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ABSTRACT

In this research, a new carbon nanostructure was prepared by chemical vapor deposition
method on the surface of kaolin disks. Cyclohexanol and ferrocene were respectively used as
carbon source and catalyst. In order to enhance the adsorption capacity of carbon nanostruc-
ture for fluoride adsorption, the disks were treated with 1M KOH at reflux conditions. The
scanning electron microscopy image showed that “sword like” nanostructures with 70 nm in
diameter and 7030 nm in length were formed on the surface of kaolin. The Infrared spectra
of the treated sample revealed that the hydroxyl and carboxyl groups were produced on the
surfaces. The surface functional groups were determined by the Boehm titration. Adsorption
experiments indicated that removal of fluoride by the treated sample was pH dependant and
under optimized condition 230.61 meq/g of F~ was adsorbed, which was beyond of the

capacity of the earlier studied adsorbents.

Keywords: Chemical vapor deposition; Carbon nanostructures; Adsorption; Fluoride; Surface

treatment; Boehm’s titration; pHpzc)

1. Introduction

Carbon nanotubes (CNTs) are a relatively new
class of synthesized carbonaceous materials and are
considered to be promising candidates for many
areas of applications including special adsorbents in
water treatment and environmental remediation.
CNTs have large surface area, high mechanical
strength, and remarkable electrical conductivities,
which have been indicate for their tremendous poten-
tial for different applications [1,2]. Synthesis of the
CNTs via chemical vapor deposition method has
shown to be more controllable and cost-efficient

*Corresponding author.

when compared with other synthetic high tempera-
ture methods such as arc discharge [3] or laser
vaporization [4]. The oxidation of CNTs either by
wet chemical methods [5-8], photo-oxidation [9,10],
oxygen plasma [11], or gas phase treatment [12] has
gained a lot of attention in an attempt to purify and
to enhance the chemical reactivity of the graphitic
network. Oxygen-containing functional groups (OH,
C=0, and COOH) can be introduced on carbon
nanostructures  through liquid-phase  oxidation
procedures [13].

The acceptable fluoride concentration in drinking
water is generally in the range 0.5-1.5mg/L [14].
Concentration higher than that will affect the metabo-
lism of elements such as Ca and P in human body
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and lead to dental and bone fluorosis [15]. Many
methods have been developed for fluoride removal
from water, including adsorption [16], ion exchange,
electro dialysis [17], and precipitation [18]. Among
these methods, adsorption is a widely used method
for defluorination [19]. Recently, Long et al. reported
that carbon nanotube had better adsorption capacity
for dioxin removal than that of activated carbon [20].
Li et al. suggested that CNTs had high efficiency for
Pb**, Cd**, and F removal from aqueous solution
after oxidation treatment [21-23]. In this work, a new
carbon nanostructure was synthesized by chemical
vapor deposition method on macroporous kaolin sub-
strate surface by using cyclohexanol and ferrocene as
carbon source and catalyst, respectively. In order to
increase the adsorption capacity of the nanostructures
toward fluorine, it was modified with KOH. The effect
of different parameters on the adsorption capacity was
studied and optimized.

