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Abstract
Carbon modified pumice (CP) was successfully synthesized for the rapid removal of fluoride ions 
from the solvent phase. The batch experiments were conducted to investigate the effect of several 
operational parameters including carbon content, solution pH, initial fluoride concentration, contact 
time, adsorbent dose, and temperature on the CP efficiency in fluoride adsorption. The surface 
morphology, as well as the structural and functional groups of the synthesized CP were evaluated 
using the scanning electron microscopy (SEM), Brunauer, Emmett and Teller (BET) method, X-ray 
diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR), respectively. The adsorption 
isotherm and kinetic data were found to be in good agreement with the Langmuir and pseudo-
second-order models, respectively. Finally, the negative value of ΔG° revealed the spontaneous 
nature of the fluoride adsorption onto the CP adsorbent.
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1. Introduction
The presence of fluoride in drinking water can be 

either beneficial or harmful to human health depending 
on its concentration. According to the World Health 
Organization (WHO) guidelines, the permissible levels of 
fluoride in drinking water is 1.5 mg/L (1). The optimum 
concentration of fluoride is good for dental health 
and bone development (2). Excessive concentration of 
fluoride in drinking water can cause dental and skeletal 
fluorosis, and lesions of the thyroid, liver, and other 
organs (3). Some fluoride compounds, such as sodium 
fluoride, fluorspar, fluorapatite, and fluorosilicates easily 
dissolve in groundwater as they pass through gaps and 
pores between rocks or soils. In addition, fluoride is 
found in other sources and fluoridated products such 
as pesticides, toothpaste, salt, post-harvest fumigants, 
medications, dental restorations, and health supplements 
(4). The fluoride present in these kinds of soils, rocks, 
or sources is substituted by OH− ions under redox 
conditions, resulting in the release of fluoride ions to 
the circulating water (5). Several treatment methods 
including reverse osmosis and membrane processes, ion 
exchange, coagulation-precipitation, and adsorption have 
been applied to remove excess fluoride from the drinking 

water (6). Among these methods, adsorption is the most 
appropriate process for fluoride removal due to its ease of 
operation, high efficiency, and low cost (7). The fluoride 
ion adsorption onto adsorbent consists of three steps: the 
first step is the diffusion or transport of fluoride ions from 
bulk solution to the external surface of the adsorbent 
particle; the second step is the adsorption of fluoride ions 
onto particle surfaces; and the third step is the fluoride 
exchange with the structural elements inside adsorbent 
or transfer of fluoride ions to the internal surfaces of the 
adsorbent particle (8). Various conventional and non-
conventional adsorbents such as aluminum hydroxide 
coated rice husk ash (5), single- and multi-walled carbon 
nanotubes (9), MgO nanoparticle loaded mesoporous 
Al2O3 (10), Mg-Al layered double hydroxides (11), Citrus 
limonum (lemon) leaf (12), bone char (13), wheat straw, 
sawdust and activated bagasse carbon of sugarcane (14), 
and pumice stone (15) have been used for the removal of 
fluoride ions from drinking water. 

Pumice is a light, porous, and volcanic stone with a 
large surface area. Pumice has attracted considerable 
interest because of its large surface area, high water 
adsorption capacity, surfaces with the negative charge, 
and cost-effectiveness. This volcanic rock has a high silica 
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content (generally 60%–75% SiO2), which results in high 
abrasive characteristics (16). The silica surface consists of 
silanol groups that extend over the matrix of the silica. 
The silanol group of the surface is a very active group, 
which can react with many polar organic compounds and 
various functional groups (17); thus modified pumice 
could be a suitable candidate as an adsorbent. Sucrose, as 
one of the main products of photosynthesis, is regarded as 
one popular carbon precursor owing to its non-toxicity, 
biodegradability, and availability. Sucrose serves as a 
carbon precursor due to its carbon-rich character and the 
ability of complexation with metal ions. Carbon-coating 
can function as a reducing agent, avoiding the formation 
of trivalent phases during sintering of the adsorbent 
(18,19).

