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Abstract: The removal of fluoride from single component aqueous solution using

Al3þ- pretreated low-silica synthetic zeolites (Al-Na-HUD, Al-HUD, Al-F9, and Al-

A4) was studied. The effects of adsorbent mass, initial solution pH, and initial concen-

tration on fluoride removal in a batch system were evaluated. Equilibrium data were

simulated using simple isotherms such as the Freundlich (F), Langmuir-Freundlich

(LF), Redlich-Peterson (RP) and Dubinin-Radushkevitch (DR) isotherms. From the
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DR model, initial pH effects and desorption studies, it was considered that the fluoride

adsorption onto the zeolites proceeded by ion-exchange or chemisorption mechanism.

In interpreting the kinetic results, reaction kinetics (using Elovich equation) and mass

transfer processes (both external mass transfer and intraparticle diffusion) were con-

sidered. Equilibrium and kinetic results of fluoride adsorption onto the adsorbents

demonstrated the following order of performance: Al-Na-HUD . Al-F9. Al-

HUD . Al-A4.

Keywords: Fluoride, low-silica zeolites, adsorption, equilibrium, kinetics

INTRODUCTION

In recent years, zeolites have gained popularity in liquid-phase adsorption

processes. The motivating factors have been among others, their ability to

exchange their weakly bound cations with those in solution, their availability

in abundance both in natural and synthetic forms and their large internal

surface areas. Because zeolites exchange cations easily, a lot of research

has mainly focused on their use in removal of heavy metals from contaminated

water sources (1–5). Some research however has shown that zeolites can be

used in removing anions from water (6, 7). One disadvantage of using

zeolites in anions adsorption inheres in their negative zeta potential in

solution over wider pH range. The preceding factor (negative charge)

results in coulombic repulsive forces between the zeolite surfaces and

adsorbing anions. Thus, to effectively use zeolites in anions adsorption,

their surfaces need to be tailored in such a manner as to create surface

active sites that are efficient and specific to target anions.

Surface modification of zeolites to create new sorption sites that are

efficient and specific to target anions is sparsely reported in literature

(8–11). In these cases, the target anions are those that are found in solution

at concentrations that are detrimental to human health. Most notable among

these anionic species are fluoride and arsenic (12). Fluoride of geologic and

anthropogenic origins in groundwater and water streams are a major issue

in certain parts of the world. When such water is ingested for a period of

time, teeth mottling and the less common bone fluorosis may result. At the

moment, the World Health Organization (WHO) recommends a maximum

allowable concentration of 1.5 mgF/L in drinking water. We have shown in

our previous work (8) that by wet method, zeolites can be charged-reversed

(become positively charged) with aluminium ions. The process involved ion

exchange of zeolite bound sodium with aluminium ions from solution. The

aluminium ions specifically adsorbed on the zeolite, altering its electrokinetic

property. The equilibrium capacity of the prepared zeolite was shown to

be 37–40mgF/g. This value was several times higher than the capacity of

aluminas; La(III)-impregnated alumina (6.3 mgF/g), Y(III)-impregnated

alumina (6.1 mgF/g) and activated alumina (3.3 mgF/g) (13).
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In this study, we utilize the large internal surface area, hydrophilicity and

the ion-exchange ability of low-silica synthetic zeolites to create fluoride

adsorption sites by pretreating the zeolites with Al3þ ions. Consequently,

adsorption characteristics of fluoride onto the Al3þ-pretreated low-silica

zeolites under varying conditions such as adsorbent mass, initial pH and

initial concentration are evaluated. Simple equilibrium models such as the

Freundlich (F), Langmuir-Freundlich (LF), Redlich-Peterson (RP), and

Dubbinin-Radushkevitch (DR) are employed to simulate the equilibrium

data. The model parameters are then obtained and discussed. Though several

research works have been presented for fluoride adsorption (13–22), only a

handful have considered kinetic analysis, especially the mass transfer

processes (16, 18–21). We have therefore carried out a kinetic analysis of

the fluoride sorption on the zeolites to generate parameters that are

important in preliminary design of adsorption units. The Elovich equation

and models applicable to mass transfer processes (external mass transfer and

intraparticle diffusion) are considered. For intraparticle diffusion kinetics, an

analytical solution of the governing intraparticle diffusion equation is used.

The analytical solution assumes a linear isotherm for adsorption in a finite bath.