2. Experimental

The small disks of kaolin (2.5 cm diameter, 10 mm
thickness) were prepared by compressing kaolin paste
in special molds. The disks were dried at 120°C for 24
h followed by calcinations at 800°C for 3h and then
were polished with 800 and 1,000 mesh sand papers
and cleaned in an ultrasonic acetone bath for 30 min.
The kaolin disks were placed horizontally in the mid-
dle of a CVD reactor. A schematic diagram of the
experimental set-up is shown in Fig. 1. The CVD reac-
tor consisted of a horizontal stainless steel tube (70 cm
long, inner diameter of 3.2cm) that was housed in a
cylindrical furnace. This reactor had two inlet paths:
one for carrier gas (nitrogen) and the other for the
reagent. A flask containing 10mL of cyclohexanol as
carbon source and 0.5g of ferrocene as catalyst was
connected to the reactor nearby the carrier gas inlet.
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Fig. 1. Schematic diagram of the CVD reactor.
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At first, the reactor was purged with nitrogen in
order to eliminate oxygen from the reaction cham-
ber. The reactor was preheated to 750°C subse-
quently, the flask containing the carbon source and
catalyst was placed in an oil bath (at 200°C) for
immediate vaporization of the reagents. The vapors
were carried to the furnace by nitrogen flow. After
90 min, the furnace was switched off and the reactor
was cooled gradually to room temperature under
nitrogen flow and the disks were removed [24]. The
chemical treatment of the synthesized materials was
carried out with KOH (1 M) at reflux conditions for
3h [25]. The treated carbon nanostructures were
subsequently washed with distilled water until
neutral pH and dried in a vacuum-oven at 90°C for
12h. The surface functional groups were measured
according to the Boehm's titration method. To three
vials containing 25mL of 0.1 N of sodium hydroxide,
sodium carbonate, or sodium bicarbonate, 0.02g of
CNS was added. The vials were sealed and shaken
for 24h, and then, the solid was separated by filtra-
tion. Ten milliliter of the filtrate was pipetted, and
the excess base was titrated with HCl (0.1N). The
number of acidic sites was determined by the
assumption that NaOH neutralizes carboxylic, lac-
tonic, and phenolic groups; Na,CO; neutralizes car-
boxylic and lactonic groups; and NaHCO;
neutralizes only carboxylic groups [26]. The pH
where the net total particle charge is zero is called
the point of zero charge (PZC), which is one of the
most important parameters used to describe vari-
able-charge surfaces. The pH drift test was carried
out as follows: 25mL of 0.01M NaCl solution was
placed in a vessel at 298K and nitrogen was bub-
bled through the solution to stabilize the pH by pre-
venting the dissolution of CO,. The pH was
adjusted to a value between 1 and 9 by addition of
0.1M HCI or 0.1M NaOH solution. 0.02g of CNS
was added to the solution and after 3h the final pH
was measured. The measured values were plotted
against the initial pH. The pH at which the curve
crossed the line pHinitiai=pHfna was taken as the
PZC, pHp,. [27]. The fluoride solution (3,000 ppm)
was prepared by dissolving of NaF in deionized
water. The adsorption experiments were carried out
in polyethylene tubes at room temperature by putt-
ing 0.02g of CNS in contact with 40mL of NaF
solution. After the pH was adjusted with HNO; or
NaOH solution, the tubes were shaken for 24 h. The
solution was filtered and the fluoride concentration
was measured by a fluoride ion-selective electrode.
The amount of fluoride adsorbed on the nanostruc-
ture was determined as the difference between ini-
tial and final concentration.



2434

3. Results and discussion

In different parts of the SEM images, “sword like”
nanostructures (about 70nm in diameter and lengths
of a few hundred nm were observed on the surface of
kaolin (Fig. 2). The formation of different nanostruc-
ture compounds and this structure has already been
reported [24,28].

On the FT-IR spectra of the treated sample, the
presence of oxygen-containing functional groups was
clearly observed (Fig. 3).

In the FT-IR spectra of kaolin, Fig. 3(a), the charac-
teristic adsorption bands of kaolin including Si-O and
Si-O-S5i elongation vibrations at 1,079-1,086 cm™ ' were
observed. The bands at 800-815 and 477-480cm™’
attributed to Al-O-H and Si-O-Al vibrations were
also detected [29,30]. In the FT-IR of carbon nanostruc-
tures, Fig. 3(b), the band at 1,631 cm ! attributed to
C=C stretching was observed while the C-H stretch-
ing band at 2,800-3,000 cm™ ! was not detected indicat-
ing that the carbon source; cyclohexanol was
decomposed during the course of the synthesis. In the
FT-IR of the treated CNS, besides the adsorption
bands of the substrate, a new band at 1,650 cm™!
attributed to stretching vibrations of carbonyl groups
(C=0) of carboxylic acids (-COOH) was appeared
Fig. 3(c). The wide band at 3,426 cm™ ! attributed to
O-H stretching was also observed. Various adsorbents
including carbon nanostructures can absorb moisture,
so the peak observed at 3,435cm™ " attributed to OH
stretching of water molecules. After treatment with
KOH, the wide peak observed at 3,426 cm™'. More
strain and more broadening of this peak indicated that
the hydroxyl group with a hydrogen bond was

Fig. 2. SEM image of carbon nanostructure.
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Fig. 3. Infrared spectra of kaolin disk (a), disk with nano-
structure (b), and disk after treatment (c).

formed as indicated in Fig. 4, [13,31]. The C=C band
at 1,631 was overlapped with the carboxylic groups.