In this work, modification of NP with carbon leads 
to the increase of specific surface area of pumice. To 
our knowledge, carbon modified pumice (CP) has not 
been previously used for the adsorption of fluoride. The 
prepared adsorbent was characterized using scanning 
electron microscopy (SEM coupled with EDAX), 
Brunauer, Emmett and Teller method (BET), X-ray 
diffraction (XRD), and Fourier-transform infrared 
spectroscopy (FTIR). Then the removal of fluoride from 
drinking water was well investigated and elucidated 
using the batch method and the uptake of fluoride onto 
CP was considered for its equilibrium, kinetics, and 
thermodynamic studies.

2. Materials and Methods
2.1. Preparation of Carbon/Pumice

The natural pumice (NP) stone was collected from 
Tikmadash mine in the south of East Azerbaijan province 
located in the northwest of Iran, where such mines are 
abundantly available. Pumice samples were washed with 
distilled water several times to remove the impurities. 
The samples were then dried out at room temperature. 
Afterward, the stone was crushed and sieved through No. 
80 and 100 mesh size sieves.

In addition, pumice and various amounts of sucrose 
(containing 0.25-1 mol/L of sucrose solution) were 
dissolved in distilled water in order to modify the surface 
of NP with carbon and then, the mixture was dried 
under air at 90°C for 12 hours to obtain sucrose/pumice 
precursors. Next, the precursors were heated at room 
temperature to 500°C at a rate of 2°C/min and kept at 
this temperature for 4 hours in the presence of nitrogen 
gas. Finally, carbon/pumice (CP) was ground and sieved 
under 120 mesh (125 μM) size (19).

2.2. The Characterization of Carbon/Pumice
The natural and prepared CP were characterized by 

means of various instrumental techniques including 
the XRD, BET method, SEM, and FTIR. Further, the 
surface mineralogical composition of NP and CP were 
determined by an X-ray diffractometer (Philips APD-

3720) at the scanning range of 2θ=5-80°. Furthermore, the 
morphology and other surface characteristics of the NP 
and CP were characterized by SEM coupled with energy 
dispersive detector (EDAX, SEM, S-4160, Hitachi, Japan). 
Moreover, the specific surface area of the adsorbents 
was tested from the N2 adsorption/desorption method 
according to the BET isotherm model (Belsorp-max, 
Japan) at liquid nitrogen temperature (77 K). Eventually, 
the surface chemical properties of NP and CP were 
determined by Fourier transform infrared spectroscopy 
(FTIR, FDU-3, DR-11) in the wave number ranging from 
400 to 4000 cm-1.

2.3. Reagents
All the used chemicals and reagents were of analytical 

reagent grade. NaF and sucrose, as well as ammonium 
hydroxide were purchased from Merck Company 
(Germany). Additionally, the required concentration 
of the fluoride solution was prepared using the stock 
solution. Ultimately, the initial pH of the solution was 
regulated by adding 0.1 mol/L HCl or 0.1 mol/L NaOH 
solutions. 

2.4. Adsorption Experiments
Adsorption experiments were performed in 1000 mL 

conical flask by dispersing 0.5 g of the adsorbent with 
500 mL of the fluoride solution at room temperature. The 
primary concentration of the fluoride solution was 10 
mg/L and the mixture was placed in a mechanical shaker 
for 60 minutes. The effect of the initial pH of the solution 
on fluoride adsorption was determined by various pH 
ranging from 3 to 11. In addition, the effect of adsorbent 
dosage on fluoride adsorption was investigated by varied 
adsorbent doses from 0.2 to 2 g/L of CP. Then, 500 mL of 
the fluoride solution was added to 0.5 g of the CP in order 
to test the isotherm. The primary concentrations of the 
ions were 5–25 mg/L for 2 hours to obtain equilibrium. 
Further, 500 mL of 10 mg/L fluoride solution was added 
to 0.5 g of the CP at different times in order to test the 
kinetic (10-60 minutes). The thermodynamic parameters 
were evaluated at different temperatures (i.e., 298, 308, 
318, and 328 K) and the primary concentration of the 
fluoride was 10 mg/L. Adsorption studies were performed 
at the shaking speed of 100 rpm inside a shaker incubator 
container. After ending the contact time, the samples were 
centrifuged at 4000 rpm for 10 minutes and then were 
filtered through a filter paper and finally, the residual 
fluoride concentration was analyzed. Furthermore, the 
residual fluoride concentration in the aqueous solution 
was determined by using a UV/Vis spectrophotometer. 
The adsorption capacity (qe) and the removal efficiency 
(%RE) of the fluoride ions by CP were expressed by the 
following equations:
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where, C0 (mg/L) and Ce (mg/L) represent the 
concentration of the fluoride ion before and after the 
adsorption tests, respectively. Moreover, qe, V (L), and 
m (g) denote the adsorption capacity of the fluoride ion, 
the solution volume of the ion, and the amount of CP, 
respectively.

