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This study uses a waste iron oxide material (BT3), which is a
by-product of the fluidized-bed Fenton reaction (FBR—Fenton), for
the treatment of a fluoride (F~) solution. The purpose of this study
is to investigate a low-cost sorbent as a replacement for the current
costly methods of removing fluoride from wastewater. X-ray powder
diffraction (XRD) and scanning electron microscopy (SEM) are
used to characterize the BT3. Contact time, F~ concentration (from
0.75 to 6 mmol L™ '), and temperature (from 303 to 323 K) are used
as operation parameters to treat the fluoride. The highest F—
adsorption capacity of the BT3 adsorbent was determined to be
1.17mmolg ' (22.2mgg ") for a 6mmol L' initial F~ concen-
tration at pH 3.9 £0.2 and 303 £ 1K. Adsorption data were well
described by the Langmuir model, and the thermodynamic constants
of the adsorption process, AG°, AH°, and AS°, were evaluated as
~1.63kJmol ' (at 303K), —1.75kJ mol ', and —52.4Jmol "
K~!, respectively. Additionally, a pseudo-second-order rate model
was adopted to describe the kinetics of adsorption. BT3 could be
regenerated with NaOH, and the regeneration efficiency reached
95.1% when the concentration of NaOH was 0.05mol L~

Keywords adsorption; fluoride; iron oxide

INTRODUCTION

Fluoride (F7) is an essential component for the dental
and bone health of mammals. However, excess fluoride in
drinking water causes harmful effects such as problems
relating to dental and skeletal fluorosis (1). The World
Health Organization has set a guidance value of 1.5mg
L~! for fluoride in drinking water (2), and the Taiwan
drinking water standard for fluoride has been amended
to 0.8mg L~'. Consequently, the treatment of fluoride
has currently become an important subject worldwide. Flu-
oride waste can be found in the wastewater derived from
industries such as those involved with semiconductors,
metal processing, and the manufacture of fertilizer and
glass (3). Many methods have been developed to remove
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excessive fluoride from water, including adsorption, ion
exchange, precipitation, electrolysis, Donnan dialysis, and
electrodialysis (4). Among these choices, precipitation is
the most common and most economical of the methods
used. In the precipitation method, chemicals such as lime
(Ca(OH),), dolomite (magnesium salts), and alum
(Al5(SOy4)3) have been widely used (5). Although the pre-
cipitation method is simple and economical, the required
dosages are very high, which results in sludge disposal
problems. Up to now, some treatment processes different
from the classical methods referenced above, such as
reverse osmosis, nanofiltration, electrodialysis, and Donnan
dialysis, have been proposed in the literature on this
topic. These processes also have some drawbacks (6-9). In
order to overcome the inherent disadvantages, adsorption
has been considered to be the most efficient and applicable
technology for fluoride removal from waste water. In the past
ten years, many researchers have devoted their attention to
the development of low cost and effective adsorbent materi-
als. A large number of materials have also been tested, such
as alum sludge (10), activated alumina (11), amorphous
alumina (12), metallurgical grade alumina (13), activated car-
bon (14), calcite (15), coal-based sorbent (16), fly ash (17),
lanthanum impregnated silica gel (18), red mud (4) and some
low cost adsorbents (19-21). However, they all have in com-
mon a low adsorption capacity (<10mg/g) disadvantage.
Therefore, more effective adsorbents in industrial fluoride
wastewater treatment are required.

Recently, interest in low-cost, high-surface area materi-
als, especially metal oxides, and their unique applications,
such as adsorption and chemical catalysis, has been grow-
ing. Iron oxide has a relatively high surface area and
charge; numerous researchers have used iron oxide as an
adsorbent to treat heavy metals and anions from
wastewater (22-26). This study elucidates an iron oxide
adsorbent (BT3), which is a by-product resulting from
the FBR—Fenton process (27,28), for use in treating waste-
water from leather plants in Taiwan. This process not only
provides a high COD removal efficiency but also reduces a
large amount of the Fe sludge produced (27). However, the
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iron oxide must be taken out of the FBR—Fenton reactor
after an extended reaction. Therefore, the iron oxide-BT3
becomes a waste product. Hence, it is important to find
another application for the waste iron oxide. In our
previous studies, we successfully applied the iron oxide
waste as an adsorbent for the removal of copper (Cu*")
and lead (Pb>") from aqueous solutions (24,26). In this
work, the tests and uses of a new iron oxide as an adsorb-
ent for the removal of fluoride from aqueous solutions are
carried out.

