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a b s t r a c t
This study was performed to identify an economical but highly effective adsorbent for the removal 
of fluoride. Dolomite was thermally treated to improve its adsorption capacity for fluoride; dolo-
mite thermally treated at 800°C (DTT-800) was superior to that treated at other temperatures. The 
maximum fluoride adsorption capacity of DTT-800 was 163.7 mg g–1, which was superior to that of 
other adsorbents reported in the literature. Fluoride adsorption onto DTT-800 was characterized by 
chemisorption, multi-layer adsorption, and an endothermic reaction. Response surface methodology 
was employed to investigate the influence pH, ionic strength, reaction temperature, and time on fluo-
ride adsorption; these parameters were optimized to maximize the adsorption process. pH and ionic 
strength had a negative effect, while reaction temperature and time had a positive effect on fluoride 
adsorption. The influence of all four parameters was significant (p <0.001). Highest fluoride adsorp-
tion (165.91 mg g–1), was obtained under the following conditions: pH 4.57, ionic strength 7.45 mM, 
temperature 28.30°C, and contact time 58.33 h. This study demonstrated that DTT-800 is a low-cost, 
natural, and abundant material for the removal of fluoride from aqueous solutions.
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Optimization

1. Introduction

Groundwater can be contaminated with high concentra-
tions of fluoride through natural and anthropogenic activities 
[1]. Fluoride is generally released into the groundwater by 
the slow dissolution of fluoride-rich rocks. Industrial activ-
ities, such as glass and ceramic production, semiconductor 
manufacturing, electroplating, and coal-fired power stations, 
also discharge wastewater containing high fluoride con-
centrations [2]. A small amount (0.5–1.0 mg L–1) of fluoride 
is beneficial for bone and teeth health, but concentrations 
higher than 1.5 mg L–1 can cause dental or skeletal fluorosis 
[3,4]. High concentrations of fluoride in groundwater have 
been reported from Southeastern Africa, the United States, 
the Middle East, South America, and Asian countries, espe-
cially China and India [1]. 

Fluoride removal from water is achieved using 
many technologies, such as membrane techniques, 
electrocoagulation-flotation, electrodialysis, ion exchange, 
coagulation/precipitation, and adsorption [1]. Among these, 
coagulation/precipitation and adsorption are the most widely 
used. Coagulation/precipitation requires large quantities of 
chemicals, generating a corresponding amount of sludge that 
must be disposed [5]. Aluminum salt is commonly used as a 
coagulant for fluoride removal, but aluminum concentration 
over 0.2 mg L–1 in drinking water can cause serious health prob-
lems, including dementia [6]. Adsorptive filtration has several 
advantages, such as low cost, low energy consumption, and 
ease of operation [7]. The practical applicability of adsorption 
depends on the efficiency, cost performance, and regeneration 
of the adsorbent materials. To meet these criteria, many research 
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groups have focused their studies on low-cost naturally occur-
ring adsorbents, such as activated carbon from plant materials, 
bone-char powder, fly ash, rice husk, gibbsite, kaolinite, tea ash 
powder, and clay minerals [2,8]. Although, being economically 
advantageous, their fluoride removal efficiency is not usually 
high. Some of the artificially synthesized materials, such as 
Fe–Al–Ce trimetal oxide [9], Al–Ce hybrid adsorbent [10], and 
nano-magnesia [11], have high adsorption capacity, but the cost 
of their synthesis is not economical for treating large quantities 
of water. Research is underway to obtain economical as well as 
highly effective adsorbents for fluoride removal.

Dolomite (CaMg (CO3)2) is a common rock-forming 
mineral found in sedimentary beds, metamorphic mar-
bles, hydrothermal veins, and replacement deposits [12]. It 
consists mostly of magnesium oxide (MgO), calcium oxide 
(CaO), and carbon dioxide (CO2). CaO easily produces pre-
cipitates and serves as a pH neutralizing agent, and thus is 
widely used in water treatment [13].

To investigate the adsorption characteristics of the 
adsorbents, batch and column experiments have been 
performed using conventional methods that involve variations 
in a single parameter while the others are kept constant. 
This method requires many experimental runs, requiring 
significant investment of time and chemicals, to determine 
the optimal conditions for contaminant removal. Using the 
conventional method, it is also difficult to investigate the 
effects of interactions between the process parameters [14]. 
These limitations can be overcome by applying a well-known 
statistical method, response surface methodology (RSM). RSM 
involves the simultaneous variation in many factors over a set 
of experimental runs and enables the elucidation of optimized 
conditions and evaluation of the relative significance of 
several factors, even in the presence of complex interactions 
[15,16]. A statistically designed experimental plan enables the 
optimization and analysis of experimental factors with a small 
number of experimental runs. Full factorial design, central 
composite design, and Box-Behnken design are the most widely 
used types of RSM. The Box-Behnken design has fewer design 
points than other designs, and requires less experimental data 
to operate with the same number of parameters [15,16].