MATERIALS AND METHODS

Adsorbent Preparation and Characterization

Aluminum pretreated zeolites were prepared for batch studies by adding

separately 50 g each of synthetic zeolites F-9 (Naþ form; Si/Al ratio: 1.23;
pore size: 9Å), A4 (Naþ form; Si/Al ratio: 1; pore size: 3.8 Å), Na-enriched

HSZ 300HUD and HSZ 300HUD ((Hþ form; Si/Al ratio: 2.75–3.25) to a

1 L of 0.075M aluminum sulfate solutions. Preliminary studies showed that

a concentration of 0.075M aluminum sulfate was optimum to ensure zeolite

stability and to maximize fluoride removal capability of the zeolite. The F-9

and A4 zeolites used in this study (particle size 0.500–1.180mm) were

supplied by Wako Chemicals, Japan, while HSZ 300HUD zeolite was

donated by Tosoh Chemicals, Japan. The mixtures were stirred for 2 days

and then washed several times using demineralized water to lower the electri-

cal conductivity. Finally, the modified zeolites were air-dried at room tempera-

ture for 2 days and to enhance mass transfer, they were milled to

0.150–0.300mm size fraction prior to use. The zeolites prepared in this

manner are hereafter referred to as Al-Na-HUD, Al-F9, Al-HUD and Al-A4

for zeolites HSZ 300HUD (Na-enriched), F9, HSZ 300HUD and A4, respect-

ively. The exchange of sodium (F-9 and A4) from the zeolite structure with

aluminum from the aqueous solution was verified using EDXS (JED 2140-

JEOL). At the same time, the electrokinetic properties of the aluminum

pretreated zeolites were determined at various pH values by measuring the

zeta potential of the zeolite samples using an electrophoretic light scattering
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spectrophotometer (ELS-7300K, Otsuka Electronics Co., Japan). From the

zeta potential measurements, the pHpzc of each zeolite adsorbent was deter-

mined. In addition, physical properties such as the BET surface area of the

zeolites were further characterized by nitrogen adsorption-desorption.

Fluoride Uptake Experiments

In the first set of experiments, the effect of adsorbent mass on fluoride removal

from water was studied by varying the amount of each adsorbent from 0.05 g

to 0.20 g without solution pH adjustments. Next, the effect of the initial

solution pH on fluoride uptake was studied by varying the pH within the

range of 2 to 11 using either 0.1M NaOH or HCl. For this case, the

adsorbent mass was fixed at 0.05 g. To obtain data for the construction of

fluoride adsorption isotherms, a fixed amount (0.1 g) of the adsorbents was

contacted with fluoride-containing aqueous solution. The initial fluoride

content of the aqueous solution was varied from 5 to 80mg/L. In all of the

above cases, 50mL solutions were pipetted into 100mL plastic bottles. The

bottles were placed in a thermostat shaker containing a 298K water bath

and were shaken at 150 strokes per minute (spm) for 2 days. At the end of

the experiment, samples were withdrawn from the test bottles and filtered

through a 0.2-mm syringe filter and residual fluoride concentration was

measured by a fluoride-ion-selective electrode (Horiba, Japan) according to

the Japanese Standard Method (JIS K0102). Accordingly, a calibration

curve was initially prepared by recording potential values for a range of

known fluoride concentration, mostly 0.1–5.0mg/L. To ensure that other

ions did not interfere with the fluoride measurements, Total Ionic Adjustment

Buffer solution (TISAB, pH 5.3) containing 58 g NaCl, 1 g diammonium

hydrogen citrate, 50mL acetic acid and an appropriate amount of 5M

NaOH all in a volume of 1 L was prepared and used during fluoride ions

concentration measurements. The equilibrium adsorption capacity, qe, was

determined from

qe ¼
Co � Ce

r
ð1Þ

where Co and Ce are the initial and equilibrium bulk-phase fluoride concen-

trations, respectively, and r is the ratio of adsorbent mass to adsorbent-free

volume.

In the final fluoride uptake experiments, short-term kinetic studies were

carried out in a 1 L stirred tank batch adsober operated at about 298K to

analyze the mechanism of reaction and transport in fluoride uptake. The

effect of zeolite type (Al-Na-HUD, Al-HUD, Al-F9 and Al-A4) on fluoride

adsorption kinetics using uniform grain fraction of 0.150–0.300mm at

initial fluoride concentration of 10mg/L was studied. The 10mg/L was

chosen to be typical of concentration of fluoride found in natural systems
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such as groundwater. At time zero and at selected time intervals thereafter (up

to 4 hours), 5mL samples were taken and filtered through a 0.2mm cellulose

acetate filters. For the purpose of reproducibility of the results, the exper-

iments were done in replicates and the results reported are averages of the

experimental data. The average amount of fluoride adsorbed at any time, qt,

was calculated from

qt ¼
Co � Ct

r
ð2Þ

where Ct is the bulk-phase fluoride concentration.

Desorption Studies

The desorption of fluoride loaded on zeolite particles was done using acetic

acid, demineralized water, sodium bicarbonate, and sodium hydroxide as

desorbing agents. The fluoride contents of the zeolites were 20.6, 16.8, 19.4

and 11.8mgF/g for Al-Na-HUD, Al-HUD, Al-F9, and Al-A4 zeolites,

respectively. Initially, only fluoride loaded Al-F9 adsorbent was tested in an

attempt to choose the best desorbing agent. A fixed amount (0.1 g) of the

adsorbent was contacted separately with 50mL of acetic acid, demineralized

water, sodium bicarbonate, and sodium hydroxide solutions contained in

100mL plastic bottles. The bottles were placed in a thermostatic shaker and

shaken for 1 day at 150 spm. Sodium bicarbonate was found to be the most

effective desorbing agent. Consequently, the desorption of all other zeolite

types loaded with fluoride was done using sodium bicarbonate according to

the procedure described above. Up to 4 desorption steps were used.

