an adsor-
ent, alumina cement granules (ALC), in defluoridating drinking
ater by analyzing the effect of various factors affecting its sorp-

ion profile. The objective is to focus on to evaluate, describe and
redict its dynamic sorptive responses from batch and column
tudies through modeling.

. Materials and methods

.1. Adsorbate and chemicals

All chemicals and reagents used in this study were of ana-

ytical grade. NaF (Merck) was used for preparation of standard
uoride stock solution in double distilled water. All synthetic
uoride solutions for adsorption and analysis were prepared
y appropriate dilution of the stock solution in de-ionized (DI)
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ater. Only plastic wares were used for handling fluoride solu-
ion and it is not prepared in or added to glass containers. All
lastic wares were washed in dilute HNO3 acid bath and rinsed
horoughly with DI water prior to use.

.2. Analysis

Expandable ionAnalyzer EA 940 with Orion ionplus (96-09)
uoride electrode (Thermo Electron Corporation, USA), using
ISAB III buffer was used for fluoride measurement. The pH
easurement was done by a Cyber Scan 510 pH meter (Oak-

on Instruments, USA). A temperature controlled orbital shaker
Remi Instruments Ltd., Mumbai, India) was used for agita-
ion of the samples in batch studies. A high precision electrical
alance (Mettler Toledo, Model AG135) was used for weight
easurement. The elemental composition of ALC combined
ith oxygen was determined by Energy Dispersive X-ray (EDX)

nalysis (Oxford ISIS-300 model) by quantitative method in two
terations using ZAF correction, at a system resolution of 65 eV,
nd results were normalized stoichiometrically.

.3. Synthesis of the adsorbent

The adsorbent ALC, selected for the present research, was
repared from commercially available high alumina cement. The
igh proportion of alumina and calcium, whose (established)
otential in fluoride removal was instrumental in selection. Ini-
ially, a slurry was prepared by adding distilled water to 1 kg
f high alumina cement at a water–cement ratio of ∼0.3. The
lurry was kept at ambient temperature for 2 days for setting, dry-
ng and hardening. This hardened paste was cured in water for 5
ays. After curing, it was broken, granulated, sieved to geometric
ean size of ∼0.212 mm, and kept in airtight containers for use.
he elemental composition of ALC (combined with oxygen)
btained from EDX showed proportions of Al2O3 (78.49%),
aO (15.82%), SiO2 (5.39%), and Fe2O3 (0.30%). The bulk
ensity, specific gravity and pH of zero point charge (pHzpc)
ere 2.33 g cm−3, 2.587 and 11.32, respectively. The pH at zero
oint charge of ALC was determined as per the method sug-
ested by Noh and Schwarz [13]. Different quantities of ALC
ere placed in 10 ml solutions of 0.1 M NaCl (prepared in pre-
oiled water) in various bottles and kept in the thermostat shaker
or overnight continuous agitation. The equilibrium pH values of
hese mixtures were measured and limiting value was reported
s pHzpc of ALC.

.4. Batch and column studies

The feasibility of ALC in fluoride removal was evaluated
hrough its kinetic and equilibrium adsorption responses under
ompletely mixed batch reactor (CMBR) technique commonly
nown as batch studies. Polyethylene bottles (Tarson Co. Ltd.,
ndia) of 150 ml capacity with 50 ml of synthetic fluoride solu-

ions in DI water were used in these investigations. ALC was
dded as per dose requirements to these bottles and were shaken
n an orbital shaking incubator at 230 ± 10 rpm. Equilibrium
tudies were carried out with ALC dose range of 1–3 g l−1 and

c
t
c
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inetic studies at a fixed dose of 2 g l−1 for an initial fluoride
oncentration of 8.65 mg l−1. The bottles were taken out after
h of agitation and content was filtered using Whatman No-42
lter paper to separate the sorbent and filtrate. From the filtered
ample of each batch reactor, 10 ml was taken for analysis and
etermination of residual fluoride. All experiments were dupli-
ated and average values were used for further calculations. In
rder to check for any adsorption on the walls of the container,
lank container adsorption tests were carried out.

