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ABSTRACT

Fluoride contamination of drinking water and groundwater is a worldwide concerned issue,
and technologies are needed for the treatment of aqueous fluoride. In this study, Ti(IV)
species-modified granular activated carbon (Ti(IV)-GAC) was prepared and tested for
fluoride removal from aqueous solution. Batch experiments were performed to investigate
the equilibrium, kinetics, and mechanism of fluoride adsorption onto the prepared
Ti(IV)-GAC. The results showed that the spontaneous fluoride adsorption process followed
the Langmuir isotherm model and the pseudo-second-order kinetic model. Fluoride adsorp-
tion onto the Ti(IV)-GAC was enhanced as the initial fluoride concentration and contact
time increased. Alkaline pH and elevated solution temperature did not favor the adsorption
of fluoride. Anion exchange between the fluoride ions and the hydroxyl groups of the
adsorbents was the major adsorption mechanism. Both batch experiments and flowing
column experiments demonstrated that the Ti(IV)-GAC adsorbent can effectively remove
the aqueous fluoride with high efficiency, and bring down the fluoride concentration lower
than the permissible limit of fluoride in drinking water in China (1.0mg/L). Experiments
also showed that the Ti(IV)-GAC material had favorable regenerability, and can be used as
a versatile adsorbent for treating mixed contamination of fluorides and organic pollutants.
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1. Introduction

Fluoride, which mainly comes from the dissolution
of minerals in rocks such as fluorospar, cryolite, fluor-
apatite, etc. is one of the major natural anions present
in groundwater. Fluoride can be adsorbed by human
body via a series of routes such as drinking water,
food, drugs, toothpaste, air, cosmetic, etc. of which
drinking water is probably the main route [1]. The

effect of fluoride on human teeth and bones depends
on its concentration in drinking water. Fluoride is con-
sidered beneficial at levels of about 0.7 mg/L but
harmful once it exceeds 1.5mg/L. Excessive fluoride
in drinking water may cause dental or skeletal fluoro-
sis, muscle fiber degeneration, low hemoglobin levels,
and some other health issues [2,3]. Thus, the permissi-
ble limit of fluoride in drinking water suggested by
the World Health Organization and being followed in
most of the nations is 1.5 mg/L, and in China and
Japan, the safe concentration is further limited to
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below 1.0mg/L [4]. High fluoride concentrations in
groundwater were reported in many countries [5–8],
and it was estimated that more than 260 million peo-
ple worldwide consume drinking water with a fluo-
ride concentration higher than 1.5mg/L [1].

So far, a variety of technologies including precipi-
tation-coagulation, membrane-based processes [5,6],
and adsorption [1,7,8] have been applied to remove
fluoride from water. Usually, the very high concentra-
tions of fluoride in industrial effluents, e.g. from the
manufacturing of electrolytic aluminum, semiconduc-
tors, glass, chemical fertilizer and steel, etc. [9,10], are
treated by the method of precipitation–coagulation,
where calcium or magnesium hydroxide slurry was
used to reject fluoride as CaF2 or MgF2. The effluent
concentrations can be brought down to about 10–30
mg/L through this method [11]. The membrane-based
process and the adsorption process are suitable for
treating the contaminated water with lower fluoride
concentrations (10–30mg/L), so as to bring down fluo-
ride concentration to acceptable limits. In comparison
with the membrane-based process, adsorption process
retains a major place in defluorination research and
practice, due to its greater accessibility and lower cost
[1]. At present, researchers have explored many types
of adsorbents to remove fluoride from water, such as
alumina and aluminum-based adsorbents [12], carbon
materials [7], zeolites [8], polymeric material [13], syn-
thetic resins [14], calcium minerals [15], clays and soils
[16], layered double hydroxides (LDHs) [17] etc.

In order to improve the performance and decrease
the cost of the adsorbents, many attempts have also
been made to prepare surface-modified or composite
materials for defluoridation. For example, Maliyekkal
et al. used a manganese oxide-coated alumina absor-
bent to bring down the fluoride concentration to the
statutory 1.5 mg/L [18]. Tripathy et al. further brought
the fluoride concentration down to 0.2 mg/L using
manganese dioxide-coated activated alumina adsor-
bent [19]. Larsen et al. used a composite adsorbent of
calcite and brushite to treat the distilled water initially
containing 5, 10, and 20mg/L fluoride, and the con-
centrations were reduced to 0.06, 0.4, and 5.9mg/L,
respectively [20]. Gupta et al. adopted the waste car-
bon slurries for defluorination and low fluoride levels
(<1.5 mg/L) were achieved [21].