RESULTS AND DISCUSSION

Adosrbents Physico-Chemical Properties

Low-silica zeolites contain a relatively high number of exchangeable cations

(sodium or hydrogen in this study), because of which, the surface charge prop-

erties of these zeolites can easily be altered and the zeolites can then be used in

anions adsorption. This was achieved by exchanging the loosely bound cations

with Al3þ ions. The alteration in surface charge properties is also a result of

specific adsorption of Al3þ on the O-plane in the stern layer and the

creation of defects in zeolite by the activating solution. From electrokinetic

studies (Table 1), the pHpzc values of the Al3þ-pretreated zeolites were 6,

6.5, 7.5, and 8.2 for zeolite Al-A4, Al-HUD, Al-Na-HUD, and Al-F9, respect-

ively, giving an indication that the zeolites were positively charged at acidic

and near neutral pH range. The exchange of Na-bound zeolite with Al3þ

ions was verified using EDXS. Several EDXS spectra were taken but only
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representative spectra for A4 and Al-A4 zeolites are shown in Fig. 1a and 1b.

The spatial distributions in regions of micron dimensions of major elements

(oxygen, sodium, aluminum and silicon) are also shown. The elements were

identified according to the kiloelectron voltage (keV) at which their peaks

appeared. For oxygen, the peak appeared at 0.52 keV, while for sodium,

aluminium and silicon, the peaks appeared at 1.04, 1.49 and 1.74 keV, respect-

ively. It is observed that the sodium content of zeolite was significantly altered

when the zeolite particles were contacted with Al3þ ions. Similar results were

also found when F9 zeolites was pretreated with Al3þ. In the case of HSZ

300HUD, the sodium content was quite low since it was in the Hþ form.

The elemental composition and other physical properties of the zeolites are

summarized in Table 1. Allowing for experimental error, the elemental com-

position of Al-HUD and Al-Na-HUD seems to be the same. Moreover, the

effective exchange of Al3þ (exchange of aluminum with the cations bound

on zeolite minus the aluminum leached from the zeolite structure) was

negligible.

Effect of Adsorbent Mass

Four different Al3þ- pretreated low silica zeolites (Al-Na-HUD, Al-HUD, Al-

F9, and Al-A4) have been selected for the purification of fluoride containing

Table 1. Selected zeolite adsorbent characteristics

Adsorbents Al-Na-HUD Al-HUD Al-F9 Al-A4

Form (before treatment) Hþ Hþ Naþ Naþ

Silica/Alumina ratioa 2.75–3.25 2.75–3.25 1.23 1

BET surface area

(m2/g)
642.2 1054 231.7 20.7

pH in water 4.3 4.5 5.3 5.8

pHpzc 7.5 6.5 8.2 6.0

Effective amount of

aluminum exchanged

(mg/g-adsorbent)c

negligible negligible 46.2 8.2

Composition of major

elements mol %b

oxygen 63.05 (63.88) 63.16 (63.88) 56.83 (57.06) 55.83 (58.98)

sodium 0 (0.21) 0 (0.21) 3.45 (10.58) 4.22 (11.95)

aluminum 15.29 (16.19) 16.18 (16.19) 19.42 (14.14) 20.0 (16.45)

silicon 21.66 (19.76) 20.51 (19.76) 20.30 (18.22) 19.95 (17.62)

avalues from the manufacturer (before Al3þ pretreatment).
bThe values in parenthesis for elemental composition denote ‘before treatment’.
cEffective amount of aluminum exchanged is based on the final concentration of

aluminum in solution after pretreatment.
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water. The results of the residual fluoride concentration against amounts of

different zeolites are shown in Fig. 2. The residual fluoride concentration

decreased with an increase in amount of adsorbent due to increase in ligand

exchange sites. From an initial concentration of 10mg/L, the zeolites were

able to remove fluoride to concentrations below 1.5mg/L, which is the

current maximum allowable concentration (MAC) of fluoride in drinking

Figure 1. Energy dispersive X-ray spectrometry (EDXS) spectra of (a) A4 zeolite;

(b) Al3þ-pretreated A4 zeolite (Al-A4).
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water. The fluoride removal capacity of the zeolites did not follow the trend in

their Si/Al ratio, which determines to some extent the number of terminal Al-

OH sites. Consequently, the structure and electrokinetic properties of the

zeolites could have been the driving force behind their different capacities

for fluoride. Meanwhile, the high efficiencies achieved in this work may be

due to a higher concentration of terminal Al–OH sites in low Si/Al ratio
zeolites, which leads to a greater capacity for a ligand exchange reaction (6).