The applicability of ALC for field use was evaluated through
ontinuous flow fixed bed column experiments using glass
olumns of length 550 mm and internal diameter 20 mm. The
olumn was packed with desired depth of ALC between two
ayers of glass wool at the top and bottom ends to prevent
he absorbent from floating. Then the column was fed con-
inuously with fluoride water at desired volumetric flow rate
sing peristaltic pumps (Miclins, India). The effluent samples
ere collected at pre-determined time intervals and analyzed for

emaining fluoride concentration. All studies were performed at
constant temperature of 300 K, representative of the prevailing
nvironmental conditions.

.5. Adsorption capacity of ALC

In batch studies, the experimental adsorption capacity of ALC
as calculated as

t = C0 − Ct

m
V (1)

n column studies, the total quantity of fluoride adsorbed in the
olumn for a given feed concentration and flow rate could be
ound by calculating the area above breakthrough curve by inte-
rating the adsorbed fluoride concentration versus time t (h) plot
s

tot = Q

∫ t=et

t=0
Cad dt (2)

imilarly, the quantity of fluoride adsorbed up to breakthrough
s

b = Q

∫ t=bt

t=0
Cad dt (3)

here

ad = C0 − Ct (4)

he fluoride removal capacity of column up to the point of
reakthrough will be representing the ‘breakthrough capacity’,
ndicative of the column adsorption capacity in single column
peration (qmin,col). This value obtained by dividing Fb by the
ass of ALC in the column, turns useful in the design of domes-

ic defluoridation units (DDU) which normally involve single
hamber applications. Whereas, in series column operations, all

olumns except the last can be run up to the point of exhaust as
hese columns still contains unused adsorbents. In such cases,
apacity up to exhaust will be its total or maximum capacity
qcol). This value obtained by dividing Ftot by the mass of ALC
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n the column, will be appropriate and useful for field scale
ommunity applications involving number of columns.

.6. Analysis and modeling of breakthrough profile

For a given bed depth, the service times of a continuous flow
xed bed unit (unit plant) are correlated with the initial sorbate
oncentration, flow rate, and adsorption capacity of the adsor-
ent used. So, obtaining a reliable adsorption capacity of the
dsorbent, and describing the sorptive responses of the fixed
ed, turns crucial in efficient process design and operation. This
ecessitates a careful evaluation and analysis of the experimental
ata, to predict the effect of variations in operational parameters
f sorption process for optimum performance, through model-
ng. The models selected to describe the sorption of fluoride
n ALC include Hutchins BDST model [14], Thomas model
15], Yoon–Nelson model [16], and Clark’s model [17]. The
ssumptions involved in the derivations of these models with
heir respective linear forms are shown in Table 1.

In all cases, the average percentage errors (APE) between
he experimental and predicted values of effluent concentrations
ere calculated as

PE% =
∑N

t=1|(Ct(exp) − Ct(theo))/Ct(exp)|
N

× 100 (5)

. Results and discussion
.1. Batch adsorption studies

The kinetic curve of fluoride sorption by ALC is shown in
ig. 1. The uptake is characterized by a rapid phase at the initial

w
i
i
s

able 1
he linear form of the sorption models with their characteristic features

odel Characteristic features

utchins BDST model Derived based on the assumptions that intraparticular
diffusion and external mass resistance are negligible and
that the adsorption kinetics is controlled by surface
chemical reaction between solute in the solution and the
unused adsorbent
The BDST model also serves as a useful tool for
comparing the performance of columns operating under
different process variables

homas model Derived by assuming Langmuir kinetics of
adsorption–desorption with no axial dispersion and that
the rate driving force obeys second-order reversible
reaction kinetics

oon–Nelson model Derived based on the assumption that the rate of
decrease in the probability of adsorption for each
adsorbate molecule is proportional to the probability of
adsorbate adsorption and the probability of adsorbate
breakthrough on the adsorbent

lark model Derived based on the use of mass-transfer concept in
combination with Freundlich isotherm
ig. 1. The kinetic curve of adsorption of fluoride onto ALC (C0 = 8.65 mg l−1,
ose of ALC = 2.0 g l−1, pH 6.9 ± 0.4).