2.5. Determination of pHzpc of CP
The zero point charge (ZPC) was determined using 

0.01 M solution of NaCl as an electrolyte and by adding 
0.1 M solutions of NaOH or HCl. For this purpose, the 
pH of 6 beakers containing 500 mL of the electrolyte was 
set to the desired values in the range of 2-12. After ending 
the contact time, the suspensions were filtered through 
the filter paper, and the final pH values of each beaker 
were measured.

2.6. Kinetic Studies
The kinetics of the fluoride adsorption on the CP 
adsorbent was analyzed by the integrated pseudo-first-
order (Eq. 3), pseudo-second-order (Eq. 4), and intra-
particle diffusion (Eq. 5) models (20-22) as follow:
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where, qe and qt are the adsorption capacity at 
equilibrium (mg/g) and the adsorption capacity at the 
time of t (mg/g). Additionally, k1, k2, ki demonstrate the 
first-order rate constant (1/min), the second order rate 
constant (g/mg.min), and the intra-particle diffusion 
rate constant (mg/g.min0.5), respectively. The values of 
pseudo-first-order (qe and k1) and pseudo-second-order 
(qe and k2) kinetic constants are experimentally defined 
from the slope and intercept of the linear plots of the log 
(qe-qt) versus t, as well as the slope and intercept of the 
linear plots of t/qt versus t, respectively. In addition, the 
values of intra-particle diffusion constants (ki and I) are 
described from the slope and intercept of the linear plots 
of qt versus t0.5, respectively.

The validity of the kinetic models was determined based 
on the normalized standard deviation (NSD) and average 
relative error (ARE), which was calculated according to 
Eqs. (6) and (7):
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where, qe,exp is the observation from the batch 
experiment i and qe,cal is estimated by the kinetic for the 
corresponding qe,exp. In addition, N denotes the number 
of observations in the obtained measurements (15, 23). 

2.7. Isotherm Studies 
Langmuir, Freundlich, and Dubinin Radushkevich (D-R) 
isotherm models were applied to describe the isotherm of 
the fluoride adsorption on CP adsorbent. 

The Langmuir model (24) expresses the monolayer 
coverage of the fluoride ions on the outer surface of the 
CP sorbent without any interactions. The Langmuir 
isotherm was obtained by the following equations:

m
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where, qm is the maximum adsorption capacity (mg/g) 
and KL represents the Langmuir constant (L/mg) which 
relates to the energy of adsorption. Further, the values of 
qm and KLare determined from the slope and intercept of 
the linear plots of Ce/qe versus Ce, respectively.

The important feature of the Langmuir model can 
be described based on the dimensionless constant RL 
parameter expressed by Eq. (9):

0

1
1L

L

R
K C

=
+

                                                                  (9)

The RL value confirms that the adsorption is favorable 
(0 < RL < 1), unfavorable (RL > 1), linear (RL=1), or 
irreversible (RL=0) (25).

Furthermore, the Freundlich model (26) indicates 
the adsorption of the fluoride ions on a heterogeneous 
surface of CP with different site energies. The Freundlich 
isotherm is expressed in the following linear form:

 
eFe Clog

n
1Klogqlog +=                                         (10)

where, KF demonstrates the bonding energy constant 
(mg/g) and n is the Freundlich exponent related to the 
adsorption intensity (dimensionless). The values of n 
and KF were estimated from the slope and intercept of the 
linear plots of log qe versus log Ce, respectively.