Effect of pH

One of the factors from solution chemistry that influences the adsorption

process is the solution pH. In natural systems such as groundwater, pH

value of water varies from point to point. A study was therefore undertaken

to ascertain to what extent the initial solution pH affected the adsorption of

fluoride onto the low-silica zeolites. Figure 3 shows the effects of initial

solution pH on the uptake of fluoride. The uptake of fluoride for each

zeolite is relatively constant between pH 4 and pH 8. The magnitude of

Figure 2. Effect of adsorbent mass on fluoride uptake.

Figure 3. Effect of initial solution pH on fluoride uptake. Initial fluoride

concentration ¼ 10mg/L,adsorbent dose ¼ 1 g/L.
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uptake in this pH range follows the order Al-Na-HUD . Al-F9. Al-HUD.

Al-A4. Zeolites have been recognized to buffer solution pH (6, 8, 10). When

the initial solution pH was fixed in the pH range of 4–8 in this study, the

system (solution–adsorbent) pH at equilibrium was buffered in the pH

range 6.0–6.8. The buffering effect was responsible for the constant uptake

of fluoride by each adsorbent in the pH range of 4–8. Moreover, the

buffered pH range lies within the region where fluoride adsorption to

aluminol surface sites is reported to be optimum (20).

To further understand the fluoride adsorption behavior under different pH

values, the following reactions are considered

HF, Hþ þ F� ð3Þ

Zeo� AlOHþ Hþ, Zeo� AlOHþ
2 ð4Þ

Zeo� AlOHþ OH�, Zeo� AlO� þ H2O ð5Þ

Zeo� AlOHþ
2 þ F�, Zeo� AlFþ H2O ð6Þ

Zeo� AlOHþ F�, Zeo� AlFþ OH� ð7Þ

where Zeo-AlOH, Zeo-AlOH2
þ, Zeo-AlO2, and Zeo-AlF are the neutral, pro-

tonated and deprotonated aluminol sites and aluminol site-fluoride complex,

respectively. Equation (3) expresses the ionization of HF in solution at low

pH. Because HF is weakly ionized in solution at low pH values, the corre-

sponding uptake of fluoride is reduced as shown in Fig. 3. When the adsorption

system (fluoride solution/zeolite) is operated in the near neutral pH range,

reactions expressed in Eqs. (4), (6), and (7) are favored leading to a higher

uptake of fluoride. At the same time, the complex interplay between these

reactions and the zeolites properties such as their pH in water determines

the equilibrium pH (buffered pH value). At high pH values, the aluminol

sites are deprotonated according to Eq. (5) leading to a reduction in fluoride

adsorption due to increased repulsive forces between the negatively charged

fluoride ions and the deprotonated sites. The trends observed in this study

where fluoride is removed from solution even at pH above pHpzc of the

adsorbents suggest a chemisorption mechanism.

Adsorption Isotherms

Experimental data of fluoride adsorption onto Al3þ-pretreated low-silica

synthetic zeolites at 298K are shown in Fig. 4. The data were fitted to the

Freundlich (F), Langmuir- Freundlich (LF), Redlich-Peterson (RP), and

Dubbinin-Radushkevitch (DR) models (8–11) by linear regression

technique as shown in Figs. (5–8), respectively, to determine the best

fitting isotherm(s) and the corresponding parameters.

We have hypothesized that the fluoride adsorption sites for the zeolites

used in this study may have consisted of protonated and neutral aluminol

sites. These sites have different affinities for fluoride and thus, the heat of
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adsorption on these sites varies from site to site. Therefore, experimental data

were fitted to Freundlich isotherm model Eq. (8) as shown in Fig. 5. Linear

plots were obtained with regression coefficients ranging from 0.97 to 0.99.

The Freundlich isotherm parameters are summarized in Table 3. The

parameter related to adsorption capacity (KF) decreased in the order Al-Na-

HUD . Al-F9 .Al-HUD .Al-A4 on the one hand while on the other hand

the heterogeneity coefficient (1/n) decreased in the order Al-A4 . Al-

F9 . Al-HUD � Al-Na-HUD. From the 1/n values (less than 1), it is

inferred that all the adsorbents were, to a certain extent, heterogeneous. In

order to improve the fitting of the Langmuir and Freundlich isotherms,

three-parameter models, Redlich–Peterson (RP) and Langmuir–Freundlich

(LF), are often used. Thus, we tested the LF and RP models in their linearized

forms as expressed in Eqs. (9) and (10), respectively, and shown in Figs. 6 and

7. When plotting the three-parameter models, a trial and error method was

used to optimize the regression coefficient. The parameters and regression

coefficients extracted from these plots are summarized in Table 3. For

Figure 4. Equilibrium fluoride uptake by zeolite adsorbents at 298K.

Figure 5. The Freundlich equilibrium isotherm plots for fluoride uptake.
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example, the LF model parameters KLF, aLF and 1/n and regression coefficient
R2 for Na-Al-HUD/fluoride interaction were 5.53, 0.26, and 0.66 and 0.995

while the RP parameters KRP, aRP and b and regression coefficient for the

same interaction were 7.66, 0.83, 0.84, and 0.999, respectively. These

models also confirm the non-linearity of the zeolite/fluoride interaction

since 0 , 1/n,1 and 0 , b , 1.