In this study, we assessed the feasibility of dolomite for 
the removal of fluoride from aqueous solution. Thermally 
treated dolomite (TTD) was used to enhance its adsorption 
capacity for fluoride. The physical and chemical properties 
and adsorption capacities of dolomite treated at different 
temperatures were investigated. Dolomite thermally treated 
at 800°C (DTT-800) was used for further investigations, 
including kinetic, equilibrium, and thermodynamic studies. 
We also suggested the application of RSM to analyze the data 
obtained from batch experiments. This study applied the 
Box-Behnken design to optimize the experiments and eluci-
date the effect of parameters and their interactions on fluoride 
removal by DTT-800. The investigated parameters included 
solution pH, ionic strength, temperature, and reaction time.

2. Materials and methods

2.1. Thermal treatment of dolomite and characterization 
of thermally treated dolomite

The experiment was performed with natural dolomite 
supplied by Rexem Co., Korea. The particle size of the 

dolomite was 9 μm. The dolomite was thermally treated 
using a tube furnace with a horizontal quartz glass tube at 
100, 300°C, 500°C, 700°C, 800°C, and 900°C (DTT-100, DTT-
300, DTT-500, DTT-700, DTT-800, and DTT-900, respectively) 
for 4 h under anoxic conditions. The heating rate was set to 
8°C min–1. TTD was stored in desiccators before use.

The physical and chemical properties of TTD were inves-
tigated using various methods. A field emission scanning 
electron microscope (FE-SEM; S-4700, Hitachi, Japan) was 
used to investigate the surface morphologies of the dolomite. 
The specimens of dolomite were observed at 5,000× magnifi-
cation at an accelerating voltage of 5 kV. Before imaging, all 
samples were coated with gold at 30 mA for 120 s to minimize 
the charging effect. The mineralogical structures of the dolo-
mite were investigated via X-ray diffraction (XRD) patterns 
(Rigaku Co., Japan) with CuKα radiation at a fixed power of 
40 kV and 30 mA. The diffraction data were collected over a 
2θ range between 3° and 90° at a scanning rate of 2.0° min–1. N2 
adsorption-desorption experiments were performed to mea-
sure the specific surface area of the dolomite using a surface 
area analyzer (Quadrasorb SI, Quantachrome Instrument, 
USA). From the N2 adsorption-desorption isotherms, the 
specific surface area was determined via Brunauer-Emmett-
Teller analysis. The chemical composition of the dolomite 
was also analyzed using an X-ray fluorescence spectrometer 
(XRF-1700, Shimadzu, Japan).

2.2. Adsorption experiment

The fluoride removal efficiency of TTD was evaluated 
under batch conditions. First, 0.1 g of dolomite was reacted 
with 30 mL of 100 mg L–1 fluoride solution in a 50 mL Falcon 
tube for 24 h. The tubes were agitated in a shaking incuba-
tor (SJ-808SF, Sejong Scientific Co., Korea) at 100 rpm. After 
the adsorption reaction, the fluoride solution was separated 
from the adsorbent using a syringe filter (0.45 μm, Whatman, 
USA). Then, the fluoride concentration was analyzed using 
ion chromatography (DX-120, Dionex, USA). A standard 
1,000 mg L–1 fluoride solution was obtained by dissolving 
sodium fluoride (NaF, Sigma-Aldrich, USA), and the fluoride 
solution was prepared by diluting the standard solution with 
deionized water. All batch experimental conditions were 
identical to those described above unless otherwise stated. 
The experiments were performed in triplicate. 