The result of Boehm titration for the synthesized
CNS and treated CNS is given in Table 1. It was evi-
dent that the presence of functional groups was signif-
icantly increased after treatment. According to the
earlier researches, after acid treatment, due to the
presence of carboxylic sites, the pHpzc) of the sample
was shifted to lower pH [23,32]. In this work, the pH
pzc) was shifted to higher pH (pHy,. =5.37) (Fig. 5). It
is suggested that under the experimental conditions of
this research more hydroxyl groups were formed
rather than carboxylic groups.

In the adsorption experiments, the chemical inter-
action between the anions and the surface functional
groups of carbon nanostructures is the major mecha-
nism of the sorption. The pH value at which the zeta
potential equals to zero is called PZC, and it is used
to assess the adsorbent surface charge qualitatively
[19]. When the pH of the solution is lower than the
pHpzc of the adsorbent, the positive charge on the
surface provides electrostatic attractions that are favor-
able for adsorbing anions. The increase in pH leads to
the neutralization of surface charge, so the adsorption
of anions on to nanostructure was quickly decreased.
The adsorption isotherm of fluoride by treated carbon
nanostructures at different pH values is given in
Figs. 6 and 7. The significant decrease in fluoride
adsorption capacity at pH 1 was attributed to the
structural change of CNS, which resulted in separation
of functional groups [33,34]. At pH 2, the surface
became positive and the highest protonation of the
surface occurred; therefore, the maximum adsorption
capacity was obtained at this pH. As the pH raised to
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Fig. 4. Adsorption of fluoride on the surface of the treated nanotube.
Table 1
The results of Boehm titration
Sample Carboxylic sites (mmol/g) Phenolic sites (mmol/g) Lactonic sites (mmol/g) PHezo)
Non-treated 0.42 1.08 0.71 5.37
Treated 1.50 7.00 8.50 6.02
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Fig. 5. The pHpzc) of the carbon samples using the pH C¢(mgiL)

drift method.

the pHpzc) value, the adsorption of anion decreased.
At higher pHs the competition between OH™ and F~
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Fig. 6. Effect of contacting pH on adsorption of F~ (V;=40
mL, Cy=3,000mg/L, adsorbent dosage =0.02 g).

Fig. 7. Adsorption isotherms of treated carbon nanostruc-
tures at 25°C.

for active sites and the negative charge of the surface
on the other hand lower adsorption capacity. At pH 7,
the lowest capacity of 8.54 meq/g was obtained [19].
With increasing the initial concentration, the fluo-
ride adsorption significantly increased (Fig. 7). The
adsorption onto the treated carbon nanostructures is a
diffusion-based process; therefore, with increasing ini-
tial concentration, the anion diffused more rapidly
into the cavities of the adsorbent. The optimized
adsorption capacity of the synthesized nanostructure
was much higher than those reported earlier for simi-
lar adsorbents. Li et al. reported adsorption capacity
of 1.22meq/g at pH 2 for activated carbon [19]. Eom
et al. obtained very low capacity for aligned CNTs at
pH 7 [35]. Li et al. reported that the monolayer
adsorption capacity of fluoride by graphene was 1.87
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meq/g at pH 7 [36]. In this study, the adsorption
capacity of 230.61 meq/g for the sample treated with
KOH was obtained, which was higher than the
reported values.

Fig. 8 shows the effect of contacting time on the
adsorption of fluoride onto treated carbon nanostruc-
tures. It was observed that the adsorption of F~
increased rapidly with time and after 4 h the equilibra-
tion was established, and the maximal capacity was
observed.

To study the adsorption kinetic, three models,
namely pseudo-first-order, pseudo-second-order, and
intra-particle diffusion models, were analyzed. The
pseudo-first-order equation is expressed as follows
[37]:

log (4 — g) = log qe — (k1/2.303)t )

where k; is the Lagergren rate constant of adsorption
(1/min). The plot of log (ge — g¢) against ¢ gives a lin-
ear relationship from which k; and g are determined
from the slope and intercept of plot, respectively.