To distinguish the mechanisms involved in fluoride uptake by the four

adsorbents, we applied the Dubinin–Radushkevitch (DR) isotherm model,

which is based on the Polanyi theory. In its widely used form, it relates the

fractional coverage to the Polanyi potential (1) as given in Eq. (11). For

liquid-phase adsorption, 1 ¼ RT ln[1þ (1/Ce)] where R is the universal gas

constant and T the absolute temperature.

Figure 8 shows the plot of ln qe vs 1
2, from Eq. (11), for the uptake of

fluoride by Al3þ- pretreated low-silica zeolites at 298 K. Linear curves were

obtained whose negative slopes (K ) and intercepts (ln qm) are, respectively,

0.0032, 0.0033, 0.0033, and 0.0074mol2/kJ2 and 3.548, 3.537, 3.340, and

3.722 for Al-Na-HUD, Al-F9, Al-HUD, and Al-A4 zeolites. From the

preceding lnqm values, the maximum fluoride adsorption capacities, qm, for

Figure 6. The Langmuir-Freundlich equilibrium isotherm plots for fluoride uptake

Figure 7. The Redlich-Peterson equilibrium isotherm plots for fluoride uptake.
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Al-Na-HUD, Al-F9, Al-HUD, and Al-A4 zeolites were 34.75, 34.36, 28.21,

and 41.35mg F/g, respectively. The relatively high value predicted for the

Al-A4/fluoride adsorption system is due to the shape of the equilibrium

curve. To evaluate the nature of interaction between fluoride and the

binding sites, mean free energy of adsorption (E ¼ (2K )20.5) per mole of

the adsorbate, which is the energy required to transfer one mole of fluoride

to the zeolite surface from infinity in solution, was determined. If the

magnitude of E is between 8 and 16 kJ/mol, the adsorption process

proceeds by ion exchange, while for values of E , 8 kJ/mol, the adsorption

process is of a physical nature (16). The free energies of adsorption of

fluoride onto Al-Na-HUD, Al-F9, Al-HUD and Al-A4 zeolites were 12.5,

12.3, 12.3, and 8.22 kJ/mol, respectively, suggesting that the interaction

between fluoride and the zeolites proceeded by ion exchange. Literature

also reports that fluoride interaction with aluminol sites involves ligand

exchange between fluoride and hydroxyl ions and complexation (23).

Since all the regression coefficients obtained from the F, LF, RP, and

DR isotherm models were quite high, normalized standard deviation was

used to quantify the noise produced between the experimental and predicted

data and to determine the best fitting model(s). The normalized standard

deviation (Dq %) is given by

Dq ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ððqexp � qcalÞ=qexpÞ

2

N � 1

s
ð12Þ

where qexp is the experimental fluoride uptake, qcal is the calculated amount of

fluoride adsorbed and N is the number of data points. The Dq values are sum-

marized in Table 3, from where it can be inferred that the LF and RP isotherm

models provide the best correlation between experimental and predicted data.

Figure 8. The Dubinin-Radushkevitch equilibrium isotherm plots for fluoride uptake.
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Table 2. Summary of equilibrium models

Isotherm name Isotherm model Linear form Equation no.

Freundlich (F) qe ¼ kFC
1
n ln qe ¼ lnKF þ

1

n
lnCe ð8Þ

Langmuir-Freundlich (LF) qe ¼
KLFC

1=n
e

1þ aLFC
1=n
e

ln
1

qe
�

aLF

KLF

� �
¼ lnKLF �

1

n
lnCe ð9Þ

Redlich-Peterson (RP) qe ¼
KRPCe

1þ aRPC
b
e

ln
KRPCe

qe
� 1

� �
¼ ln aRP þ b lnCe ð10Þ

Dubinin- Radushkevitch (DR)
qe

qm
¼ expð�K12Þ ln qe ¼ ln qm � K12 ð11Þ

KF, KLF, KRP: Freundlich, Langmuir–Freundlich, and Redlich–Peterson constants (L/g). aLF aR: affinity coefficients

(L/mgF). 1/n or b: heterogeneity coefficient [—]. 1: Polanyi potential (kJ/mol). K: constant (mol2/kJ2).
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Adsorption Rate Studies

The success of an adsorption technology is dictated upon by the availability of

a non-toxic and cheap adsorbent of known kinetic parameters and adsorption

nature. Moreover, studies on adsorption kinetics in water treatment are

important in providing valuable insights into the mechanism of adsorption

reaction. In addition, adsorption technology for fluoride removal from water

sources is only economical when fluoride exists at low concentrations. Coin-

cidentally, natural systems such as groundwater used as a source of drinking

water contains fluoride at low concentrations. Thus, in this kinetic analysis, an

initial fluoride concentration of 10mg/L was taken as a representative

value. Experimental kinetic data are shown in Fig. 9 for the adsorption of

fluoride ions onto Al-Na-HUD, Al-F9, Al-HUD, and Al-A4 zeolites. It is

observed that the uptake depends on the zeolite type and increases with

time. There are three main steps in fluoride adsorption onto Al3þ-pretreated

zeolites. These are diffusion of fluoride ions from bulk liquid-phase to the

Table 3. Equilibrium modeling parameters for fluoride uptake by zeolite adsorbents