Kinetic, equilibrium, and thermodynamic adsorption 
experiments were performed with DTT-800, which was found 
to be the most efficient dolomite for fluoride removal, to inves-
tigate the fundamental characteristics of fluoride adsorption. 
The kinetic adsorption experiments were performed by react-
ing 0.1 g of DTT-800 with 30 mL of 300 mg L–1 and 1,000 mg L–1 
fluoride solution, and the fluoride solution was sampled 0.25, 
0.5, 1, 6, 24, 72, 120, 144, and 168 h after reaction initiation. In 
the equilibrium isotherm experiments, the initial concentra-
tions of the fluoride solutions were set at 5, 10, 50, 100, 300, 
500, 700, 1,000, 1,500, and 2,000 mg L–1, and the solution sam-
ples were sampled after 72 h. The thermodynamic adsorption 
experiments were performed by reacting 0.1 g of DTT-800 
with 30 mL of 1,000 mg L–1 fluoride solution for 72 h under 
different reaction temperatures of 15°C, 25°C, and 35°C.

Four parameters, namely pH, ionic strength, reaction 
temperature, and reaction time, were investigated to assess 
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their influence on the removal of fluoride by DTT-800. Batch 
experiments were performed by reacting 0.1 g of DTT-800 
with 30 mL of 1,000 mg L–1 fluoride solution under different 
experimental conditions. The desired pH (4, 6, and 8) was 
adjusted using 1 M HCl and 1 M NaOH solutions. The ionic 
strength of the solution was adjusted to 0, 10, and 20 mM 
using KCl. The detailed experimental design is explained in 
Section 2.4.

The removal of fluoride by DTT-800 after regeneration 
was investigated. After the adsorption experiment with 
0.1 g of DTT-800 and 30 mL of 1,000 mg L–1 fluoride solution, 
the separated DTT-800 was agitated in 30 mL of deionized 
water to desorb the fluoride from the DTT-800. Additional 
adsorption tests were conducted using the same procedure 
described in this section. The DTT-800 was regenerated three 
times in this adsorption experiment. 

2.3. Data analysis

The kinetic data were analyzed using the following 
pseudo-first-order and pseudo-second-order models:
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where qt is the amount of fluoride removed at time t (mg F g–1), 
qe is the amount of fluoride removed at equilibrium (mg F g–1), 
k1 is the pseudo-first-order rate constant (1/h), and k2 is the 
pseudo-second-order rate constant (g (mg F·h)–1).

The equilibrium data were analyzed using the Langmuir 
(Eq. (3)) and Freundlich (Eq. (4)) models as follows:
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where C is the concentration of fluoride in the aqueous solution 
at equilibrium (mg F g–1), KL is the Langmuir constant related 
to the binding energy (L mg–1 F), Qm is the maximum amount 
of fluoride removed per unit mass of dolomite (mg F g–1), KF 
is the distribution coefficient ((mg F g–1)·(L mg–1 F)1/n), and n is 
the Freundlich constant.

The thermodynamic properties of the experimental 
results were analyzed using the following equations:
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where ∆G° is the change in Gibbs free energy (kJ mol–1), ∆S° 
is the change in entropy (J (K·mol)–1), ∆H° is the change in 
enthalpy (kJ mol–1), Ke is the equilibrium constant (–), and α is 
the amount of adsorbent (g L–1).

2.4. Response surface methodology study

A Box-Behnken model in the RSM study was used to opti-
mize the experimental conditions for fluoride removal using 
dolomite. Four independent variables, i.e., solution pH (4–8), 
ionic strength (0–20 mM), temperature (15°C–35°C), and 
reaction time (36–72 h), were selected. Two chemical param-
eters and two physical parameters that might influence fluo-
ride removal using dolomite were selected. Overall, 29 sets of 
treatment combinations were analyzed using Design Expert 
statistical software (version 7.0.0, Stat-Ease Inc., Minneapolis, 
Minnesota, USA). A quadratic model was generated from the 
experimental data, which was also used for the analysis of 
variance (ANOVA) test to determine the significance of the 
obtained model. The highest order polynomial model that 
was not aliased and had a significant additional term was rec-
ommended by the statistical software. A quadratic model was 
generated from the data according to the following equation:
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where YA is the predicted response of the amount of fluoride 
adsorbed onto a unit mass of DTT-800 (mg g–1), xi is the vari-
ables, and ai is the model coefficient parameters. Subscripts 
1, 2, 3, and 4 refer to pH, ionic strength, temperature, and 
reaction time, respectively. The design of this experiment 
included the dependent variables or responses shown in 
Table 1. To analyze the goodness-of-fit of the model, the 
regression coefficients (R2), lack-of-fit, and adjusted and 
predicted R2 values were also evaluated.