ew minutes followed by a slow phase. Around 70% removal of
uoride takes place within the first 10 min itself. The removal

s stabilizing after 150 min with negligible removal after 3 h
mplying attainment of equilibrium. The initial rapid uptake may
ndicate a surface bound sorption [18] and precipitative removal;
hereas, the slow and gradual uptake in the second phase may
e due to long-range diffusion of fluoride ions into interior pores
f ALC. This biphasic uptake demonstrates the key role of mass
ransfer in the removal process [19].

Generally three consecutive steps, namely bulk diffusion,
lm diffusion and pore diffusion are involved in the adsorp-

ion of materials from solution by porous adsorbents [20]. In
eneral, pore diffusion is the rate-limiting step in batch systems

hich provide a high degree of agitation. Many recent stud-

es involving adsorption of fluoride on metal oxides established
ntraparticle surface diffusion as rate limiting [21,22]. The pos-
ibility of intraparticle diffusion in the sorption of fluoride onto

Linear form Plot

t = aZ + b, where
a = N0

C0u
, b = − 1

KC0
ln

[
C0
Ct

− 1
] t vs. Z

If C0 changes to a new value C1, constants a′
and b′ will be:
a′ = a

(
C0
C1

)
, b′ = b

(
C0
C1

)
ln(C1/Ct−1)
ln(C0/Ct−1)

If u changes to u′, the new gradient a′ will
be: a′ = a

(
u
u′
)

At 50% breakthrough, t50 = aZ

ln
(

C0
Ct

− 1
)

= kThqThM

Q
− kThC0t ln[(C0/Ct) − 1] vs. t

ln
(

Ct
C0−Ct

)
= kYNt − τkYN ln[Ct/(C0 − Ct)] vs. t

ln
([

C0
Ct

]n−1 − 1
)

= ln A − rt ln[(C0/Ct)n−1 − 1] vs. t
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tent increase, though marginal, with reduction in flow rates. This
ig. 2. The linear intraparticle diffusion plot of fluoride sorption on ALC
C0 = 8.65 mg l−1, dose of ALC = 2.0 g l−1, pH 6.9 ± 0.4).

LC is explored using Eq. (6) by plotting the fluoride uptake
qt) against square root of time (t1/2) [23] as:

t = kpt
1/2 + C (6)

he value C gives an idea about thickness of the boundary layer
larger the value, greater is the boundary effect). According
o this model, the plot qt versus t1/2 should be linear if intra-
article diffusion is involved in the adsorption system and if
t passes through the origin, intraparticle diffusion is the rate-
ontrolling step. As shown in Fig. 2, the plot of q versus t1/2

ives a straight line (R2 = 0.912), indicating the significance of
ntraparticle diffusion in the sorption process. The values of kp
nd C are 0.117 mg g−1 h−1/2 and 2.526 mg g−1, respectively.
s the line does not pass through origin, it can be surmised that

ntraparticle diffusion is not the only rate-limiting step, but other
inetic factors may also control the rate of adsorption, in addition
o some degree of boundary layer control [24,25] as indicated by

value. This observation, together with biphasic nature of the
orption kinetics further suggests that, fluoride removal by ALC
s complex with more than one mechanism limiting the rate of
orption. It appears that the surface heterogeneity of ALC, or
eactions other than surface complexation of fluoride with metal
xides, may influence the overall sorption process.