Parameters

Zeolite type KF,LF,RP 1/n or b aL,LF,RP R2 Dq%

Freundlich

Al-Na-HUD 5.50 0.30 — 0.970 24.6

Al-F9 4.57 0.34 — 0.974 7.5

Al-HUD 4.42 0.30 — 0.988 13.5

Al-A4 0.73 0.62 — 0.992 4.5

Langmuir–Freundlich

Al-Na-HUD 5.53 0.66 0.26 0.995 2.5

Al-F9 4.93 0.61 0.21 0.993 3.7

Al-HUD 3.19 0.68 0.16 0.990 8.4

Al-A4 0.57 0.80 0.03 0.996 3.2

Redlich–Peterson

Al-Na-HUD 7.66 0.84 0.83 0.999 2.5

Al-F9 6.47 0.84 0.71 0.999 2.6

Al-HUD 11.30 0.76 2.00 0.997 3.9

Al-A4 0.57 0.67 0.18 0.988 3.3

Dubinin–Radushkevitch

qm E (kJ/mol) R2 Dq %

Al-Na-HUD 34.75 12.50 (ion exchange) 0.985 23.1

Al-F9 34.37 12.31 (ion exchange) 0.992 8.2

Al-HUD 28.12 12.31 (ion exchange) 0.983 11.3

Al-A4 41.35 8.22 (ion exchange) 0.996 3.3
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zeolite surface (film diffusion), internal diffusion in the pores and along

the surfaces (intraparticle diffusion), and final adsorption step (chemisorp-

tion). These steps form the basis of the succeeding kinetic modeling and

analysis.

The Elovich Kinetic Modeling

As already mentioned, both the protonated and neutral aluminol surface sites

Eqs. (6) and (7) are the fluoride adsorption sites. Fluoride interaction with

these sites involves the formation of strong bonds (chemisorption) but the

sites have different affinities for fluoride. In the present adsorption system,

the Elovich kinetic model is used to interpret the final adsorption step. The

Elovich kinetic model was initially applied to gas-phase adsorption.

Recently, it has been successfully used to characterize liquid-phase adsorption

kinetics as evident from the works of Cheung et al. (24) House et al. (25), and

Lazaridis and Asouhidou, (26), among others. The rate law is based on the

premise that chemisorption energies are influenced by adsorbent surface

coverage. Alternatively, the active sites are spatially heterogeneous in

nature and exhibit different activation energies for chemisorption (27). In

the Elovich rate law, the rate of adsorption which is taken as the rate of

formation of surface complexes, exponentially decreases with increasing

coverage qt (28):

dqt

dt
¼ a expð�bqtÞ ð13Þ

where a is a parameter defining the rate of chemisorption at zero coverage

and b is a parameter related to the extent of surface coverage. Integrating

Figure 9. Effect of zeolite type on the uptake of fluoride at various time values (solid

lines indicate intraparticle diffusion modeling). Initial fluoride concentration ¼ 10mg/
L, adsorbent dose ¼ 2 g/L, agitation speed 300 rpm.
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Eq. (13) subject to the boundary conditions t ¼ 0 to t ¼ t and qt ¼ 0 to qt ¼ qt
gives an equation in the form

qt ¼
1

b
lnð1þ abtÞ ð14Þ

Introducing a time constant to ¼ 1/ab, leads to a linearized equation in

the form

qt ¼
1

b
lnðabÞ þ

1

b
lnðt þ toÞ ð15Þ

The fitting validity of the Elovich equation was tested by plotting qt against

ln(tþ to). The time constant, to, was used as a fitting parameter. Figure 10

shows the Elovich kinetic plots based on Eq. (15). The linear plots

are highly significant with regression coefficients above 0.99 except for

A1-A4 zeolite. However, Al-Na-HUD/fluoride adsorption system shows

dual linearity. The Elovich parameters a and b were obtained from the

slope and intercepts of these linear plots and are summarized in Table 4.

When the initial fluoride concentration was fixed at 10mg/L, the

magnitude of the parameter a was in the order Na-Al-HUD . Al-F9 . Al-

HUD . Al-A4, indicating that the initial uptake of fluoride ions was fastest

in Na-Al-HUD/fluoride adsorption system. Overall, the large values of a

obtained in this work are an indication of the rapidity with which fluoride

was bound on the zeolites at near time zero. The dependence of initial

uptake rate, a, on zeolite type may have been due to differences in the

surface chemistry of the zeolites leading to variation in initial attractive

force for fluoride ions. Meanwhile, parameter b was relatively constant

except for A4. Considering the quantities of fluoride adsorbed after 240

minutes; 3.65, 4.05, and 4.10 mgF/g for Al-HUD, Al-F9, and Na-Al-HUD

zeolites, respectively, it is not surprising that b parameter is relatively

constant for the three zeolites, since this parameter is related to surface

coverage.