The present study aims to investigate the feasibility
of fluoride uptake using modified granular activated
carbon (GAC). The reason of selecting GAC as the
substrate is its safety and extensive use in drinking
water treatment. It is well known that GAC can effec-
tively treat organics, heavy metals, and some inor-
ganic anions in raw water. If a simple modification
process enables the GAC capable of uptake of

fluoride, little change needs to be made for the exist-
ing water treatment facilities and equipment, which
are originally designed for GAC absorption technique.
Moreover, the versatility and safety of the GAC adsor-
bents are believed to be retained if a suitable modifica-
tion is adopted. Therefore, the present study uses the
hydrous titanium dioxides derived from titanium sul-
fate to modify the GAC. The hydrous Ti(IV) species,
which are safe for drinking water, can uptake fluoride,
while the GAC still possesses the capacity for decon-
taminating other pollutants like organics. The funda-
mental aspects of the modified materials (from
adsorption isotherms, kinetics to mechanism of fluo-
ride adsorption), and the engineering aspects of the
materials (e.g. regenerability, versatility, and flowing
adsorption properties), are further studied for a com-
prehensive evaluation on this new adsorbent.

2. Experimental

2.1. Preparation and characterization of adsorbent

All chemicals used in this study were of ACS
grade and obtained from Sinopharm Chemical
Reagent, Shanghai, China. The GAC (CAS: 7440-44-0)
was first boiled in deionized water for 30min, then
washed with distilled water to remove the impurities,
and dried at 80˚C for 24 h. Based on the preliminary
experiments, the modified GAC was prepared by
mixing 5 g pristine GAC with 100ml 1 g/L titanium
sulfate (Ti(SO4)2) (CAS: 13693-11-3) in a 200ml beaker.
1 wt.% sodium hydroxide was used to adjust the
solution pH to around 4. The mixture was stirred at
room temperature for 4 h and then held for 2 h. After
filtration and repeated washing with distilled water,
the modified GAC absorbent was finally oven dried at
50˚C for 24 h in the air prior to use and characteriza-
tion. The loading amount of Ti(IV) species on the pris-
tine GAC was determined using a thermogravimetry
analyzer (5˚C/min, from 20 to 800˚C, in the air). An
X-ray photoelectron spectrometer (XPS, KRATOS
XSAM800 spectrometer) was used to determine the
chemical state. The morphologies of the GAC were
observed using a scanning electron microscopy (SEM,
FEI Sirion field emission).

2.2. Adsorbate and measurement

A stock solution of 100mg/L fluoride was prepared
by dissolving 223.68mg NaF (CAS: 7681-49-4) in 1 L of
deionized water. The working solutions with appropri-
ate concentration were obtained by diluting the stock
solution with deionized water. The pH of solution was
not adjusted if not otherwise specified. A fluoride ion
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selective electrode (model 702, Ruosull, US) was used
to determine the fluoride concentrations. The electrode
was connected to a pH meter with an expanded milli-
volt scale (PB-10, sartorius, Germany). The mixture
solution including 1M sodium chloride, 1.2 mM
sodium citrate, and 2.5mM acetic acid was used as the
total ionic strength adjustment buffer (TISAB) for deter-
mination. The TISAB was added to each standard as
well as to the unknown samples (5 vol% with respect
to the total volume of solution). According to the cali-
bration curve between the potential values and the
fluoride concentrations of standard solutions, the fluo-
ride concentration was calculated.

2.3. Procedure of batch adsorption experiments

Batch experiments were conducted by mixing 1 g
as-prepared adsorbents with 50ml 10mg/L fluoride
solution in a 100ml polyethene beaker. The solution
with initial pH of 6–7 was shaken at 120 rpm at a con-
stant temperature of 25˚C for 2 h, which was more
than sufficient for the adsorption equilibrium to be
reached. After adsorption, the mixture was centri-
fuged or filtered by a 0.45 μm PVDF Millipore using
syringe filter, and the residual fluoride in the superna-
tant was determined. 1–2mL solution was sampled
for each determination. If not otherwise specified, all
batch experiments followed the above conditions. The
equilibrium adsorbed capacity (qe, mg/g) of fluoride
onto modified GAC can be calculated by Eq. (1).

qe ¼ VðC0 � CeÞ
m

(1)

where V is the solution volume, L; C0 and Ce are the
initial and equilibrium (final) concentration of fluoride,
mg/L; and m is the mass of absorbent, g.