The D-R (27) model was used to express the adsorption 
mechanism onto a heterogeneous surface of CP. The D-R 
isotherm is expressed in the following linear form:

2ln lne m Dq Q K ε= −                                                          (11)
where, ε is the Polanyi potential which is calculated by 

the following equation:
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in which, KD and Qm represent a constant related to the 
adsorption energy (mol2/kJ2) and the adsorption capacity 
(mg/g), respectively. Additionally, R and T are the gas 
constant and temperature (8.314 J/mol.K and K). The 
values of Qm and KD were determined from the slope and 
intercept of the linear plots of ln qe versus ε, respectively. 
The mean free energy of adsorption (E) can be calculated 
using the following equation:

1
2 D

E
K

=                                                                        (13)
 

In addition, the validity of the isotherm models was 
determined based on the root mean square error (RMSE) 
and the chi-square test (X2) which can be described as:
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where, qe,exp is the observation from the batch experiment 
and qe,cal denotes the estimated from the isotherm for the 
corresponding qe,exp. Further, N indicates the number of 
observations in the obtained measurements (28). 

2.8. Thermodynamics Studies
The Gibbs free energy change (∆Go), enthalpy (∆Ho), 

and entropy (∆So), as the symptoms of a thermodynamic 
process (25), were calculated using the following equation:
 

ln e

e

q
AG RT

C
° = −                                                                 (16)

0 0

ln e

e

q S H
C R RT

∆ ∆
= −                                                                                             (17)

where, R and T are the universal gas constant (8.314 J/
mol.K) and absolute temperature (K).

3. Results and Discussion
3.1. Adsorbent Characterization

The SEM images of the NP and CP are displayed 
in Figs. 1a and b, respectively. The surface of the NP 
shows irregular texture with sharper edges while CP 
demonstrates deep channels and cavities with a smooth 
surface. This structure is responsible for increasing the 
fluoride ion sorption capacity. The results of the chemical 

composition of the NP and CP obtained from the SEM 
coupled with energy dispersive analysis of the X-ray 
(EDAX) are presented in Table 1. Based on the results, 
the SiO2 is detected as the major constituents of NP while 
other elements are present in relatively smaller amounts. 
After the modification, the presence of carbon is observed 
to increase from 0.01% to 45.92%. Furthermore, the 
specific surface area and pore volume of NP and CP are 
2.12 m2/g, 0.0062 cm3/g, as well as 250.813 m2/g, 0.0255 
cm3/g, respectively. Moreover, the results indicate that the 
specific surface area and pore volume of NP is increased 
after modification with carbon, resulting in an increase 
in the fluoride ion sorption onto CP. Fig.s 2a and b depict 
the adsorption-desorption isotherms of N2 at 77 K of 
CP adsorbent and the differential pore size distribution 
calculated by the BJH method. Additionally, the curve 
model is of type I isotherm with a hysteresis loop due to 
the mesoporous structure (2-50 nm).

The XRD patterns of the NP and CP adsorbents 
are illustrated in Fig. 3. The peaks at 2θ=20-40° can 
be considered the evidence for the presence of some 
amorphous phases in both adsorbents. The decrease 
in the height of the dome (i.e., 2θ=20 and 40°) in the 
modified adsorbent can be attributed to a decrease in the 

Fig. 1. The SEM Images of (a) NP and (b) CP.
Note. NP: Natural pumice; CP: Carbon modified pumice; SEM: Scanning 
electron microscopy.

Fig. 2. (a) N2 Adsorption-Desorption Isotherms and (b) Pore Size Distribution 
of CP. Abbreviation: CP, Carbon modified pumice.

Table 1. The Elemental Composition (by wt.%) of NP and CP Obtained From the EDAX Characterization

Elements % C % O % Si % Al    % K    % Na % Ca % Fe

NP 0.01 66.49 24.29 5.75 1.07 0.91 0.89 0.58

CP 45.92 42.24 8.91 1.61 0.36 0.34 0.21       -

Abbreviations: NP, Natural pumice; CP, Carbon modified pumice; EDAX, electron microscopy coupled with energy dispersive analysis of the X-ray. 
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amorphous phase in CP.
Fig. 4 shows the FTIR spectra in the range of 4000-

400 cm-1 of NP, CP, and CP after the adsorption process. 
NP sample indicates strong bands at 475, 620, 799, and 
1085 cm-1 assigned to the stretching vibrations and 
bending modes of the Si-O and Al-O bonds, as well as 
the Si-O-Al stretching vibration for NP, CP, and CP after 
the adsorption process (4, 29). In addition, the peak at 
1650 cm-1 can be ascribed to the bending vibration of the 
H-O-H bond (16). The bands at 3470 cm-1 belong to the 
stretching vibration of H2O molecules (moisture). As can 
be observed, after modification, the new peak at 2930 

cm-1 is related to the C-H stretching vibration, indicating 
that the amino- carbon group is successfully grafted onto 
the NP. Further, the FTIR spectrum of CP indicates the 
changes after the adsorption process. These shifts in peak 
frequencies represent that binding processes are taking 
place on the surface of CP.