In this work, the removal of fluoride from aqueous sol-
ution using the BT3 is studied in batch experiments. The
influences of time and pH on the adsorption capacity are
investigated. We will examine the thermodynamics and
kinetics of the adsorption of F~ by this BT3 adsorbent
(i.e., iron oxide) to evaluate the thermodynamic para-
meters, to establish the adsorption rate equation, and to
assess the effectiveness of iron oxide as an adsorbent of
anions from wastewater. The experimental data were fitted
to the Langmuir and Freundlich equations in order to
determine which isotherm most closely correlates with the
experimental data. The first-order Lagergren and second-
order equations were adopted to fit the experimental data.
Furthermore, the main object of this study is not only to
reuse the by-product of the FBR—Fenton process but also
to examine the feasibility and the superior capacity of
BT3 in the adsorption of F~ as opposed to alternative
adsorbents proposed in other studies.

MATERIAL AND METHODS
Materials

A novel and low cost adsorbent, iron oxide, was
developed in the following manner (29): The iron oxide
was packed as a carrier in a 25-m® (1.9 m-®x 9m-H)
FBR-Fenton reactor in a wastewater treatment plant. By
controlling the internal circulation, the superficial up
flow velocity was maintained at 40m/h with a 50% bed
expansion. H,O, (Union Chemical) and FeSO, (technical
grade) with a molar ratio of 2:1 were fed into the reactor
bottom continuously. The pH of the solution was con-
trolled at 3.5 to prevent Fe(OH); precipitation. The
adsorbent, BT3, was a by-product of the FBR-Fenton
reaction. The aqueous stock solution of sodium fluoride
(NaF, Riedel-de Haen) was prepared using deionized water
(Millipore Milli-Q).

Characterization of the Adsorbent

The physico-chemical characteristics of the BT3 adsorb-
ent were elucidated using standard procedures. The
Brunauer-Emmett-Teller (BET) surface area and porosity
of the adsorbents were obtained from the isotherms.
The surface area of the adsorbents was calculated from
the BET equation. X-ray diffraction (XRD), Fourier

transform infrared spectroscope (FTIR), and scanning
electron microscopy (SEM) of the adsorbent were conduc-
ted. An XRD powder diffraction of the adsorbent was
performed using a powder diffractometer (Rigaku RX III)
with Cu K, radiation. A small portion of BT3 was finely
ground and then pressed (in a vacuum) in the form of a disc
using spectroscopically pure dry KBr. The FTIR spectrum
was recorded at room temperature using a Bio-Rad FTS-
40A. The accelerating voltage and current were 40kV
and 20 mA, respectively. The morphology of the adsorbent
was described using a Hitachi S-4100 SEM.

Batch Experimental Program

lg of adsorbent was added to each of the various
solutions with initial F~ concentrations from 0.75 to
6mM (V=1000mL, pH 3.9+0.2), in order to evaluate
the thermodynamic properties. These samples were then
mounted on the Jar Test apparatus continuously for 48 h
at 303, 313, and 323 K. The pH of the solutions pH were
controlled at 3.9 4+0.2 by adding dilute HNO3; or NaOH
solutions during the entire experiment. The suspensions
were filtered using a 0.45um syringe filter made of
poly-(vinylidene fluoride) membrane, and the filtrates were
immediately measured by ion-exclusion chromatography
with a 4.6 mm ID x 250 mmL Metrosep A SUPP 1 column
(Metrohm, USA). The amount adsorbed was determined
as the difference between the initial and the equilibrium
F~ concentrations. The kinetic of the adsorption experi-
ment involved using the Jar Test at a constant speed of
100 revolutions per minute (rpm). The samples were pre-
pared by adding 1g of adsorbent to 1000 mL solution
(pH=3.940.2); the F~ concentrations were 0.75, 1.5, 3
and 6mmol L™" at 303 + 1 K. The amount of sorbed metal
per gram of adsorbent ¢, at time ¢ was determined as
follows (30):

C() - Cr
= 1
q: Mads ’ ( )

where Cj is the initial F~ concentration of the liquid
phase, and C, is at any time ¢ (in mg L*I); Mgy 18 the
amount of adsorbent in the solution (gL~"). The pH of
the solutions was adjusted with either HCl or NaOH
solution.