3. Results and discussion

3.1. Fluoride removal and characterization of thermally treated 
dolomite

TTD samples were characterized on the basis of surface 
morphology, specific surface area, pore volume, crystalline 

Table 1
Factors and their levels for the Box-Behnken design

Variables Symbol Coded factor level
–1 0 1

pH X1 4 6 8
Ionic strength (mM) X2 0 10 20
Temperature (°C) X3 15 25 35
Reaction time (h) X4 36 54 72
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structure, and chemical composition. The surface morphol-
ogies of the dolomite obtained using FE-SEM is shown in 
Fig. 1. As the temperature increased, the fragments on the 
surface of TTD became larger, and a rougher surface was 
formed. Thermal temperature increase from 500°C to 800°C, 
caused the specific surface area to increase from 2.71 to 
11.14 m2 g–1 and pore volume from 0.01 to 0.08 cm3 g–1, respec-
tively. The increase these parameters upon calcination could 
have been due to the release of CO2 [17]. The specific sur-
face area and pore volume of DTT-900 were less than those 
of DTT-800. This decrease in pore volume by thermal treat-
ment could have been due to the formation of a slag from 
impurities, such as silica, potassium oxide, sodium oxide, 
and alumina, in the dolomite [18]. As shown in Fig. 2, the 
XRD patterns of untreated dolomite, DTT-100, DTT-300, and 
DTT-500 presented peaks corresponding to the structure of 
dolomite (CaMg(CO3)2), quartz (SiO2), and calcium carbon-
ate (CaCO3). However, the peak intensity of dolomite signifi-
cantly decreased at 700°C and disappeared at 800°C. In place 
of the dolomite peak, a periclase (MgO) peak appeared in the 
XRD pattern of DTT-800 and DTT-900. The present results 
were in good agreement with the theory of dolomite decom-
position [17]; at temperatures 600°C–800°C, dolomite disso-
ciates and magnesium carbonate decomposes and between 
740°C and 880°C, CaCO3 decomposes. The XRF results in 
Table 2 show that the weight percentage of CaO, MgO, SiO2, 
and Al2O3 in dolomite increased as the thermal temperature 

increased. The increase in the weight percentage of inorganic 
substituents, such as CaO and MgO, could have been due to 
the total weight loss by the release of CO2 (decarbonation) 
from the dolomite [18]. 

The treatment of fluoride adsorption onto dolomite at 
different temperatures is shown in Fig. 3. The amount of flu-
oride adsorbed onto the untreated dolomite was 3.45 mg g–1, 
while that adsorbed onto DTT-100, DTT-300, and DTT-500 
was 3.57, 3.62, and 3.86 mg g–1, respectively, thereby showing 
an insignificant difference with that of untreated dolomite. 
For DTT-800°C, fluorine adsorption removal percentage 
increased to 29.49 mg g–1 and 98.3%, respectively, indicating 
that almost all fluoride in aqueous solution was removed by 
DTT-800. The observed results could have been due to the 
elution of Ca2+ ions from the decomposed dolomite at high 
temperature. Eluted Ca2+ ions reacted with the fluoride in 
aqueous solution and formed an insoluble precipitate (CaF2; 
Ksp at 25°C = 3.45 × 10–11). The elution of Ca2+ from thermally 
treated Ca-rich adsorbents, such as attapulgite and crushed 
concrete fines, has also been observed [19–21]. However, 
DTT-900 adsorbed less fluorine than DTT-800, even though 
the temperature and applied energy were higher. Higher flu-
oride adsorption capacity of DTT-800 could have been due 
to its larger specific surface area and pore volume provid-
ing larger sites for fluoride adsorption. Karaca et al. [22] also 
observed a reduction in the phosphate adsorption capacity 
of dolomite with increasing calcination temperature, and 
reported that this reduction was due to changes in the struc-
ture and pore size distribution of dolomite. As DTT-800 
showed greatest fluoride adsorption, it was implemented for 
further experiments.

Fig. 1. Field emission scanning electron microscope images of 
thermally treated dolomite: (a) untreated, (b) 100°C, (c) 300°C, 
(d) 500°C, (e) 700°C, (f) 800°C, and (g) 900°C. Magnification: 
5,000×.