3.2. The Effect of Carbon Content 
The removal efficiency of CP in deionized water as a 

function of carbon content was studied by varying the 
sucrose amount from 0.25 to 1.0 wt% (Fig. 5). Maximum 
removal efficiency (97%) was obtained at 0.5 wt% of 

Fig. 3. The XRD Patterns of (a) NP and (b) CP. Abbreviation: XRD, X-ray diffraction; NP, Natural pumice; CP, Carbon modified pumice.

Fig. 4. The FTIR Spectra of NP, CP, and CP After Fluoride Adsorption. 
Abbreviation: FTIR, Fourier Transform Infrared analysis; NP, Natural pumice; 
CP, Carbon modified pumice.

Fig. 5. The Effect of Carbon Content on the Removal of the Fluoride Ion. 
Note. Condition: Dose of NP: 10 g; Volume of the sucrose solution: 200 mL; 
The concentration of the sucrose solution: 0.25-1 mol/L.
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carbon, which was extremely higher than that of the NP 
adsorbent. Asgari et al (15) and Ersoy et al (30) reported 
that NP had a negative charge and thus the fluoride ion 
was repelled by the negatively charged NP surface since 
this ion had a negative charge. Accordingly, the surface 
of NP was modified with carbon in order to increase 
the removal efficiency, which neutralized the negative 
charges. Furthermore, the initial increment in the 
removal efficiency may be attributed to an increase in the 
micropore content and the number of active sites on the 
CP, which promoted the development of mesopores on 
the NP surface (31). As a result, considering the increase 
in the sucrose content, the internal and external surface 
of the CP was uniformly covered and the specific surface 
area gradually decreased (29). Therefore, the optimum 
sucrose amount was 0.5 wt% and the remaining tests were 
evaluated using this adsorbent.

3.3. The Effect of pH
The effect of solution pH on the fluoride removal 

efficiency of the CP was studied in the pH range of 3-11 
(Fig. 6). As shown in Fig. 6b, the maximum fluoride 
removal efficiency of the CP at a pH value of 7 is 97% 
and then, it decreases while raising the pH from 7 
to 11. This behavior is attributed to the electrostatic 
interactions  between the fluoride ions in the aqueous 
solution and the surface charge of the CP adsorbent. The 
surface of CP is negatively charged when the pH value is 
above the pHZPC while it is positively charged when the 
pH value is below the pHZPC. The pHZPC of the CP is 6.4 
which is in line with the results of several other studies 
regarding the CP (2,4,32). Therefore, the fluoride ions 
in the solution are attracted to the surface of CP sorbent 
at pH < pHZPC = 6.4 and there is a competition between 
the hydroxyl groups and fluoride ions for the sorbent 
active sites since the surface sites are positively charged 
(8). Moreover, the mechanisms involved in the removal 
efficiency of an anionic adsorbate (e.g., the fluoride ions) 
by an adsorbent (e.g., the CP sorbent) may be through 
the specific and/or non-specific adsorption processes. 
The specific adsorption involves ligand/anion exchange 
reactions where the anions displace OH- and/or H2O from 

Figure 6. (a) pHZPC Draft and (b) the Effect of pH on the Removal of the Fluoride Ion.

the sorbent surface. However, the non-specific adsorption 
includes Columbic forces of the attraction between the 
anion and the adsorbent and mainly depends on the 
pHpzc of the sorbent (2,33). The lower fluoride removal 
efficiency of the CP below pH 6 could be due to the reduced 
availability of free fluoride ions due to the formation of 
the weak hydrofluoric acid while the reduction at high pH 
may be due to the competitive interaction with hydroxyl 
ions (9,34). Additionally, according to Ersoy et al (30), 
the inverse relationship between pH and zeta potential 
demonstrates the adsorption process by the Coulombic 
interaction. This interaction may be due to the presence 
of ≡Si+ and Si-OH2

+ groups which emerge during the 
grinding process as a result of bond breaking or the 
deprotonation of ≡Si-OH groups at the particles surface 
of the pumice materials (4). The predicted mechanism of 
the fluoride adsorption under acidic conditions is mainly 
corroborated with the following equation:

≡MOH + H2O + F- ↔ MOH2
+ + F- + OH-

                                   ↔ MOH2
+. . . F- + OH-

                                    ↔M─F + H2O + OH-

where, M=Al or Si.