The adsorption capacity analysis was done by Langmuir and

reundlich isotherms represented by Eqs. (7) and (8), respec-

ively [26,27], and their correlations with experimental data

ig. 3. Correlations of Langmuir and Freundlich isotherm models with the
xperimental data (C0 = 8.65 mg l−1, dose of ALC = 1–3 g l−1, pH 6.9 ± 0.4).
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oints are shown in Fig. 3:

e = qmaxbCe

1 + bCe
(7)

e = kfC
1/N
e (8)

n linear regression of the above two models, Freundlich
sotherm showed better correlation (R2 = 0.973) with experi-
ental equilibrium data (generated by dose variations of ALC)

han Langmuir (R2 = 0.959). The Freundlich constants Kf and
/n were 5.192 and 0.595, respectively. The model rendered
he maximum Langmuir monolayer capacity of ALC (qmax) as
0.215 mg g−1.

.2. Effect of process parameters on breakthrough profile

The breakthrough curves obtained by varying the depths of
LC bed, flow rates and initial fluoride concentrations are pre-

ented in Fig. 4. The respective service times, volumes of water
reated, and the adsorption capacity of the columns under various
rocess conditions are illustrated in Table 2. A closer examina-
ion of the breakthrough curves, especially at lower Ct/C0 ranges,
ndicates that the curves turns less steeper at higher bed depths
nder same flow rates. Also, both breakthrough and exhaust
imes increase with corresponding volumes of water treated,
ith increase in bed depths. It is naturally expected that the

vailability of more adsorbent at higher bed depths offer more
urface area and binding sites for sorption resulting enlarged
ass-transfer zones. The adsorption capacity of ALC at differ-

nt bed depths (5–15 cm) for a particular flow rate (8 ml min−1)
hows only marginal variation, indicating its consistency in and
ffinity for fluoride sorption. However, the observed reduction
n total adsorption capacity at higher bed depths are unexpected
hich may be due to some localized channelization or uneven
ow patterns developed in the bed after breakthrough.

The breakthrough curves developed for the same bed height
10 cm) at higher flow rates appeared steeper which may be
ue to faster movement of adsorption zone along the bed. The
reakthrough capacity of the column (qmin,col) showed consis-
ehavior is normally expected due to better diffusivity of fluoride
esulting in enhanced sorption at higher empty bed contact times
EBCT = volume of ALC bed/volumetric flow rate). The kinetic

ig. 4. Experimental breakthrough curves of fluoride sorption onto ALC with
ed volumes of water treated at different bed depths, flow rates and initial fluoride
oncentrations.
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urve (Fig. 1) also shows identical response in the EBCT ranges
orresponding to the flow rates. So, it appears that batch and
olumn studies follow similar trends of sorption. It is observed
hat the volumes of water treated at breakthrough and exhaust
educes considerably with increase in initial concentrations of
uoride from 4 to 15 mg l−1. Also the service times of column

ndicates that high fluoride concentrations aids quick saturation
f the bed and faster movement of adsorption zone. As the higher
oncentration gradient between the solute in solution and solute
n the sorbent results in enhanced diffusion and sorption, the
dsorption capacity of ALC is also found increasing (Table 2) at
igher initial fluoride concentrations. The range of EBCT pro-
ided (∼4.5–18.3 min) in this study ensures around 75–80% of
he total removal observed in batch system represented by the
inetic curve (Fig. 1). The column performance of ALC ren-
ers average adsorption potential of 5.896 mg g−1 at the point
f exhaust, whereas, batch studies suggests a much higher value
f 10.215 mg g−1 as its maximum Langmuir monolayer adsorp-
ion capacity. Theoretically, the adsorption capacities from batch
tudies may not give accurate scale up information about column
peration system [28]. This is mainly because the adsorption
edia has not been subjected to equilibrium sorption thereby

ot getting totally exhausted in columns as in batch system.
lso, uneven flow patterns throughout the column may results

n incomplete exhaustion of bed as cited earlier.