Desorption experiments using NaOH were carried out.
First fluoride was adsorbed according to the same pro-
cedure described above. Suspensions were centrifuged after
adsorption. The supernatant was decanted and analyzed
for fluoride. Then 1L of NaOH solution (0.005~0.2 M)
were added to the loaded particles (1 g). The samples were
stirred at 100 rpm at room temperature (30 £ 1°C) for 2 h.
Then the samples were centrifuged and the supernatant
was analyzed for fluoride. Regeneration efficiency was
calculated.
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RESULTS AND DISCUSSION
Characterization of the Adsorbent

Figure 1 displays the two different magnifications of the
morphology of the BT3 adsorbent shown as an oval shape
with irregular surface morphology, which indicates high
surface area. Table 1 presents the characteristics of the
BT3 adsorbent. The average particle size is about
0.23 mm. Furthermore, the bulk density and absolute (true)
density are 1.56 and 2.38 gcm ™!, respectively, which indi-
cates that it is easy to separate adsorbents from aqueous
solutions. The value of 105m?g~"! for the specific surface
area also indicates that the BT3 adsorbent has a high sur-
face area. Furthermore, the results also show a high value
of total iron content (663 gkg™'). A comparison of the BT3
adsorbent with the F1 (The average particle size is about
0.39 mm and total iron content is 304 gkg ") from our pre-
vious study (24) reveals that the BT3 adsorbent shows a
smaller particle size and specific surface area but a higher
total iron content than that of F1.

SEI 100KV X300 10ym  WD76mm

NCKU Sl 10.0kv  X10,000 Tum
(b)

FIG. 1. Scanning electron micrographs of BT3: (a) 300 x, (b) 10,000x%.

TABLE 1
Properties of the BT3 adsorbent
Parameter Value
Total iron content (gkg ") 663
Bulk density (g cm™") 1.56
Absolute (true) density (g cm™') 2.38
Specific surface area (m*g ') 105
Total pore volume (cm’g ') 0.15
Average particle size (mm) 0.23

Figure 2 shows the XRD patterns of the BT3 adsorbent.
The XRD data were analyzed from the BT3 adsorbent of
iron according to the diffraction files of the Joint Commit-
tee on Powder Diffraction Standards (JCPDS). The JCPDS
data on oxyhydroxides of iron were compared. The main
diffraction peaks of the BT3 adsorbent at 20=21.2°,
36.6°, and 53.2° were carefully compared with the standard
for goethite (x-FeOOH-—file number 81-0464). Accord-
ingly, the peaks of BT3 adsorbent were identified with the
phase a-FeOOH. However, the XRD pattern of the BT3
adsorbent exhibited very weak diffraction intensities in
the region 20 =10~80°, indicating that the BT3 adsorbent
contained a very small amount of crystalline goethite.

Figure 3 shows the FTIR spectrum of the BT3 adsorb-
ent. It is clear that the peaks occur in the regions around
795, 883, 975, 1051, 1136, 1631, and 3169cm™~'. When
these peaks are eliminated from the analysis in the BT3
FTIR spectrum, only certain other significant peaks
require identification. They show that the absorption band
above 3000 wave number region is due to OH stretching

Intensity (counts)

81-0464,Goethite,FeO(OH)

10 20 30 40 50 60 70 80

20 (degree)

FIG. 2. X-ray diffraction pattern of BT3 showing the intensities in the
region 20 =10-80°.
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FIG. 3. FTIR spectrum from BT3.

and that under 1000 wave number, this is due to Fe-O
lattice vibration (31). The broad band seen at 3000-
3500 cm ! is due to hydration of the BT3. It is known that
O-H stretching leads to a strong peak between 3000 and
3700cm ', while the Fig. 3 FTIR spectrum from the BT3
indicates O-H bending to a medium band between 1200
and 1500 cm ™" (32,33). This result implies hydration in the
BT3. Furthermore, it can be noted from Fig. 3 that the pres-
ence of a-FeOOH is confirmed by the appearance of peaks
at883cm ! (34) and 795 cm ™! (31). The pH value associated
with a zero charge (pHzpc) on the BT3 adsorbent was
around 4.1. More information on the method of measuring
pHzpc is available elsewhere (35).

Effect of pH

The most important single factor that controls the
adsorption of ions on the oxide surface is the pH of the aque-
ous solution. Since anion adsorption is coupled with a release
of OH™ ion, so the adsorption of the fluoride on the BT3
surface is probably favoured in near neutral pH range (4).