The decrease in the fluoride removal from 97 to 91% 
under alkaline conditions (pH 9-11) may be due to the 
excess of the competition of hydroxyl ions with fluoride 
ions for the active sites on the CP sorbent and/or the 
electrical repulsion between negatively charged CP 
surface sites and fluoride ions. Therefore, the optimum 
pH is 7 and the remaining examinations are evaluated at 
this optimum pH.

3.4. The Effect of Adsorbent Dosage
The effect of the adsorbent dosage on the removal 

efficiency of the fluoride was evaluated with a fixed 
fluoride concentration of 10 mg/L, the results of which 
are provided in Fig. 7a. As shown, the fluoride removal 
efficiency increases from 75 to 96% when the adsorbent 
dosage increases from 0.2 to 2 g/L because of the greater 
surface area and the availability of more active adsorption 
sites at a higher adsorbent dosage (35). In addition, there 
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is no significant change in the removal efficiency of the 
fluoride in more than 1 g/L of adsorbent that may be due 
to the overlapping of the active adsorption sites at a higher 
dosage, as well as a decrease in the effective surface area 
resulting in the conglomeration of the exchanger particles 
(4,36). In the current study, the fluoride level was reduced 
from the initial concentration of 10 to 1 mg/L by the 0.5 g 
(1 g/L) of CP. Since the permissible limit for the fluoride 
in drinking water is fixed at 1.0 mg/L, it is concluded 
that only a maximum of 0.5 g of the CP is needed for the 
efficient removal of the fluoride from the water. 

The distribution coefficient namely, KD reflects the 
binding ability of an adsorbent surface for a solute. 
Further, KD is a ratio of the solute concentration in the 
solid and aqueous phases and the value of KD for a given 
system mainly depends on solution pH and the type of 
adsorbent surface. The KD values for the fluoride on CP 
were calculated using the following relationship:

KD= qe/Ce                                                                                                                                   (18)

where, qe (mg/g) and Ce (mg/L F-) are the solute 
concentration in the solid adsorbent and aqueous phase at 
equilibrium, respectively. In the present study, an increase 
in KD values with the increase in the adsorbent dosage 
(Fig. 7b) indicate that the binding ability of the surface 
reduces with an increase in the adsorption density and 
heterogeneous surface of the adsorbent (2,4). According 
to the surface site heterogeneity model, all types of active 
sites are entirely exposed to sorption and the surface 
may become saturated faster at low adsorbent dosages. 
However, at higher adsorbent dosages, the availability of 
higher energy sites may decrease and a larger fraction of 
lower energy sites may be occupied (37).

3.5. The Kinetics of Adsorption
Fig. 8a illustrates the plot of the percentage removal 

of the fluoride by varying the contact time at 298 K 
and at pH 7 by the CP surface. The adsorption is not an 
instantaneous process and the adsorbate (i.e., fluoride 

Figure 8. (a) The Effect of Contact Time on the Removal of the Fluoride Ion, (b) Pseudo-First-Order Kinetic Plot, (c) Pseudo-Second-Order Kinetic Plot, and (d) 
Intraparticle Diffusion Plot. Note. Condition: 25°C; 100 rpm; 500 ml of 10 mg/L of the fluoride solution; pH=7.0; 0.5 g of CP.

 

 

 

 

 

 

 

 

 

 

60

70

80

90

100

0 0.5 1 1.5 2 2.5

%
 R

em
ov

al

Adsorbent dosage (g/L)

0

0.5

1

1.5

2

2.5

3

3.5

0 0.5 1 1.5

KD (L/g)

Adsorbent dosage (g)

(b)
(a) 

Fig. 7. (a) The Effect of CP Dose on the Removal of the Fuoride Ion and (b) KD Draft. Abbreviations: CP, Carbon modified pumice.