Fig. 2. X-ray diffraction results of dolomite treated at different 
temperatures (untreated, 100°C, 300°C, 500°C, 700°C, 800°C, and 
900°C) (d: dolomite; q: quartz; c: calcite; p: periclase).
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3.2. Kinetic, equilibrium, and thermodynamic study of fluoride 
adsorption onto dolomite thermally treated at 800°C

Fluoride adsorption onto DTT-800 as a function of reac-
tion time at two different fluoride concentrations (300 and 
1,000 mg L–1) is shown in Fig. 4, and the parameters for the 
pseudo-first-order and pseudo-second-order models are 
presented in Table 3. At a low initial concentration of fluo-
ride (300 mg L–1), fluoride adsorption reached equilibrium 
within 24 h, but 72 h duration was required to reach equi-
librium for an initial fluoride concentration of 1,000 mg L–1. 
The reaction rate constants of the pseudo-first-order and 
pseudo-second-order models for 300 mg L–1 were higher 
than those for 1,000 mg L–1, indicating faster adsorption of 
fluoride onto DTT-800 at 300 mg L–1 than at 1,000 mg L–1. The 
pseudo-second-order model (R2 for 300 mg L–1: 0.999; R2 for 
1000 mg L–1: 0.955) described the observed data obtained at 
different reaction times better than the pseudo-first-order 
model (R2 for 300 mg L–1: 0.999; R2 for 1,000 mg L–1: 0.990), 
indicating that the adsorption rate of fluoride onto DTT-800 
was primarily governed by chemisorption [23].

The relationships between the concentration of fluo-
ride in aqueous phase and adsorbed fluoride onto DTT-
800 at equilibrium are plotted in Fig. 5, and the parameters 
obtained from the Langmuir and Freundlich models are 
shown in Table 4. The higher R2 value of the Freundlich 

model (R2 = 0.988) compared with that of the Langmuir 
model (R2 = 0.970) indicated that fluoride adsorption onto 
DTT-800 occurred via multiple layer adsorption rather than 
monolayer adsorption. The 1/n value of the Freundlich model 
was 0.26, which was less than 0.5, thereby indicating that the 
binding between fluoride and DTT-800 was strong [24]. The 
maximum fluoride adsorption capacity of DTT-800 obtained 
from the Langmuir model was 163.7 mg g–1.

The maximum fluoride adsorption capacity of DTT-
800 was comparable to that of other adsorbents published 
in the literature. Of the 102 adsorbents listed by Bhatnagar 
et al. [2], 99 had a lower fluoride adsorption capacity than 
the 163.7 mg g–1 capacity achieved in the current study. In 
three studies [9,11,24], the fluoride sorption capacity of the 
adsorbent was reported to be higher than that of DTT-800. 
However, the adsorption capacity of calcined Mg–Al–CO3 
layered double hydroxides [2] was not consistent with the 
maximum adsorption capacity of 141.64 mg g–1 reported by 
Lv et al. [25], which was less than that observed in this study. 
The fluoride adsorption capacities of Fe–Al–Ce trimetal oxide 

Fig. 3. Fluoride removal by dolomite treated at different 
temperatures (initial fluoride concentration: 100 mg L–1; dolomite 
dosage: 0.1 g; reaction time: 24 h; temperature: 25°C).

Table 2
Chemical and physical properties of thermally treated dolomite

Thermal temperature Untreated 100°C 300°C 500°C 700°C 800°C 900°C

Physical properties Surface area (m2 g–1) 2.88 2.29 2.40 2.71 5.70 11.14 8.41
Pore volume (cm3 g–1) 0.01 0.01 0.01 0.01 0.05 0.08 0.05
Pore size (nm) 20.15 10.82 14.81 10.32 35.75 30.49 25.63

Chemical properties pH 9.44 9.68 8.84 10.20 10.27 11.57 12.46
XRF
result
(%)

CaO 37.03 37.58 37.20 37.59 39.06 40.02 42.37
MgO 19.12 18.75 17.95 19.16 21.60 23.61 28.23
SiO2 16.68 15.22 14.72 15.30 16.85 16.06 19.11
Al2O3 1.84 1.64 1.56 1.65 1.84 1.74 2.47
Fe2O3 1.46 1.50 1.55 1.55 1.51 1.52 2.08
BaO 1.12 0.89 1.04 0.93 1.08 1.07 1.10

Fig. 4. Kinetic adsorption experiment data with model fittings of 
the pseudo-first-order and pseudo-second-order kinetic models 
for the adsorption of fluoride onto dolomite thermally treated at 
800°C (initial fluoride concentration: 300 and 1,000 mg L–1; adsor-
bent dosage: 0.1 g; reaction time: 0.25, 0.5, 1, 6, 24, 72, 120, 144, 
and 168 h; agitation speed: 100 rpm; temperature: 25°C).
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[9] and synthesized nanomagnesia (MgO nanoparticles) [11] 
were 178 and 267.82 mg g–1, respectively. The base material 
of Fe–Al–Ce trimetal oxide, namely Ce, is an expensive rare 
earth metal, and the use of Ce is restricted for drinking water 
treatment [9]. Nanoparticles have a high adsorption capacity 
for fluoride due to their large specific surface area, but their 
toxicity restricts their use [26]. In addition to the limitations 
of toxicity, the synthesis of nanoparticles is also limited by 
cost and the difficulty to produce large quantities.