.3. Application of sorption models

In general, the characteristic parameters of the models
btained by linear regression were used to predict effluent fluo-
ide concentrations. In the BDST model applications, the values
f maximum adsorption capacity parameter N0 (Table 3) is
ound decreasing with increasing bed depths, indicating that the
dsorption zone is not moving with a constant speed along the
olumn. The adsorption rate constants (K), characterizing the
ate of solute transfer from liquid to solid phase, were observed
ncreasing with flow rate and initial fluoride concentrations, indi-
ating the influence of external mass transfer on system kinetics.
he higher values of K are advantageous as it indicates that even
short bed will avoid breakthrough. Theoretically, the slope of
DST line represents time required for adsorption zone to travel
unit length through adsorbent bed. In the present study, for

0 cm bed this value is calculated as 8.5, 4.25 and 2.833 h for 4,
and 12 ml min−1, respectively. Thus predicted breakthrough

imes for 4 and 12 ml min−1 are obtained as 80 and 23.33 h,
espectively, with corresponding exhaust times of 202.33 and
45.66 h. The time required for adsorption zone to travel a
nit length through the 10 cm adsorbent bed are calculated as
.191, 4.25 and 2.4508 h for initial fluoride concentrations of
, 8.65 and 15 mg l−1, respectively. The predicted breakthrough
imes for 4 and 15 mg l−1 are obtained as 86.072 and 20.981 h,
espectively, with corresponding exhaust times of 345.626 and
2.168 h. A comparison of these predicted service times, with

he experimental service times from Table 2, indicates that the

odel fails to predict service times in most of the cases. The
redicted service times are found to be more than the corre-
ponding experimental values. In the current study the t50 values
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or 5, 10 and 15 cm bed depths are 50.24, 108.45 and 146.78 h,
espectively. The plot of Z versus t50 offers a straight line plot
R2 = 0.985) but quite deviates from the origin, indicating its
nability to follow the model. Generally, this failure is attributed
o the complexity of sorption process. So, it is rational to believe
hat intraparticle diffusion and external mass resistance do play
n important role in the sorptive removal of fluoride by ALC in
he column and that the kinetics are not controlled by the surface
hemical reactions alone. This further supports the complexity
f the sorption process suggested by the intraparticle diffusion
odel.
The linear regression of the Thomas model with the exper-

mental fluoride sorption data also shows reasonably good
orrelations in most of the cases (Table 3). The values of KTh are
ound increasing with increase in flow rates and initial fluoride
oncentrations. As shown, both the parameters qTh and KTh of
he model are found decreasing with higher bed depths. For all
onditions of bed depths, flow rates and initial fluoride concen-
rations, the model predicted marginally higher sorption capacity
qTh) than experimental (q0) values. As illustrated in Table 3, the
ate constant of the Yoon–Nelson model (KYN) decreased with
ncrease in bed depths; but increases with flow rates and ini-
ial fluoride concentrations. From the experimental results and
ata regression, the model proposed by Yoon–Nelson provided
good correlation of sorption of fluoride by ALC in most of

he cases. As demonstrated in batch studies the fluoride sorption
y ALC follows Freundlich isotherm model, and its constant
is used for evaluating the parameters in Clark model. The
odel renders good fit with comparatively higher R2 and lower
PE values in most of the experimental conditions (Table 4).
he value of r is observed increasing with flow rates and initial
uoride concentrations but decreases with bed depths.

.4. Comparison of applied models

The adsorption models analyzed and experimented in this
tudy to fit the fluoride sorption data can be essentially grouped
ased on their axial settings. In general, the linear fittings of
utchins BDST, Thomas and Yoon–Nelson models can be rep-
esented as

n

(
C0

Ct

− 1

)
= k1 − k2t (9)

able 4
he characteristic parameters predicted by Clark’s model

nitial fluoride
oncentration
mg l−1)

Bed depth
(cm)

Flow rate
(ml min−1)

Clark’s model

ln A r (h−1) R2 APE

8.65 5 8 1.927 0.0362 0.929 35.783
8.65 10 8 2.523 0.0289 0.970 20.045
8.65 15 8 2.913 0.0258 0.963 15.676
8.65 10 4 2.873 0.0177 0.862 22.736
8.65 10 12 1.986 0.0374 0.969 17.140
4.00 10 8 1.481 0.0113 0.902 25.456
5.0 10 8 3.109 0.0571 0.969 18.636
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Fig. 5. Comparison of sorption contours of experimental effluent fluoride con-
centrations against theoretical values predicted by the Clerk’s model at different
bed depths (initial fluoride conc. = 8.65 mg l−1, flow rate = 8 ml min−1).