  

  

 

0

20

40

60

80

100

120

0 20 40 60 80

%
 R

em
ov

al

Time (min)

(a)

R² = 0/9706

-2.5

-2

-1.5

-1

-0.5

0

0.5

1

1.5

0 20 40 60 80log (qe-qt)

Time (min)

(b)

R² = 0/9944

0

1

2

3

4

5

6

7

0 20 40 60 80

t/qt

Time (min)

(c)

R² = 0/9798

R² = 0/9168

0

2

4

6

8

10

12

0 2 4 6 8 10

qt (mg/g)

t 0/5 (min 0/5)

(d)

http://ajehe.com/en/


                                 Avicenna J Environ Health Eng,  Volume 5, Issue 1, 2018 63

                                                       Rapid Removal of Fluoride Ions Onto Carbon Modified Pumice

ions) should first diffuse into the bulk solution through 
various diffusion mechanisms to available active surface 
sites on the CP adsorbent for attachment (2). The fluoride 
adsorption is found to be rapid at the first 10 minutes of the 
contact where 70% of the equilibrium adsorbed amount 
occurs by the CP adsorbent. Furthermore, the remaining 
adsorption occurs by 60 minutes more contact time. The 
initial rapid removal of the fluoride is presumably due to 
the instantaneous utilization of the most readily available 
active sites and ion exchange with surface hydroxyl ions 
of the outer surface CP adsorbent, the later stage is due to 
the gradual uptake of fluoride into the inner surface of the 
porous adsorbent for adherence.

As displayed in Fig.s 8b-d, the obtained data, fit with all 
three models and all parameters are listed in Table 2. Based 
on the results, the pseudo-second-order model better fits 
the experimental data with higher R2 while lower ARE 
and NSD compared to the pseudo-first-order model. As 
it is revealed in the kinetic data, qe,cal value is very close 
to qe,exp, which confirms the high correlation between 
the experimental data and the pseudo-second-order 
model. Moreover, there are several steps in the plot drawn 
for fluoride adsorption by CP adsorbent in the kinetic 
plot of qt versus t1/2,. Accordingly, different adsorption 
mechanisms (e.g., film and intraparticle diffusion) are 
possibly involved in the adsorption of the fluoride onto 
the CP adsorbent. Additionally, the initial region of the 
plot indicates that the surface diffusion (i.e., the boundary 
layer diffusion) probably limits the fluoride adsorption 
onto the CP adsorbent at the beginning of reaction time 
while the second region represents the occurrences of 
intra-particle or pore diffusion as the adsorption-limiting 
step.

Table 2. The Kinetic Constants for the Adsorption of Fluoride on CP

Model Parameter Unit Value

Pseudo-first-order

qe,cal 

qe,exp

k1 

R2

ARE

NSD

(mg/g)

(mg/g)

1/min

-

-

-

9.81

10.82

0.123

0.97

3.81

1.333

Pseudo-second-order

qe,cal 

qe,exp

k2 

R2

ARE

NSD

(mg/g)

(mg/g)

g/mg.min

-

-

-

9.81

10.20

0.038

0.994

1.56

0.546

Intraparticle diffusion

ki,1 

I1

R2

Ki,2 

I2 
R2

mg/g.min0.5

mg/g

-

mg/g.min0.5

mg/g

-

1.922

0.208

0.979

0.093

9.10

0.916

Abbreviation: CP, Carbon modified pumice; ARE, average relative error; 
NSD, Normalized standard deviation.

3.6. The Isotherm of Adsorption
Fig. 9 and Table 3 demonstrate the plotted and fitted 

models, as well as the parameters of the fitted isotherms and 
the correlation coefficient (R2) in the fluoride adsorption, 
respectively. As shown, the adsorption of fluoride onto CP 
adsorbent fits with the Langmuir model with the highest 
values of the correlation coefficient (R2=0.988) compared 
to other fitted isotherms. According to these results, 
adsorption of fluoride occurs on a homogeneous surface 
and on a monolayer as expected in the formulation of 
the Langmuir isotherm onto CP surface. In addition, 

Fig. 9. (a) Langmuir Isotherm Plot, (b) Freundlich Isotherm Plot, and (c) Dubinin–Radushkevich Isotherm Plot. 
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the maximum adsorption capacity for the fluoride ion is 
found to be 21.645 mg/g. Further, the value of RL is in the 
range of 0-1 (0.045) which confirms the favorable uptake 
of fluoride ions onto CP surface. Finally, the 1/n value 
is equal to 0.342 which indicates the favorable sorption 
process in the range of the studied concentrations (0 <1/n 
<1).