The pseudo-second-order model can be repre-
sented by the following linear form [38]:

t/qe=1/koq’ + (1/ge)t @

where k, is the pseudo-second-order rate constant of
adsorption (g/mgmin). The values of 4. and k, are
determined from the slope and intercept of the plot of
t/q: against t.

The validity of each kinetic model was checked by
the fitted straight shown in Figs. 9 and 10. The corre-
sponding kinetic parameters are summarized in
Table 2.
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Fig. 8. Effect of contacting time on the adsorption of F~
(Vo=40mL, Cy=3,000mg/L, pH 2.0, adsorbent dosage =
0.02g).
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Fig. 9. Pseudo-first-order kinetic model of fluoride adsorp-
tion by treated CNS.
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Fig. 10. Pseudo-second order kinetic model of fluoride
adsorption by treated CNS.

The intra-particle diffusion model is expressed by
followed equation [39]:

g =kt'? 4+ C 3)

Besides the adsorption at the outer surface of the
adsorbent, the adsorbate molecules may also diffuse
into the interior of the porous adsorbent. This was
studied by plotting the amount of fluoride adsorbed

Table 2
Kinetics parameters for adsorption of fluoride onto treated
carbon nanostructures at 25°C

Intra-particle Pseudo-second

diffusion order Pseudo-first order
R? C R? K,x107® R? K
0.5840 102.7 0.9478 3.7 0.8008 411073
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Fig. 11. Intraparticle diffusion for adsorption of fluoride.

vs. the square root of time for different initial fluoride
concentrations (Fig. 11). From Table 2, the results indi-
cating that the experimental data are well described
by pseudo-second-order model and the nature of
adsorption is a chemical-controlling process. Mecha-
nism of the adsorption of fluoride on the surface of
treated carbon nanotube can be suggested as depicted
in (Fig. 4) [31].

The effect of temperature on the removal of fluo-
ride by treated carbon nanostructures was investigated
at four different temperatures 25, 35, 45, and 55°C
(Fig. 12). It was concluded that the fluoride adsorption
increased with the rise of temperatures. With increas-
ing the temperature, the mobility of small ions of fluo-
ride increased and the effective collision between the
anion and the surface of adsorbent increased. Similar
observation was made by Satish et al. [40]. They
observed that as the experimental temperature
increased from 298 to 318K, the fluoride ion adsorp-
tion increased for most of the studied adsorbents

220 ; 3 g . : g :
20 25 30 3s 40 45 50 55 60
T(°C)

Fig. 12. Effect of temperature on adsorption (V,=40mL,
Cp=3,000mg/L, contacting time=4h, pH 2.0, adsorbent
dosage=0.02 g).
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indicating that the sorption process was endothermic
in nature.

Thermodynamic parameters of adsorption, stan-
dard free energy change (AG®), standard enthalpy
change (AH"), and standard entropy change (AS°) were
calculated using the following equations:

AG°® = —RTIn Ky “)

where (AG") is standard free energy change of sorp-
tion (kJ/mol), T is the temperature in Kelvin, and R
is universal gas constant (8.314]/mol/K) and K, is
the sorption equilibrium constant. The standard
enthalpy change (AH") and standard entropy change
(AS°) were calculated using the Vant Hoof equation
[36]:

In Ko = (—AH°/RT) + AS°/RT ®)

where (AH®) is standard enthalpy change (kJ/mol),
and (AS°) is standard entropy change (k]/molK). The
values of (AH®) and (AS°) were obtained from the
slope and intercept of In K, against 1/T (Fig. 13). The
values of Ky, AG°, AH®, and AS® are given in Table 3.

The negative value of standard free energy change
and positive value of entropy change indicated that
fluoride adsorption was a spontaneous reaction. The
positive value of enthalpy change indicated that the
reaction is endothermic.