Isotherm experiments were conducted at different
initial fluoride concentrations (5, 10, 30, 50, 70, and
100mg/L) at different solution temperatures (25, 35,
and 45˚C). Kinetic experiments were conducted at
25˚C using 100mL fluoride solution (10mg/L and
5mg/L initial concentration) and 2 g as-prepared
adsorbents. At predetermined times, the residual fluo-
ride concentration (Ct, mg/L) was determined and the
amount of fluoride adsorbed onto adsorbents at time t
(qt, mg/g) was calculated by Eq. (2), where Ct is the
fluoride concentration at time t in the duration of a
batch experiment, mg/L.

qt ¼ VðC0 � CtÞ
m

(2)

In the tests to evaluate the effect of pH and coexisting
anions, the solution pH was adjusted to the desired
values using NaOH or HCl solution, and the investi-
gated coexisting anions were 200mg/L HCO�

3 , CO
2�
3 ,

SO2�
4 , and Cl−, which were added in the fluoride-con-

taining solution, respectively. The regenerability of the
adsorbent was investigated using 1 wt.% NaOH solu-
tion. One gram of saturated absorbent was mixed with
50ml 1wt.% NaOH solution, the mixture was then
shaken at 120 rpm at ~20˚C for 24 h. After washing
with deionized water and dried at 80˚C, the adsorbent
was used to adsorb the fluoride again and the
adsorption capacity after regeneration was evaluated.
The regeneration efficiency (ηrg, %) was calculated by
Eq. (3), where qen (mg/g) is the adsorption capacity of
the regenerated adsorbents after n cycles.

grg ¼
qen

qeðn�1Þ
� 100% (3)

In order to know whether the Ti(IV)-GAC adsorbent
possesses the capacity to remove fluoride and organic
pollutants simultaneously (i.e. the versatility of the
adsorbent), a solution containing 10mg/L fluoride
and 20mg/L aniline (CAS: 62-53-3) was used for
adsorption experiments, and the experiment proce-
dure was as same as the aforementioned batch experi-
ment. Aniline was selected because it is a
representative water-soluble organic contaminant that
can be adsorbed by GAC. The aqueous aniline concen-
tration was determined using a photo spectrometer at
545 nm wavelength.

2.4. Column experiments

The column breakthrough experiments were car-
ried out in a glass column having dimensions of 19.6
cm height and 2.5 cm diameter. Sixty grams of Ti(IV)-
GAC adsorbents were filled in the column. The water-
containing fluoride was pumped into the column from
the bottom at desired volumetric flow rate using a
peristaltic pump (Model DHL-B) supplied by Shang-
hai Huxi Ltd, China. The process was optimized for
the feed fluoride concentration (2–10 mg/L) and flow
rate (0.20–0.65 L/h). The effluent samples were
collected at different intervals and the residual fluo-
ride concentration was determined using fluoride ion
selective electrode.

2.5. Adsorption isotherm

Two commonly used models, the Langmuir iso-
therm which assumes that adsorption takes place on
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homogeneous surfaces and the Freundlich isotherm
which assumes that adsorption takes place on hetero-
geneous surfaces, were selected to simulate the
adsorption isotherm. The Langmuir model can be
described as Eq. (4), and the dimensionless constant
separation factor (RL) which is used to characterize
the adsorption equilibrium can be calculated by Eq. (5),
where KL is the Langmuir equilibrium constant,
L/mg; and Qm is the maximum adsorption capacity,
mg/g.

qe ¼ QmKLCe

1þ KLCe
(4)

RL ¼ 1

1þ KLC0
(5)

The Freundlich model can be expressed by Eq. (6),
where Kf and n are isotherm constants which indicate
the capacity and the intensity of the adsorption,
respectively.

qe ¼ Kf C
1=n
e (6)

2.6. Adsorption kinetics

Pseudo-first-order model and pseudo-second-order
model are used to investigate the mechanism of
adsorption and the transient behavior of fluoride
adsorption. The integral form of the pseudo-first-order
model is generally described as Eq. (7), where ks is the
adsorption first-order rate constant, min−1; and t is the
contact time, min.

logðqe � qtÞ ¼ log qe � ks
2:303

t (7)

The integral form of the pseudo-second-order
model generally described as Eq. (8), where k2 is the
pseudo-second-order rate constant; g/mgmin.

t

qt
¼ t

qe
þ 1

k2q2e
(8)