3.7. The Thermodynamics of Adsorption 
The effect of temperature on the percentage removal of 

the fluoride ion on CP was investigated at four different 
temperatures (i.e., 298, 308, 318, and 328 K) and the results 
are shown in Fig. 10a. Based on the results, the percentage 
removal of the fluoride ion decreases from 97% to 89.2% 
with an increase in the temperature from 298 to 328 K, 
which indicate that the fluoride ion removal on CP from 
the aqueous solution is an exothermic process in nature.

Figure 10. (a) The Effect of Temperature on the Removal of the Fluoride Ion and (b) the Linear Plot of ln qe/Ce Versus 1/T

Table 4. Thermodynamic Parameters for the Adsorption of the Fluoride on CP

ΔH° (kJ/mol) ΔS° (kJ/mol.K)
ΔG° (kJ/mol)

298 K 308 K 318 K 328 K

55.45 -0.166 -6.89 -6.36 -4.09 -3.86

Abbreviations: CP, Carbon modified pumice; ΔGo, Gibbs free energy 
change; ΔHo, Enthalpy; ΔSo, Entropy.

A linear plot of ln qe/Ce versus 1/T is displayed in Fig. 
10b. The values of ∆Go at 298, 308, 318, and 328 K are 
calculated and observed as -6.89, -6.36, -4.09, and -3.86 kJ/
mol (Table 4) which confirm that the adsorption of fluoride 
ion onto CP is spontaneous and thermodynamically 
favorable. Furthermore, the values of ∆Ho and ∆So are 
55.45 kJ/mol and -0.166 kJ/mol.K, respectively. Moreover, 
the positive value of the enthalpy change represents that 
the adsorption process is endothermic and the forces 
involved in the sorption process can be of chemical forces 
(27). Ultimately, the negative value of the entropy change 
demonstrates a decline in the mobility freedom of the 
fluoride. 

3.8. The Comparison of Various Adsorbents
The maximum adsorption capacity of CP, along with 

the equilibrium time for the removal of the fluoride ion 
was compared with other adsorbents reported in the 
literature (2,4,6,9,10,15,35,38,39), the values of which are 
shown in Table 5. 

4. Conclusion
In general, the CP was successfully synthesized from 

pumice and sucrose as the carbon precursors and used 
to remove the fluoride ions from an aqueous solution. 
Additionally, the kinetics of the adsorption was explained 
using the pseudo-second-order model, which was 
further supported by a significant correlation between 
the experimental and calculated results. In addition, the 
Langmuir isotherm was proved to be the best isotherm for 
modeling the adsorption of the fluoride ions. Eventually, 
the maximum adsorption capacity of the fluoride onto the 
CP adsorbent was calculated 21.64 mg/g. 

Table 3. The Adsorption Isotherms of the Fluoride Ion

Model Parameter Values

Langmuir

KL 

qm 

R2

RL

RMSE

X2

1.901

21.645

0.988

0.045

0.949

0.125

Freundlich

KF

1/n

R2

RMSE

X2

12.248

0.342

0.954

4.475

4.906

Dubinin–Radushkevich

KD

Qm

E

R2

RMSE

X2

0.0352

16.331

3.773

0.922

2.118

0.824

Abbreviation: RMSE, Root mean square error.
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Table 5. The Comparison of the Maximum Adsorption Capacity (qm) of the 
Fluoride Onto Various Adsorbents

Adsorbent
qm 

(mg/g)
Equilibrium 
Time (min)

Ref.

Iron nano-impregnated black tea 2.18 50 [38]

Single-walled carbon nanotubes 2.4 60 [9]

Hydroxyapatite 3.12 - [35]

Aluminum oxide coated pumice 7.6 300 [2]

Magnesium chloride modified pumice 11.765 210 [4]

MgO nanoparticle loaded alumina 37.35 600 [10]

Hexadecyltrimethyl ammonium- 
modified pumice

41.65 40 [15]

Corn stover biochar 6.42 3600 [39]

Magnetic corn stover biochar 4.11 3600 [39]

Hydrous ferric oxide doped alginate 
beads

8.90 250 [6]

CP 21.645 30
Present 
study

Abbreviation: CP, Carbon modified pumice.
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