The thermodynamic parameters obtained from the ther-
modynamic analysis are provided in Table 5. As the tem-
perature increased, the amount of fluoride adsorbed onto 
DTT-800 increased. The calculated ∆H° in this study was 
32.79 kJ mol–1. The positive ∆H° value indicated that the flu-
oride adsorption onto DTT-800 was endothermic. The ∆S° 
value was 109.38 J (K·mol)–1, thereby indicating that the level 
of disorder increased at the solid-liquid interface during the 

adsorption process. As the temperature increased from 15°C 
to 35°C, the ∆G° values decreased gradually from 1.27 kJ mol–1 
to –0.92 kJ mol–1, thereby indicating that the adsorption 
reaction was prompted by the increasing temperature. The 
fluoride adsorption was spontaneous at 35°C but nonsponta-
neous at 15°C and 25°C.

3.3. Optimization studies by statistical experimental design for 
fluoride removal using dolomite thermally treated at 800°C

The Box-Behnken design of RSM was employed in this 
experiment to obtain a quadratic model consisting of 29 trials. 
The chosen range and levels of the four independent variables, 
namely solution pH, ionic strength, temperature, and reaction 
time, are shown in Table 1. F-value tests were performed using 
ANOVA to calculate the significance of the model employed 
in Design Expert statistical software. The results of YA recom-
mended a quadratic model as the highest-order polynomial 
model that satisfied the criteria that any additional terms are 
significant and that the model is not aliased. The respective 
predicted responses were obtained as follows:
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X X X X
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The significance of the values of the model equation to 
determine the adsorption amount was checked by F, R2, 
adjusted R2, lack-of fit, and adequate precision tests. As 
shown in Table 6, the model F-value, which was calculated 
by dividing the mean square of each variable’s effect by the 
mean square, was 35.94. The model probability value was 
<0.0001, which was less than 0.05, thereby indicating that the 
model terms for all calculated values were significant. The 
goodness-of-fit for each model was tested using the deter-
mination coefficient R2, which was calculated to be 0.973. Its 
proximity to one indicated a good model fit to the observed 

Table 3
Kinetic model parameters obtained from model fitting of the experimental data at different reaction times

Initial
fluoride concentration
(mg L–1)

Pseudo-first-order
kinetic model parameters

Pseudo-second-order
kinetic model parameters

qe (mg g–1) k1 (1/h) R2 qe (mg g–1) k2 (g (mg·h)–1) R2

300 85.99 8.93 0.999 86.60 0.43 0.999
1,000 148.73 3.21 0.955 148.96 0.04 0.990

Fig. 5. Equilibrium adsorption experiment data with model fit-
tings of the Langmuir and Freundlich isotherms for the adsorp-
tion of fluoride onto dolomite thermally treated at 800°C (initial 
fluoride concentration: 5, 10, 50, 100, 300, 500, 700, 1,000, 1,500, 
and 2000 mg L–1; pH: 7.0; adsorbent dosage: 0.1 g; reaction time: 
72 h; agitation speed: 100 rpm; temperature: 25°C).

Table 4
Equilibrium model parameters obtained from model fitting of 
the experimental data

Model Parameters R2

Langmuir Qm (mg g–1)
163.7

KL (L mg–1)
58.4

0.970

Freundlich KF ((mg F g–1)·(L mg–1 F)1/n)
25.2

1/n
0.26

0.988

Table 5
Thermodynamic parameters for fluoride adsorption onto dolo-
mite thermally treated at 800°C

Temperature ∆H° ∆S° ∆G°

(°C) (kJ mol–1) (J (K·mol)–1) (kJ mol–1)

15 32.79 109.38 1.27
25 0.18
35 –0.92
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data. The adjusted R2 value and the predicted R2 value were 
0.946 and 0.844, respectively. The adjusted and predicted R2 
values were in good agreement, and the adjusted R2 values 
were close to each predicted R2 value, thereby indicating a 
good adjustment between the observed and predicted val-
ues. The value of adequate precision, which reflects the sig-
nal-to-noise ratio, was 19.95, thereby indicating adequate 
signals with values greater than 4 [27]. The lack-of-fit tests 
used to evaluate the model adequacy indicated significant 

values for all responses, which reflected a poor fit. All the 
statistical results, except for the lack-of-fit tests, showed that 
the constructed model for removal percentage was suitable 
for describing the observed data. Fig. 6 shows that the points 
of the predicted versus actual plots for removal percentage 
were clustered along a diagonal line, thereby indicating that 
the predicted values matched well with the observed values.