The specific adsorption of fluoride on metal oxide is
modeled as a two-step ligand-exchange reaction(36):

SOI‘I-i-H+<—>SOH2Jr (2)
SOH; + F~ «—— SF + H,0O (3)

which combined gives

SOH +H" + F~ «—— SF + H,0 (4)

where S represents adsorbent. The adsorption of fluoride
on BT3 was studied at different pH values ranging from
2 to 12. The adsorption of fluoride increases with increased
pH, reaches a maximum of 20.4 mg/g at near pH 4 .0, and
then decreases with further increase in pH (Fig. 4). The
increased fluoride adsorption on BT3 at pH <4 is due to
the formation of weak hydrofluoric acid. However, the
decreased fluoride adsorption on BT3 at pH >4 is due to
change of the surface nature of the oxide. At pH > pHzpc
(4.10), the oxide surface becomes negative. The effect will
help reduce sorption.

Adsorption Isotherm

Figure 5 shows the adsorption isotherms of F~ on BT3
at 303, 313 and 323K, respectively. Equilibrium data
can be analyzed using commonly known adsorption
isotherms, which provide the basis for the design of
adsorption systems. The most widely used isotherm equa-
tion for modeling of the adsorption data is the Langmuir
equation, which is valid for monolayer sorption onto a
surface with a finite number of identical sites and is given

by Eq. (5).

KLQmCe
= 5
=17 K.Co )

where K; is the adsorption equilibrium constant including
the affinity of the binding sites (mM™'); ¢, is the

24

20 —

16 —

F- removal capacity (mg/g)

pH

FIG. 4. Effect of pH on F~ removal using BT3 at 303 K with reaction
conditions initial fluoride concentration 6 mmol L™ and dosage 1g L™'.
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FIG. 5. Adsorption isotherms of F~ onto BT3 at different temperatures.

maximum adsorption capacity (mmolg™'), and ¢, is
the amount of sorbed F~ at equilibrium (mmolg™').
This represents a practical limiting adsorption capacity
when the surface is fully covered with F~. ¢,, and K; can
be determined from the linear plot of C,/q. versus C,
(37,38).

The Freundlich model is an empirical equation based on
sorption on a heterogenous surface. It is given as:

qe = KFC;/nv (6)

where Ky and n are the Freundlich constants related to the
adsorption capacity and adsorption intensity, respectively.
The Freundlich equation can be linearized by taking
logarithms, and constants can be determined (37).

The linear plots of C./q. versus C, and In g, versus In C,
are shown in Figs. 6a and b. For each isotherm in Fig. 6a,
the values of q,, and Ky were calculated from experimental
data through linear regression. According to Fig. 6b, the
values of K and n are obtained similarly. The results are
presented in Table 2 with the correlation coefficients
(R?). It can be seen from Table 2 by comparing the results
of the correlation coefficient values at different tempera-
tures that the Langmuir model yields a better fit than the
Freundlich. The values of Freundlich constants decreased
with increasing temperature, and the highest Kg value
was reported as 5.5 at 303 K. All n values were found to
be high enough for adsorption (>1.0). Values of q, and
K at different temperatures are also tabulated in Table 2.
The maximum capacity, q,,, defined the total capacity of
BT3 for F~ adsorption and decreased with increasing
temperature. Its maximum value was determined as
1.17mmolg~' (22.2mgg™") at 303K. The decrease of
the sorption equilibrium constant with temperature
showed that there was a chemical interaction between
adsorbent and adsorbate. The fluoride adsorption per-
formance of BT3 at room temperature has been assessed

3.2
A 23K * 303K
| i ° 313K .
® 3K A WK
® 303K . .
.
6 — 2.8 —
0 A
.
i .
. 1 A
=)
a & ¢
s S 24—
=< £
Q p A
» b -
.
2 — P, 2 — .
i .
4 o * _ A
.
o T T T T T T T T T T T 1.6 T T T T T T T
0 1 2 3 4 5 6 1 2 3 4 5
Ce (mmol/L) In C,
(a) (b)

FIG. 6. Linearized: (a) Langmuir and (b) Freundlich isotherm models for F~ adsorption by BT3 at different temperatures.
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TABLE 2
Parameters of Langmuir and Freundlich adsorption isotherm models for F~ on BT3
Langmuir Freundlich
T (K) I K, R? Kr n R?
303 1.17 1.91 0.9988 5.50 3.34 0.9417
313 1.06 1.54 0.9997 4.14 2.98 0.9456
323 0.94 1.24 0.9999 3.08 2.72 0.9443

by comparing the monolayer adsorption capacity (g;,, mg
g ") although the value is temperature dependent, as is
supported by some of the available data from literature
on this subject (Table 3) (39). The results obtained
showed that BT3 has greater affinity for fluoride than
has been indicated in earlier reported data.