3. Results and discussion

3.1. Characterization of pristine GAC and Ti(IV)-GAC

Fig. 1 presents the SEM images of the pristine
GAC and the Ti(IV) species-modified GAC. As shown
in Fig. 1, both the pristine GAC and Ti(IV)-GAC pres-
ent the inhomogeneous porous structure. Little
amounts of deposited sediments can be found in the
surface pores of the pristine GAC. After modification,
an increased amount of deposited sediments can be

observed in the pores of GAC. In order to determine
the composition of the deposited sediment, XPS analy-
sis was employed to investigate both the pristine GAC
and the Ti(IV)-GAC, as depicted in Fig. 2. For the XPS
spectrum of the pristine GAC, C 1s and O 1s peaks
belonging to the activated carbons [22,23], were
observed. In case of the modified GAC, a new peak of
Ti 2p, designating the existence of Ti(IV) species,
appeared in the spectrum in addition to the C 1s and
O 1s peaks. The higher resolution spectrum of the Ti
2p peak (the inset in Fig. 2(b)) further reveals the bind-
ing energies of Ti 2p1/2 (465.1 eV) and Ti 2p3/2 (458.4 eV)
peaks. The two peaks could be assigned to Ti–O bond,
suggesting the loaded Ti(IV) species most likely
existed in the form of dioxide or hydrated hydroxyl
compounds [24]. The XPS results are in accord with a
previous report regarding the Ti(IV) species on
activated carbon fibers [24]. The characterization of
the modified activated carbon samples evidenced the

Fig. 1. SEM images of the (a) pristine GAC and (b) Ti(IV)
species modified GAC (Ti(IV)-GAC).
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successful loading of the Ti(IV) species on the surface
of GAC. The hydrolysis process of Ti(SO4)2 at elevated
pH resulted in the generation of Ti(IV) species with
Ti–O bonds.

The loading amount of Ti(IV) species can be mea-
sured by a TG analyzer [25]. The results showed that
the ratio of residual mass after calcination (i.e. the TG
analysis) was 7.23 wt.% for Ti(IV)-GAC, being higher
than the 2.24 wt.% residual mass of pristine GAC. The
increasing ratio of residual mass (4.99 wt.%) was
apparently due to the loaded Ti(IV) species. The load-
ing amount of the Ti(IV) species (TiO2) onto the GAC
was then calculated to be about 49.9 mg/g. Consider-
ing that the crystal water is removed at elevated tem-
peratures, we think the real amount of the hydrous Ti
(IV) species should be higher than 49.9mg/g. For
example, assuming the stoichiometric composition of
the Ti(IV) species before calcination is Ti(OH)4, the
loaded Ti(IV)-activated material for defluorination is

72.4 mg/g. That is to say, the average loading amount
of hydrated Ti(IV) species should be in the range from
49.9 to 72.4 mg/g.

3.2. Absorption isotherms and kinetics

3.2.1. Adsorption equilibrium isotherm

The adsorption isotherm can be used to describe
how the adsorbate interacts with the adsorbent and
gives an idea of the adsorption capacity of the adsor-
bent [26]. The Langmuir isotherm and Freundlich iso-
therm are valid for monolayer and multilayer
adsorptions [27], respectively. Fig. 3(a) shows the com-
parison of the Langmuir isotherm (Eq. 4) and the Fre-
undlich isotherm (Eq. 6) fittings for Ti(IV)-GAC at
three different temperatures (25, 35, and 45˚C). Iso-
therm parameters obtained by the fitting are listed in
Table 1. From Table 1, the correlation coefficients (R2)
suggest that the Langmuir isotherm shows a better fit
to adsorption data than the Freundlich isotherm at all
temperatures, indicating that the adsorption of fluo-
ride on Ti(IV)-GAC is a monolayer adsorption process
[27]. When Ce is around 47.5 mg/L, the maximum
adsorption capacity (Qm) increases from 2.62 to 2.87
mg/g with the decrease in temperature from 45 to
25 ˚C. The dimensionless constant separation factor RL,
which expresses the essential features of the Langmuir
isotherm [28], is used to predict if the adsorption pro-
cess is “favorable” or “unfavorable.” The RL calculated
by Eq. (5) is shown in Fig. 3(b). Apparently, RL is
always in the range between 0 and 1, which implies
that the fluoride adsorption onto Ti(IV)-GAC is
“favorable” for all cases [29]. Moreover, the value of
RL decreases as the initial fluoride concentration
increases and the solution temperature decreases,
implying that higher fluoride concentrations and
lower temperatures are more conductive to the
fluoride adsorption onto Ti(IV)-GAC.