Figure 10. Elovich kinetic plot based on Eq. (15).
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Mass Transfer Processes

Though the Elovich kinetic model fits the kinetic data extremely well, it is

argued that mass transfer processes are in most cases the limiting steps in

adsorption process. Thus, an analysis of mass transfer processes was carried

out. The evaluation of external resistance to mass transfer was done by first

determining the film diffusion coefficients according to a simple method

proposed by Mckay (29). The method involves the calculation of the initial

slope of the concentration against time curve and substituting the obtained

value into Eq. (16)

dðCt=CoÞ

dt

����
t¼0

¼ �kf SA ð16Þ

where kf is the film diffusion coefficient (cm/s) and SA is the specific surface

area of the zeolites (cm21). The specific surface area is expressed as

SA ¼
6ms

rpdð1� 1pÞ
ð17Þ

where ms is the zeolite mass per unit volume (g/cm3), rp is the density of

zeolite (g/cm3), d is the average zeolite size and 1p is the porosity.

The film diffusion coefficients determined according to Eq.(16) are

summarized in Table 4. The kf values follow the trend Na-Al-HUD . Al-

F9 . Al-HUD . Al-A4 and the magnitude is in the range 1022–1023 cm/
s. This range of kf values is high implying less external resistance to mass

transfer. Moreover, they are comparable to those reported by Mahramanlioglu

et al. (16) and Ghorai and Pant (18) for fluoride adsorption on spent bleaching

Table 4. Summary of reaction kinetic and mass transfer parameters

Adsorbents Elovich kinetic parameters

a (mgF/g min) b (g/mgF) to (min) R2 Dq%

Al-Na-HUDa 8.83 1.63 0.07 0.997 1.6

Al-F9 4.35 1.84 0.12 0.998 2.1

Al-HUD 1.97 1.78 0.28 0.994 4.8

Al-A4 1.27 2.58 0.30 0.976 11.2

Mass transfer parameters

Kf (cm/s) De (cm
2/s) NBi (2) Dq%

Al-Na-HUD 3.75 � 1022 1.12 � 1029 3.79 � 105 3.0

Al-F9 1.85 � 1022 5.27 � 10210 3.97 � 105 1.5

Al-HUD 8.38 � 1023 6.14 � 10210 1.54 � 105 3.3

Al-A4 5.41 � 1023 6.15 � 10210 9.95 � 104 6.9

aOnly parameters for the first linear step are provided.
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earth and activated alumina, respectively, and indicates the rapidity with

which fluoride ions were transported to the external surface of the zeolites.

In general, as an adsorbate is transported in the internal matrix of

an adsorbent, there is a tendency of adsorbate-adsorbate interaction in

the pores and hopping, from site to site, of adsorbed species along the

wall of the adsorbent. These phenomena give rise to pore and surface

diffusion resistances to intraparticle mass transfer. Thus, a parallel pore-

surface diffusion model for a differential radial shell of zeolite adsorbent is

given by

1p
@c

@t
þ rpð1� 1pÞ

@q

@t
¼ Dp1p

1

r2

@ r2
@c

@r

� �
@r

þ rpDs

1

r2

@ r2
@q

@r

� �
@r

ð18Þ

where c and q are pore-phase and adsorbed-phase concentrations, respect-

ively, Dp and Ds are the pore and surface diffusion coefficients, 1p is the

particle porosity, rp is the particle density, r is the radial dimension and t is

the time. In this model it is assumed that a local equilibrium exists between

the adsorbing fluoride ions and those in pore phase for 0 � r � ro. This

local equilibrium for low concentration is described by linear isotherm

q ¼ Kc 0 � r � ro ð19Þ

Combining Eq. (18) and Eq. (19) and by making several mathematical mani-

pulations leads to

@q

@t
¼ De

1

r2

@ r2
@q

@r

� �
@r

ð20Þ

where De is the effective diffusion coefficient and

1p

K
þ rp

� �
De ¼

Dp1p

K
þ rpDs ð21Þ

To solve Eq. (20) the following initial (I.C) and boundary (B.C) conditions are

stated

q ¼ 0; t ¼ 0 0 , r , ro ð22Þ

q ¼ qeq; t ¼ 1; r ¼ ro ð23Þ

@q

@r
¼ 0; t . 0; r ¼ 0 ð24Þ

The analytical solution of Eq. (20) subject to I.C and B.C given in Eqs.