Adsorption isotherms can be generated based on
numerous theoretical models, where Langmuir and
Freundlich models are the most frequently used. The
Freundlich model is an empirical equation based on
adsorption on a heterogeneous surface [36]. The
Freundlich isotherm model can be expressed in a
linear form:

115
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Fig. 13. Plot of In Ky4 vs. (1/T) for adsorption of fluoride.
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Table 3
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Thermodynamic parameters for adsorption of fluoride onto treated carbon nanostructures

AG® (J/mol)

R? 55°C 45°C 35°C

25°C AS® (J/mol K) AH"® (J/mol)

0.8977 —61570.38 —59692.28 —57814.18

—55936.08 187.81 31.30

log ge = 1/n log C. + log K¢ (6)
Here, Kg and n are Freundlich constants, related to
adsorption capacity and adsorption intensity (hetero-
geneity factor), respectively. For n=1, the partition
between the two phases is independent of the concen-
tration. The situation n<1 is the most common and
corresponds to a normal Langmuir isotherm, while n
>1 is indicative of a cooperative sorption, which
involves strong interactions between the molecules of
adsorbents.

The values of Kg and 1/n were obtained from the
slope and intercept of the linear Freundlich plot of log
ge vs. log C. shown in Fig. 14.

The Langmuir model supposes that uptake of the
species occurs on a homogenous surface by monolayer
adsorption without any interaction between adsorbed
compounds, with homogeneous binding sites, equiva-
lent sorption energies, and no interaction between
adsorbed species. The equation of the Langmuir
adsorption model can be expressed in a linear form:

Ce/qe = 1/quL + Ce(l/Qm) (7)
where g, is the equilibrium adsorption, in mg/g, C. is
the equilibrium concentration of fluoride, in mg/L, g,
is the maximum adsorption capacity corresponding to

. * * *y
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o
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Log Ce

Fig. 14. Freundlich isotherm model at 25°C for fluoride
adsorption.
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Fig. 15. Langmuir isotherm model at 25°C for fluoride
adsorption.

the complete monolayer coverage, in mg/g, and Ky, is
the Langmuir constant, which is related to the energy
of adsorption. The values of Langmuir parameters g
and K were calculated from the slope and intercept of
the linear plots of 1/4. vs. 1/C. shown in Fig. 15.

In order to predict the adsorption efficiency of the
process, the dimensionless quantity (Ry) was calcu-
lated by using the equation:

Ry =1/(1+KpCo) ®
where Cy and Kj are the initial concentration of fluo-
ride and Langmuir isotherm constant. If the value of
Ry <1, it represents favorable adsorption and greater
than 1.0 represents unfavorable adsorption. The values
of Langmuir and Freundlich constants are given in
Table 4. From this table, higher correlation coefficients
indicated that the Langmuir model fits the adsorption
data better than the Freundlich model.

4. Regeneration of the adsorbent

To regenerate the used adsorbent, two different
solutions were separately examined; NaOH 1M and
HNO; 1M. At optimized conditions, full original
capacity was obtained for the sample washed with
NaOH while for the sample washed with HNO; only
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Table 4
Isotherms parameters for fluoride adsorption by treated
CNS with KOH

Freundlich

Langmuir isotherm  isotherm
Adsorbent R> R.  Gm R*  Kg n

5000 087 0.011 0.63

Treated CNS 094 0.14

100

% Removal

50

Fig. 16. Sorption—desorption study of F~ with treated car-
bon nanostructures.

46% of the original capacity was recovered. The
adsorption-regeneration process was repeated for six
successive cycles with NaOH. It was concluded that
more than 85% of the capacity was recovered after the
last regeneration step (Fig. 16).

5. Conclusion

The results of this study showed that the carbon
nanostructure treated with KOH was an effective
adsorbent for removal of fluoride from aqueous solu-
tion with the highest adsorption capacity ever
reported. The experimental data were well fitted with
the Langmuir isotherm equation. After treatment with
KOH, new oxygen-containing functional groups were
formed on the surface of the adsorbent that enhanced
the adsorption capacity toward fluoride ions; there-
fore, the adsorption capacity of 230.61meq/g was
obtained. Thermodynamic studies showed that the
process was spontaneous and endothermic. Kinetic
data were well fitted to a pseudo-second-order kinetic
model, suggesting that the adsorption was a chemical-
controlling process. The experimental data fitted with
the Langmuir isotherm equation also confirmed the
monolayer adsorption, which showed the chemical
nature of the adsorption.
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