3.2.2. Adsorption kinetics

Fig. 4 presents the kinetics of fluoride adsorption
onto Ti(IV)-GAC. As can be observed, the amount of
adsorbed fluoride (qt) increased with time and eventu-
ally reached equilibrium (qe) within 40min. The first
stage of adsorption was signified by a steep slope,
reflecting the rapid adsorption rate during the first 10
min of contact. In this stage, around 75% of the
adsorption capacity was realized. The rapid adsorp-
tion rate is mainly due to instantaneous monolayer
adsorption of fluoride at the surface of Ti(IV)-GAC.
The second stage which took place between 10 and 40
min, characterized a gentle slope and a gradually

Fig. 2. XPS spectra of the (a) pristine GAC and (b) Ti(IV)
species modified GAC (inset is the enlarged Ti 2p spectra).
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decreasing adsorption rate. The reduced adsorption
rate is probably attributed to the rearrangement of
fluoride adsorbed on the Ti(IV)-GAC surface and a
more thorough utilization of adsorption sites on the Ti

(IV)-GAC [30,31]. After 40min of contact time, the
adsorption of fluoride basically reached equilibrium.
Correspondingly, the residual concentration of fluo-
ride in solution decreased as the fluoride adsorption
reaction progressed. As can be observed, after 40min
of adsorption, the residual concentration of fluoride
decreased from 10mg/L to 0.93mg/L, which is lower
than the permissible limit of fluoride in drinking
water (1 mg/L in China). The final residual fluoride
concentration was 0.70 mg/L after 120min of contact.
Under the same experimental conditions, the residual
fluoride concentration achieved by the pristine GAC
was 9.97 mg/L. The result indicates that the Ti(IV)
modified GAC is much more efficient than the pristine
GAC for defluorination process.

The applicability of the pseudo-first-order and
pseudo-second-order models [32] was tested for the
adsorption of fluoride onto Ti(IV)-GAC. Fig. 5 shows
the fitting results at the initial fluoride concentration
of 10mg/L. As can be seen, the linear correlation coef-
ficients for the pseudo-second-order model are greater
than these of the pseudo-first-order model. Further-
more, the equilibrium adsorption capacities (qe) pre-
dicted by the pseudo-first-order kinetic model (Eq. 7)
apparently deviated from the experimental values,
while the qe predicted by the pseudo-second-order
model (Eq. (8)) was very close to the experimental values.

The kinetic modeling can be further validated by
the half-life time of fluoride, since the modeling may
be affected by the initial concentration of the contami-
nant [33]. For the pseudo-first-order kinetic reaction,
the sorption processes occur at a rate proportional
either to fluoride concentration, or to the number of
vacant sorption sites; therefore, the half-life time of
adsorbate is constant whatever the initial concentra-
tion. For the pseudo-second-order kinetic reaction, it is

Fig. 3. (a) Adsorption isotherms of fluoride adsorption
onto Ti(IV)-GAC (at 25, 35 and 45 ˚C), and the fitting
curves by the Langmuir model and Freundlich model. (b)
Changes of dimensionless constant separation factor RL as
a function of initial fluoride concentrations (5, 10, 30, 50,
70 and 100mg/L).

Table 1
Parameters of the data fitting using the Langmuir and
Freundlich isotherm models

Model Parameter

Temperature

25˚C 35˚C 45˚C

Langmuir isotherm R2 0.9934 0.9886 0.9812
Qm (mg/g) 2.87 2.77 2.62
KL (L/mg) 0.19 0.13 0.10

Freundlich isotherm R2 0.9307 0.9364 0.9442

Fig. 4. Kinetics of fluoride adsorption onto Ti(IV)-GAC
adsorbents and the residual fluoride concentration (at
25˚C).
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thought to derive from sorption processes in which
the rate-controlling step is an “exchange reaction,”
and the half-life time varies with the initial concentra-
tion [34]. Therefore, extra kinetic experiments were
carried out at an initial fluoride concentration of 5
mg/L. The results showed that the half-life time of
fluoride adsorption decreased from 3.29 to 2.33 min
when the initial fluoride concentration was elevated
from 5 to 10mg/L. The changed half-life time con-
firms the better applicability of the pseudo-second-
order model for describing the adsorption of fluoride
onto Ti(IV)-GAC.

3.3. Effect of pH and coexisting anions

3.3.1. Effect of pH

The effect of pH on fluoride adsorption onto
Ti(IV)-GAC was studied in the range of 2–11

(Fig. 6(a)). As can be seen, the amount of fluoride
adsorbed by Ti(IV)-GAC decreased from 0.477mg/g
to 0.382mg/g due to the variation of pH from 2 to 11.
Correspondingly, the removal efficiency of fluoride
decreased from 95.38 to 76.45%. The results show that
high pH inhibited the fluoride adsorption onto the
Ti(IV)-GAC absorbents.