The interactions of solution pH, ionic strength, tempera-
ture, and reaction time, which affected the removal percent-
age, were plotted as three-dimensional response surface 
curves against two experimental factors while the other 
factor was kept constant at its central value (Fig. 7). The 
regression model equation (Eq. (10)) determined the posi-
tive or negative influence of the variables on the amount of 
fluoride adsorption onto DTT-800. As shown in Table 6, both 
the first-order and second-order effects for all four variables 
on fluoride adsorption were significant (p <0.05), but the 
interaction effect of each pair of variables was not signifi-
cant. The negative sign of the coefficients of X1 and X2 in the 
regression model equation indicated that fluoride removal 
by DTT-800 decreased with the increase in pH (from 4 to 8) 
and ionic strength (from 0 to 20 mM). In contrast to pH and 
ionic strength, temperature (15°C–35°C) and reaction time 
(36–72 h) positively influenced fluoride removal by DTT-800 
as indicated by the positive sign of the coefficients of X3 and 
X4. The positive sign of X3, namely reaction temperature, 
was also consistent with the results of the thermodynamic 
study, which showed that the fluoride adsorption onto DTT-
800 was an endothermic reaction. The positive sign of X4, 
namely reaction time, was consistent with the results of the 
kinetic study, which indicated that fluoride adsorption onto 
DTT-800 increased over the reaction time and reached equi-
librium within 72 h. The coefficients of the square of each 
variable, i.e., X1

2, X2
2, X3

2, and X4
2, were negative, thereby 

indicating that the influence of each variable on fluoride 
adsorption was not constant. Such a result was also recog-
nized from the curvature of each variable, as shown in Fig. 7. 

pH and ionic strength, had a significant negative effect 
on fluoride adsorption onto DTT-800. The extent of fluoride 
adsorption onto Ca, Al, and Si oxides is strongly influenced 
by the pH of the solution because ligand exchange, which is 
the dominant mechanism of fluoride adsorption, involves the 
release of OH− into solution [28,29]. Therefore, at high pH, 
the OH− ion released from the adsorbent surface was inhib-
ited, and less fluoride was adsorbed onto DTT-800. Yadav et 
al. [30] reported another explanation of this phenomenon: the 
competition of OH− ions with fluoride for favorable adsorp-
tion sites (due to similarities in the charge and ionic radius 
these ions). In addition, increasing the pH leads to electro-
static repulsion between the negatively charged surface of 
DTT-800 and the anionic fluoride.

Fluoride adsorption onto DTT-800 was dependent on 
the ionic strength. Adsorption via inner-sphere complex for-
mation is typically independent of ionic strength [31]. Since 
fluoride is removed by Ca-based adsorbents mainly by pre-
cipitation and chemisorption [2,32], the presence of an anion 
interferes with the fluoride adsorption onto DTT-800. Other 
researchers also observed the reduction in fluoride removal 
by the presence of anions owing to anionic competition for 
the adsorbent active sites. The impact of major anions on 
fluoride adsorption followed the order of HPO4

2− > HCO3
− > 

Table 6
Analysis of variance for the response surface methodology 
analysis of the amount of fluoride adsorbed onto a unit mass of 
dolomite thermally treated at 800°C (mg g–1)

Source Sum of 
squares

df Mean 
square

F-value p-value
Prob. > F

Model 37 384.04 14 2,670.2890 35.940 <0001
X1 1,392.43 1 1,392.4300 18.740 .0007
X2 2,578.74 1 2,578.7380 34.710 <0001
X3 6,928.56 1 6,928.5620 93.250 <0001
X4 4,178.64 1 4,178.6450 156.240 <0001
X1X2 184.17 1 184.1722 2.480 .1377
X1X3 0.95 1 0.9541 0.010 .9114
X1X4 0.03 1 0.0266 0.000 .9852
X2X3 3.02 1 3.0197 0.041 .8431
X2X4 66.16 1 66.1550 0.890 .3614
X3X4 5.33 1 5.3260 0.070 .7928
X1