Fig. 6. Comparison of sorption contours of experimental effluent fluoride con-
centrations against theoretical values predicted by the Clerk’s model at different
flow rates (initial fluoride conc. = 8.65 mg l−1, bed depth = 10 cm).
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here

1 = N0KZ

u
= kThqThM

Q
= τkYN (10)

nd

2 = KC0 = kThC0 = kYN (11)

t is obvious that only the characteristic parameters associated
ith these models varies but all the three models will predict

ssentially the same Ct/C0 values for a particular data set, and
re bound to give the same APE and R2 values as illustrated
n Table 3. But, the prominent and unique characteristic fea-
ures of the respective models like service time (Hutchins BDST

odel), adsorption capacity (Thomas model) and time for 50%
reakthrough (Yoon–Nelson model), enable further compari-
on. The APE values on service time, adsorption capacity and
ime for 50% breakthrough are 7.9952%, 6.199% and 11.64%,

espectively. So, the predictions by Thomas model on its charac-
eristic parameters turn more appropriate (as it renders the least
rror among the three) followed by Hutchins BDST model and
oon–Nelson model. On comparing the R2 and APE values of

ig. 7. Comparison of sorption contours of experimental effluent fluoride con-
entrations against theoretical values predicted by the Clerk’s model at different
nitial fluoride concentrations (bed depth = 10 cm, flow rate = 8 ml min−1).
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homas model (Table 3) with that of the Clark’s model (Table 4),
t is seen that the latter correlates fairly better. So, though the
homas model could fairly describe the sorption process, Clark’s
odel is deemed to be the ‘best fit’ in terms R2 and APE values.
Usually, the correlations between the experimental sorptive

esponses of the continuous flow fixed bed system with the
est-fitting model, is represented by comparing their respective
reakthrough curves (plotted against the same axial settings,
sually Ct/C0 versus t). But, a better comparison of the sorptive
esponses is possible through sorption contours (lines connect-
ng same effluent fluoride concentration) as shown in Figs. 5–7.
he sorption contours of the continuous flow system at different
ed depths (Fig. 5), flow rates (Fig. 6), and initial fluoride con-
entrations (Fig. 7) provides a comparative assessment of the
ffluent fluoride concentrations of the treated water at any time,
ithin the minimum ranges studied. Accordingly, it can be used

s nomograms offering valuable inputs in the field implemen-
ation and process design by easily providing the service times
f columns for desired effluent concentrations without further
alculations and experimental run.

. Conclusions

The batch study results confirm the feasibility of ALC in
uoride scavenging. The biphasic kinetic uptake marked by an

nitial rapid uptake followed by a slow removal may indicate
he key role of mass transfer and prominence of surface bound
orption followed by diffusion. The batch sorption response
f ALC is pointing to a complex removal process, occurring
ia multiple mechanisms. The column study results confirm its
eld applicability as it demonstrates reliable adsorption poten-

ial under different process conditions. The sorption profile
f the adsorbent can be better described by Clark’s model
n the whole sorption ranges studied with consistent vigour
han Thomas model. The sorption contours turns advantageous

ainly because it provides a better visual comparison of the
orrelations between experimental and model data within the
inimum time range of sorption studied. Also, the sorption

ontours directly provides the service times corresponding to
ny desired effluent fluoride concentrations without additional
xperimental run or using any parameter beforehand.
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