XPS analysis results in Section 3.1 have revealed
that the loaded Ti(IV) species existed in the form of
dioxide or hydrated hydroxyl compounds, which
derived from the hydrolytic process of Ti(SO4)2 at ele-
vated pHs. It was reported that the anion exchange
between fluoride ions and hydroxyl groups of adsor-
bent could be the mechanism of fluoride uptaking by
some minerals [35]. Fluoride ions bonded with the
adsorbent, and hydroxyl ions released from adsorbent
into the solution to maintain the charge balance.
Therefore, we investigated the change of the solution
pH during the adsorption process, and the concentra-
tion of hydroxyl ions was calculated and depicted as a
function of contact time. As can be observed, the
amount of hydroxyl ions gradually increased as the

Fig. 5. (a) Pseudo-first-order kinetic model and (b)
pseudo-second-order kinetic model for the adsorption of
10mg/L fluoride at 25˚C.

Fig. 6. (a) Effect of pH on the fluoride adsorption onto Ti
(IV)-GAC and (b) the increment of OH− with contact time.
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adsorption process progressed. The results suggest
that the following defluorination process may proceed
on the surface of Ti(IV)-GAC absorbents:

(TiO2)nTi(OH)4þmF� = (TiO2)nTi(OH)4�mFmþmOH�

n� 0; 0�m� 4 (9)

(TiO2)nTi(OH)4 is the hydrolyzate of Ti(SO4)2 in the
form of partial (n > 0) or absolute (n = 0) hydrate.
The hydroxyl groups of (TiO2)nTi(OH)4 are partially
(m < 4) or completely (m = 4) replaced by fluoride and
then released in the solution. This anion-exchange
mechanism further illustrates that the reaction process
can be retarded under an alkaline condition because it
became harder for the reaction to move to the right
direction in the presence of more hydroxyl ions. To
ensure the function of the adsorbents, the solution pH
should be controlled within an appropriate range
away from alkaline condition (pH < 9).

3.3.2. Effect of coexisting anions

The effect of coexisting anions on fluoride
adsorption onto Ti(IV)-GAC was determined by add-
ing four types of anions (CO2�

3 , HCO�
3 , SO2�

4 , and
Cl�) into the fluoride working solution, respectively.
These anions are common for groundwater (e.g.
HCO�

3 and HCO�
3 in karstic aquifer) or surface water

[36,37]. The removal efficiencies of fluoride in the
presence of coexisting anions are shown in Fig. 7. We
can observe that all the coexisting anions exhibited
negative effect on the fluoride adsorption. Specifically,
the removal efficiencies decrease from 92.2% (absence
of coexisting anion) to 91.54, 90.51, 88.39, and 87.60%
in the presence of 200mg/L Cl�, SO2�

4 , HCO�
3 , and

CO2�
3 , respectively. The anions reduced the fluoride

adsorption in the following order, CO2�
3 > HCO�

3

> SO2�
4 > Cl�. The decrease of the removal efficiency

was attributed to the competitive adsorption of coexis-
ting anions. Moreover, the presence of HCO�

3 and
CO2�

3 increased the solution pH, which further
account for the stronger inhibition on the fluoride
adsorption. It should be pointed out that all the nega-
tive effects of the four types of coexisting anions were
inconspicuous. The coexisting anions should not be a
major concerned issue for the defluorination process.

3.4. Regenerability and versatility of the Ti(IV)-GAC

To determine the regenerability of the prepared Ti
(IV)-GAC, 1 wt% NaOH was used to treat the satu-
rated Ti(IV)-GAC adsorbent and its regeneration was

conducted for consecutive times. The results are
depicted in Fig. 8. It can be observed that the fluoride
adsorption capacities decreased with the regeneration
cycles. After successive regeneration cycles, the
removal efficiency, respectively, decreased to 90.92,
88.56, and 86.90%, and the regeneration efficiencies
(calculated by Eq. (3)) were 98.59, 97.40, and 98.13%,
respectively. The recovered removal efficiency after
three regeneration cycles still remained 94.23% of the
initial adsorption capacity.

A rough comparison can be made between the
prepared Ti(IV)-GAC and some previously reported
defluorination materials under the condition of same
initial fluoride concentration. Table 2 shows the

Fig. 7. Effect of the coexisting anions on the fluoride
adsorption onto Ti(IV)-GAC.

Fig. 8. Fluoride removal efficiency obtained by the fresh
prepared and regenerated Ti(IV)-GAC adsorbents.
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detailed information regarding the solution pH,
dosage, qe, and the final fluoride concentration (Ce). It
can be observed that, at the dosage of 20 g/L, the
Ti(IV)-GAC adsorbent can decrease the fluoride
concentration from 10 to 0.78mg/L, and achieve
92.2% fluoride removal efficiency. The final fluoride
concentration is lower than the permissible drinking
water standard (1mg/L) and removal efficiency is
only inferior to the manganese dioxide-coated acti-
vated alumina. On the other hand, at the dosage of 20
g/L, the equilibrium adsorption capacity (qe) seems
not competitive. Among the listed materials, the qe of
Ti(IV)-GAC is only higher than that of the synthetic
siderite. The effective component of Ti(IV)-GAC for
defluorination is hydrous Ti(IV) species, and its aver-
age loaded amount is less than 72.4mg/g, as indicated
in Section 3.1. Therefore, we did not observe a high qe
value for the Ti(IV)-GAC adsorbent, even though the
hydrous Ti(IV) species could be an excel defluorina-
tion material.