2 559.66 1 599.6638 7.530 .0158
X2

2 3,596.15 1 3,596.1550 48.400 <0001
X3

2 20 819.53 1 20 819.5300 280.220 <0001
X4

2 1,374.76 1 1,374.7590 18.500 .0007
Residual 1,040.17 14 74.2979
LoF 1,040.13 10 104.0132 10 556.550 <0001
PE 0.04 4 0.0099
CT 38 424.21 28

Fig. 6. Plot of predicted values vs. actual values for the amount of 
fluoride adsorbed onto a unit mass of dolomite thermally treated 
at 800°C (mg g–1).
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SO4
2− > Cl− [33–35]. However, the influential pattern of these 

anions is not always consistent. Lv et al. [25] observed that 
fluoride removal in the presence of other ions decreased in 
the following order: PO4

3− > Cl− ≈ SO4
2− > Br− > > HCO3

− > > 
NO3

−. In addition to anion competition, water cluster forma-
tion on the surface of adsorbents at higher ionic strength can 
impede fluoride adsorption [36].

The optimal values of the variables, which maximized 
the amount of fluoride adsorbed onto a unit mass of DTT-
800 (mg g–1) (YA), was tracked using RSM. The highest YA, 
which was 165.91 mg g–1, was obtained under a pH of 4.57, 
ionic strength of 7.45 mM, temperature of 28.30°C, and con-
tact time of 58.33 h. The maximized response (165.91 mg g–1) 
obtained from the RSM study was slightly higher than the 
maximum adsorption capacity of DTT-800 (163.7 mg g–1) 
obtained from the equilibrium isotherm experiment.

3.4. Reuse of dolomite thermally treated at 800°C

Reutilization experiments were conducted to determine 
the amount of adsorbed fluoride and the number of times 
of use when DTT-800 was regenerated by washing it with 
distilled water. The amount of fluoride adsorption decreased 
from 118.8 to 25.0 mg g–1 as the number of times for the reuse 
of DTT-800 was increased, as shown in Fig. 8. According 
to these results, DTT-800 was not regenerated for fluoride 
removal by washing with deionized water. Although, bet-
ter regeneration could be achieved via chemical or electri-
cal regeneration processes, these chemicals and processes 
are too expensive to regenerate cheap adsorbents, i.e., DTT-
800. The regeneration experiments also indicated that fluo-
ride was strongly adsorbed to DTT-800. Only 5.8 mg g–1 was 
detached from DTT-800, to which 118.8 mg g–1 of fluoride 

Fig. 7. Estimated response surface for the amount of fluoride adsorbed onto a unit mass of dolomite thermally treated at 800°C (mg g–1) 
showing the effect of (a) pH and ionic strength, (b) pH and temperature, (c) pH and contact time, (d) ionic strength and temperature, 
(e) ionic strength and contact time, and (f) contact time and temperature.
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was adsorbed (Cycle #1). Therefore, abandonment of DTT-
800 after fluoride removal is recommended.

4. Conclusions

Dolomite was thermally treated to improve its fluoride 
adsorption capacity. The results showed that DTT-800 was 
more effective for fluoride removal than untreated dolomite 
and dolomite thermally treated at other temperatures. DTT-
800 showed higher fluoride adsorption than DTT-900 because 
of its larger specific surface area and pore volume. The kinetic 
experiments showed that fluoride adsorption onto DTT-800 
were mainly governed by chemisorption. The Freundlich 
model was more suitable for describing fluoride adsorp-
tion than the Langmuir model, indicating that fluoride was 
adsorbed onto DTT-800 via multi-layer adsorption. The maxi-
mum adsorption capacity of DTT-800 was 163.7 mg g–1, which 
was superior to that of other adsorbents reported in the litera-
ture. Fluoride adsorption onto DTT-800 occurred via an endo-
thermic reaction, which had an increased level of disorder at 
the solid-liquid interface. The effects of varying solution pH, 
ionic strength, reaction temperature, and time were examined, 
and the optimization of these parameters was accomplished 
using RSM. Solution pH and ionic strength had negative 
effects, but reaction temperature and time had positive effects 
on fluoride adsorption onto DTT-800. By applying the RSM 
model, the optimal experimental conditions maximized the 
parameters influencing fluoride removal. The results of the 
present investigation showed that thermal treatment is an 
easy but effective way to improve the adsorption capacity of 
dolomite. It can be concluded that thermally treated dolomite 
can be used as a low-cost, natural, and abundant adsorbent 
for the removal of fluoride from aqueous solution.
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