Furthermore, entropy and energy factors should be con-
sidered in order to determine what processes will occur
spontaneously in engineering practice. The Gibbs free
energy indicates the degree of spontaneity of the adsorp-
tion process, and a higher negative value reflects a more
energetically favorable adsorption. The Gibbs free energy
change of adsorption is defined as:

AG’ = —RTInK;, (7)

where R is the universal gas constant (8.314J mol~' K™'),
and T is the absolute temperature in Kelvin (40). The equi-
librium constant may be expressed in terms of the standard

enthalpy change of adsorption (AH°) and the entropy
change of adsorption (AS°) as a function of temperature.
The relationship between the K; and temperature is given
by the van’t Hoff equation:

—AH" AS°
RT TR (8)

AH° and AS° can be obtained from the slope and intercept of
the plot of In Ky versus 1/T (34). The equilibrium constants
obtained from the Langmuir model at 303, 313, and 323K
were used to determine the Gibbs free energy changes.
Table 4 shows the Gibbs free energy values for the adsorp-
tion process. The AH° and AS° were determined as
—1.75kJmol™" and —52.4Jmol~" K™' from Fig. 7, res-
pectively. The negative standard enthalpy change of
—1.75kJmol~! obtained in this study indicates that the
adsorption of F~ by the BT3 adsorbent is exothermic, a fact
which is evidenced by the decrease in the adsorption of F~

ll’lKL =

TABLE 3
A comparative assessment on fluoride adsorption performance of BT3 with some literature

available data

(39)

Adsorbent q;,, mg g ! Reference
Metallurgical grade alumina 12.57 Pietrelli (2005)

Active alumina 7.08 Pietrelli (2005)

Alum sludge 5.394 Sujana et al. (1998)
Hydroxyapatite 4.54 Fan et al. (2003)
Fluorspar 1.79 Fan et al. (2003)
Activated quartz 1.16 Fan et al. (2003)
Calcite 0.39 Fan et al. (2003)
Quartz 0.19 Fan et al. (2003)
Activated alumina 2.41 Ghorai and Pant (2005)
Lignite 7.09 Sivasamy et al. (2001)
Bituminous coal 7.44 Sivasamy et al. (2001)
Iron-Zirconium Hybrid Oxide (IZHO) 8.21 Biswas et al. (2007)
Hydrous ferric oxide 7.50 Dey et al. (2004)
Hydrous zirconium oxide 10.21 Goswami et al. (2004)
Iron oxide (BT3) 22.2 Present work

q;,, value is compared taking the value obtained from the linear analysis of Langmuir model as other values

shown are given from the analysis of same model.
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TABLE 4
AG® values for adsorption of F~ on BT3 at different
temperatures
Temperature (K) K (mM™) AG°(kJ/mol)
303 1.91 —1.63
313 1.54 -1.12
323 1.24 —0.59

with temperature. A negative change in adsorption standard
free energy reveals that the adsorption reaction is a spon-
taneous process (40,41). The negative standard entropy
change may have been caused by adsorption between the
adsorbate and the BT3 adsorbent. These results were similar
to those shown in previous literature (42) which indicated
that although the standard enthalpy change for adsorption
of very different adsorbate onto distinct adsorbent covers a
wide range (—85 to +160kJ mol "), the standard free energy
change at 30°C remains within +30kJ mol'. Restated, the
enthalpy and entropy contributions for driving the adsorp-
tion process largely compensate each other for very different
adsorbate/adsorbent systems. This phenomenon needs
further investigation since if it is correct, the reason why a
universal correlation could exist between the corresponding
enthalpy change and entropy change following adsorption
remains unclear (42).

Kinetics of Adsorption
The adsorption kinetics that yield the solute uptake rate
are the most important determinant of the adsorption

0.7

0.6 —

0.5 —

In K

0.4 —

0.3 —

0.2 I I 1 I 1 I ) I ) I I
0.00305 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335
1/T (K1)

FIG.7. In K vs. 1/T plot.

efficiency of the BT3 adsorbent and therefore, its potential
application. Figure 8 presents the effect of the contact time
on the F~ adsorption rate for various concentrations.
According to Fig. 8, the F~ adsorption rates increase
dramatically during the first 24h at various initial con-
centrations, reaching equilibrium slowly at 48h. The
first-order Lagergren Eq. (9), the pseudo-second-order rate
Eq. (10), and the second-order rate Eq. (11) were evaluated
from the experimental data to evaluate the rate of adsorp-
tion of F~ onto the BT3 adsorbent (43,44) and are shown
as follows:

qe — 41 kit
1 - !
og= - 73 )
t 1 t
o 4 10
@ kg qe (10)
and
! = iJrkt, (11)
e — 4t 4e

where k; is the Lagergren rate constant of adsorption
(h™"); k' is the pseudo-second-order rate constant of
adsorption (g mg 'h™'); k is the rate constant (g mg~!
h™'), and ¢, and ¢, are the amounts of metal ion sorbed
(mg g ') at equilibrium and at time ¢, respectively.