Comparing with the “bulk” defluorination materi-
als like alumina and mineral particles, the Ti(IV)-GAC
adsorbent shows a lesser qe value, however, the prop-
erties of the carbon material, e.g. porosity and affinity
to organics, is still retained. A separated experiment
was carried out in the laboratory to test the versatility
of the Ti(IV)-GAC adsorbent, where the adsorption
performance of the pristine GAC and Ti(IV)-GAC
adsorbents were investigated in the presence of fluo-
ride and aniline at pH 6. The results showed that,
with the dosage of 20 g/L, the Ti(IV)-GAC adsorbent
can remove fluoride by 90.7% and aniline by 95.0%,
respectively. In contrast, at the same dosage of 20 g/L,
the pristine GAC removed only 2.2% of the aqueous
fluoride, although the aniline removal efficiency was
98.5%. The observation reveals that the modification
process enables the GAC particles capable of uptaking
fluorides and organics simultaneously. The Ti(IV)-
GAC can actually work as a versatile adsorbent for
treating the raw water with a mixed contamination of
fluoride and organics.

3.5. Column experiments

3.5.1. Effect of flow rate of fluoride solution

The effect of flow rate of the feed fluoride solution
was studied at a fixed fluoride concentration of

Table 2
Comparison of the prepared Ti(IV)-GAC with other reported defluorination materials

Adsorbent pH
Dosage
(g/L)

qe
(mg/g)

C0

(mg/L)
Ce

(mg/L)
Removal efficiency
(%)

Hydrous manganese oxide-coated alumina [38] 5.2 5 1.8 10.2 1.2 88.2
Synthetic siderite [39] 6.9 20 0.419 10 1.62 83.8
Schwertmannite [40] 3.8 1 9 10 ~1 79
Magnesium incorporated bentonite clay [41] 6–7 0.5 6.2 10 6.9 31
Manganese dioxide-coated activated alumina [19] 7 8 1.23 10 0.2 98
Ti(IV)-GAC (this study) 7 20 0.46a 10 0.78 92.2

aCalculated in terms of the adsorbent mass including the GAC and the loaded Ti(IV) species.

Fig. 9. Effect of the (a) flow rate and (b) initial concentra-
tion of the fluoride solution on the breakthrough curves.
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10mg/L. The breakthrough curves at three different
flow rates (0.20, 0.34, and 0.65 L/h) are shown in
Fig. 9(a), and the corresponding parameters are shown
in Table 3. It is noted that two kinds of breakthrough
points (BP-a and BP-b) are defined in Table 3: the efflu-
ent fluoride concentration is as high as the influent
fluoride concentration (BP-a), or effluent fluoride con-
centration exceeds 1mg/L (BP-b). As can be observed
from Fig. 9(a) and Table 3, increased flow rate causes
sharper breakthrough curves and lesser breakthrough
times, but its effect on breakthrough capacity is
dependent on the types of breakthrough point (BP-a
and BP-b). In case of the BP-a, the breakthrough capac-
ity slightly increased from 0.203 to 0.271 L/g as the
flow rates changed from 0.20 to 0.65 L/h. In contrast,
for the BP-b, we can observe a considerable decrease of
breakthrough capacity at 0.65 L/h with respect to the
0.20 and 0.34 L/h flow rates. The dissimilar trends of
breakthrough capacity suggest that overquick flow
may cause very low breakthrough capacity if the
breakthrough point is set at a low effluent concentra-
tion like 1mg/L. This observation is associated with
the less hydraulic retention time (HRT) of the liquid at
higher flow rates. Less HRT results in an inadequate
interaction between the adsorbent and adsorbate, espe-
cially at a very high flow rate. Likewise, the adsorption
capacity at 0.65 L/h shows a sudden decrease for BP-b,
while the other adsorption capacity values are all
higher than 1mg/L. Furthermore, it can observed that
the adsorption capacity of the adsorbents basically
decreases along with the increasing flow rates, indicat-
ing that lower flow rates do facilitate the utilization of
the adsorbents.