(22–24), for an adsorption that follows a linear isotherm in a bath of finite

volume is expressed as (30)

qt ¼ qe 1�
X1
n¼1

6aðaþ 1Þ expð�b2
nDet=r

2
oÞ

9þ 9aþ b2
na

2

( )
ð25Þ
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where bns are the positive nonzero roots of

tanbn ¼
3bn

3þ ab2
n

ð26Þ

and a ¼ Ce/(Co2 Ce) represents the adsorbent load factor. The a values were

0.18, 0.29, 0.18 and 0.92 for Al-Na-HUD, Al-HUD, Al-F9, and Al-A4

zeolites, respectively. In simulating experimental data using Eq. (25), De is

taken as a fitting parameter and its value determined by minimizing the nor-

malized standard deviation (Dq) given by Eq. (12). And since Eq. (25)

involves an infinite number of terms, trials were initially made and it was

found that 50 terms (n ¼ 50) were sufficient and used in all calculations.

Model simulations of the kinetic test results are shown in Fig. 9 by solid

lines, from where the best-fit effective diffusion coefficients, De, were

computed and are summarized in Table 4. The computed De values were

1.12 � 1029, 6.14 � 10210, 5.27 � 10210, and 6.15 � 10210 cm2/s for Al-

Na-HUD, Al-HUD, Al-F9, and Al-A4 zeolites, respectively. Though

effective diffusion coefficients of fluoride in liquid-phase adsorption are not

easily available in open literature, the values found in this work are higher

compared to, for example, effective diffusion coefficient of 5.5 � 10211

cm2/s found in a closely related study by Demarco et al. (31) using the

same model Eq. (25) to simulate batch kinetic data of arsenic adsorption

onto a polymeric hybrid material. For the Al-HUD, Al-F9, and Al-A4

zeolites, the fluoride diffusivities were within the same magnitude even

though their uptake dependences on time were different. This is because

their fractional approaches to equilibrium (qt/qeq) were nearly the same. Dif-

fusivity of fluoride in Al-Na-HUD zeolite was higher probably as a result of a

combination of larger pore and higher affinity of fluoride for Al-Na-HUD.

To explore further the relative importance of external mass transfer vis-a-

vis internal diffusion, Biot number (NBi ¼ kf ro/De) was considered. Table 4

summarizes theNBi values for the four zeolite adsorbents. TheNBi values are sig-

nificantly larger than 100 indicating that film diffusion resistance was negligible.

Desorption Studies

Adsorption is a well-established technology for water and wastewater purifi-

cation. However, the success of this technology, for environmental and

economic reasons, depends on the possibility of desorbing the target contami-

nant and reusing the adsorbent. Thus, desorption of fluoride from Al-F9 was

initially carried out using acetic acid (pH 3.0), demineralized water (pH

5.7), sodium bicarbonate (pH 8.8), and sodium hydroxide (pH 12.6)

desorbing agents. Acetic acid was only able to desorb 5% of the loaded

fluoride and was the least effective agent for fluoride desorption, followed

by demineralized water (12%) and NaOH (35.2%). The most effective

solution was sodium bicarbonate (63%). From these results, it can be
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deduced further that the mode of fluoride adsorption was mainly by chemi-

sorption mechanism. For a successful operation, the desorbing agent should

be effective and should not cause much damage to the adsorbent. Assuming

that the mechanism of fluoride uptake was similar for all the zeolite types,

sodium bicarbonate was chosen for further trials. Figure 11 shows the

fluoride desorption results for Na-Al-HUD, Al-HUD, Al-F9, and Al-A4

zeolites. In the first desorption step, only 61–67 % of the bound fluoride

was desorbable. Thus, several batch steps were used. It is observed that the

cumulative quantity of fluoride desorbed marginally increased with each suc-

cessive batch step, suggesting that application of column desorption would be

more appropriate. By the 4th desorption step, the ease of fluoride desorption

followed the order Al-F9 . Na-Al-HUD .Al-HUD. Al-A4.

CONCLUSIONS

Batch equilibrium and kinetic studies were undertaken to evaluate the fluoride

adsorption characteristics of Al3þ-pretreated low-silica synthetic zeolites. The

adsorbents were found to remove fluoride from water to levels below the

WHO MAC value. The fluoride removal was found to be dependent on

initial solution pH suggesting a chemisorption mechanism. This was further

confirmed from desorption studies. In simulating equilibrium data, simple

models such as F, LF, RP, and DR were used. The model parameters were

obtained and discussed in relation to the adsorbents used. For kinetic

studies, two modeling approaches were applied. The first approach considered

chemical reaction kinetics while the second approach dealt with mass transfer

processes. The chemical reaction kinetics was interpreted in terms of Elovich

mechanism wherein the predicted initial fluoride uptake was found to be

Figure 11. Desorption of fluoride from Al3þ-pretreated low-silica zeolites using

sodium bicarbonate as a desorbing agent.
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dependent on the zeolite type. Likewise, the external mass transfer process

was dependent on the zeolite type and the magnitude of the external mass

transfer coefficients was in the range 1022–102-3 cm/s. Results from intrapar-

ticle diffusion modeling demonstrated that the effective intraparticle diffusion

coefficients were in the range 1029–10210 cm2/s for all the zeolites. In terms

of equilibrium uptake and adsorption rates, the following performance order

was observed: Al-Na-HUD . Al-F9. Al-HUD .Al-A4.
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