25
3 6 mmol L
. ] 3 mmol L
A 1.5 mmol L
20 — o 0.75 mmol L * *
.
. . ]
— ']
)
B 45 .
é s n A A
A
: |
A
5 N
>
o A
R 10 - M
1
4 g e®
[ &
.
5— Yo
.
]
F
Y 71 T T T T Tt T
0 10 20 30 40 50
Time (h)

FIG. 8. Effect of contact time on F~ adsorption rate for different
concentrations (pH 3.9+0.2, at 303 £ 1K).
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Figures 9a—c plots log(g. — ¢;)/qe versus ¢, t/q, versus ¢
and 1/(g.—q,) versus t. These figures clearly indicate that
the pseudo-second-order rate equation yields the best fit
and that the correlation coefficients of the pseudo
second-order rate model for the linear plots are very close
to 1 at various concentrations (Fig. 9b), suggesting that
kinetic adsorption can be described by the pseudo-second-
order rate equation.

Desorption and Readsorption Capacity

To make a cost effective and user-friendly process, the
adsorbent should regenerate, so as to reuse for further flu-
oride adsorption. The applicability of BT3 as a potential
adsorbent depends on the desorption property and reusa-
bility also. NaOH solution was selected as the regeneration
agent. The effect of NaOH concentration on desorption
efficiency was plotted in Fig. 10. NaOH was efficient for

' ;
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oime | 3 mM . e o R = 09908
ot . A 1.5 mM -5 mM ( 9998)
h . " ® 0.75 mM 1 | 3 mM (R2 =0.9993)
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FIG.9. Test of (a) the first-order Lagergren, (b) the pseudo-second-order
tions of F~ by BT3 adsorbent (pH 3.9 £0.2, at 303 + 1 K).

and (c) the second-order rate equation for adsorption of different concentra-
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BT3. The regeneration efficiency reached 79.9 and 95.1%
when the concentration of NaOH reached 0.025mol/L
and 0.05mol/L, respectively. A comparative experiment
of BT3 and BT3 after regeneration was carried out. The
effect of the dosage on F~ removal using BT3 and BT3

24

a BT3
]

BT3 after regeneration

20 —

F adsorption capacity (mg/g)

¢ ' | ' | ' |
0 2 4 6
initial F- concentration (mmol/L)

FIG. 11. Effect of the dosage on fluoride removal using BT3 and
BT3 after regeneration at 303 K with reaction conditions pH 4.0, Initial
fluoride concentration (mmol L’l) used: 0.75, 1.5, 3, 6.

after regeneration was investigated. As seen from Fig. 11,
the adsorption capacity of adsorbent after regeneration
was equal to the BT3 untapped.

CONCLUSION

This work uses a new iron oxide as an adsorbent for the
removal of fluoride from aqueous solutions. The ability of
BT3 to bind of F~ was investigated with reference equilib-
rium, kinetics and thermodynamics. The maximum value of
F~ adsorption capacity was determined to be 1.17mmol g~ !
(22.2mg g~ ') at 303K. The high adsorption capacity for
fluoride suggests that BT3 can be used in industrial water
treatment applications. The equilibrium data were well
described by the Langmuir model. Furthermore, the nega-
tive standard enthalpy change suggests that the adsorption
of F~ by the BT3 adsorbent is exothermic. The negative
adsorption standard free energy changes reveal that the
adsorption reaction is spontaneous. The pseudo-second-
order rate model accurately describes the kinetics of adsorp-
tion. The optimum pH of removal of fluoride was found to
be 4.0. The desorption efficiency of BT3 with NaOH reaches
95.1% when the concentration of NaOH is 0.05mol/L. The
adsorption capacity of the adsorbent after regeneration was
equal to the BT3 untapped. The comparative study from
Table 3 was successful in demonstrating the superior
capacity of BT3 in the adsorption of F~ as compared to
the adsorbents proposed in other studies, indicating a
powerful potential for industrial application.
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