3.5.2. Effect of initial concentration of fluoride solution

Fluoride uptake within the Ti(IV)-GAC-filled
column was investigated with different fluoride
concentrations, viz. 2, 5, and 10mg/L at a fixed flow
rate of the fluoride solution (0.65 L/h). The typical
breakthrough curves are shown in Fig. 9(b). Sharper
breakthrough curve was obtained at higher feed

fluoride concentrations. Based on the breakthrough
curves, the calculated parameters are also shown in
Table 3. In case of the BP-a, the breakthrough time
increases from 25 to 62 h as the initial concentration
decreases from 10 to 2mg/L. Accordingly, the break-
through capacity increases from 0.271, 0.466 to 0.672
L/g. As for the adsorption capacity, it is interesting to
note that it increases from 1.33 to 1.40 mg/g, are
followed by a decrease down to 0.853mg/g (see the
BP-a). This observation suggests that the highest
adsorption efficiency of Ti(IV)-GAC adsorbents
occurred at 5mg/L initial fluoride concentration. As
the breakthrough point is set at 1mg/L (see the BP-b),
the breakthrough capacity is found to be 0.412, 0.217,
and 0.054 L/g at initial concentrations of 2, 5, and 10
mg/L, respectively. The highest adsorption capacity
still occurred at the initial concentration of 5mg/L,
being 1mg/g.

4. Conclusion

In the present study, a new adsorbent, Ti(IV) spe-
cies-modified GAC (Ti(IV)-GAC) was prepared and its
fluoride adsorption behaviors were investigated. SEM,
XPS, and TG characterization showed that Ti(IV) spe-
cies, were successfully loaded onto the GAC. The Ti
(IV)-GAC featured a fast adsorption and a high
removal efficiency of 92.2% at an initial fluoride
concentration of 10mg/L. The residual fluoride con-
centration could be decreased to 0.7 mg/L, which met
the requirement of the safe drinking water standard in
China (<1.0 mg/L). The Langmuir isotherm model
gave better fittings with the experimental data than
the Freundlich model, indicating that the adsorption
of fluoride onto Ti(IV)-GAC is a monolayer adsorption
process. The adsorption kinetic data were better
described by the pseudo-second-order model than by
the pseudo-first-order model. The equilibrium
adsorption capacity of Ti(IV)-GAC increased with ini-
tial fluoride concentration and contact time, but
decreased with temperature and solution pH. The
major adsorption mechanism of fluoride is anion

Table 3
Detailed parameters of the column experiments

C0 (mg/L) Flow rate (L/h)

Breakthrough capacity (L/g) Adsorption capacity (mg/g)

BP =C0 (BP-a) BP = 1mg/L (BP-b) BP =C0 (BP-a) BP = 1mg/L (BP-b)

10 0.20 0.203 0.113 1.54 1.11
10 0.34 0.227 0.110 1.52 1.08
10 0.65 0.271 0.054 1.33 0.51
5 0.65 0.466 0.217 1.40 1.00
2 0.65 0.672 0.412 0.853 0.76
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exchange between fluorides and hydroxyls. Tests also
demonstrated that the Ti(IV)-GAC absorbent showed
well regenerability in aqueous solution, and was able
to treat fluoride and aniline simultaneously. The flow-
ing column experiments revealed that the break-
through capacity (L/g) and adsorption capacity (mg/
L) of Ti(IV)-GAC absorbent was strongly dependent
on the flow rate and inlet fluoride concentration, and
the operation parameters of column can be optimized
for effective defluorination. This study demonstrates
that a simple chemical modification of the GAC could
be an optional route to prepare a versatile adsorption
material, which can be engineered to treat mixed con-
tamination of fluoride and organic micropollution.
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Symbols

C0 — initial fluoride concentration (mg/L)
Ce — equilibrium (final) fluoride concentration (mg/L)
Ct — fluoride concentration at contact time t (mg/L)
ks — pseudo-first-order rate constant (min−1)
k2 — pseudo-second-order rate constant (g/mgmin)
KL — Langmuir equilibrium constant (L/mg)
Kf — Freundlich constant indicative of the relative

sorption capacity of the sorbent (mg/g)
M — mass of absorbent (g)
N — Freundlich constant indicative of the intensity of

sorption
qe — equilibrium adsorption capacity (mg/g)
qen — adsorption capacity of the regenerated

adsorbents after n cycles (mg/g)
qt — amount of the fluoride adsorbed onto adsorbents

at time t (mg/g)
Qm — maximum adsorption capacity (mg/g)
RL — dimensionless constant separation factor for the

Langmuir isotherm model (mg/g)
T — time t
V — solution volume (L)
ηrg — regeneration efficiency of adsorbent (%)
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