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Abstract: Inefficient and non-environmentally friendly absorbent production can lead to much
resource waste and go against low carbon and sustainable development. A novel and efficient
Mg-Fe-Ce (MFC) complex metal oxide absorbent of fluoride ion (F~) removal was proposed for safe,
environmentally friendly, and sustainable drinking water management. A series of optimization
and preparation processes for the adsorbent and batch experiments (e.g., effects of solution pH,
adsorption kinetics, adsorption isotherms, effects of coexisting anions, as well as surface properties
tests) were carried out to analyze the characteristics of the adsorbent. The results indicated that
optimum removal of F~ occurred in a pH range of 4-5.5, and higher adsorption performances also
happened under neutral pH conditions. The kinetic data under 10 and 50 mg-g~! were found to
be suitable for the pseudo-second-order adsorption rate model, and the two-site Langmuir model
was ideal for adsorption isotherm data as compared to the one-site Langmuir model. According
to the two-site Langmuir model, the maximum adsorption capacity calculated at pH 7.0 £ 0.2 was
204 mg-g_l. The adsorption of F~ was not affected by the presence of sulfate (SO0427), nitrate (NO3 ™),
and chloride (Cl™), which was suitable for practical applications in drinking water with high F~
concentration. The MFC adsorbent has an amorphous structure, and there was an exchange reaction
between OH™ and F~. The novel MFC adsorbent was proven to have higher efficiency, better
economy, and environmental sustainability, and be more environmentally friendly.

Keywords: drinking water; fluoride adsorption; sustainability; tri-metal oxide absorbent

1. Introduction

Drinking water safety and sustainability, closely bound with people’s lives, have
always attracted the most public attention among various the human health-related issues.
Fluoride pollution is one of the most common challenges in drinking water safety, and
excessive fluoride intake can affect the human body and lead to severe health problems,
such as fluorosis and osteoporosis [1-3]. It was reported that about 200 million people in
25 countries around the world are under the threat of the fluorosis [4]. In addition, there
are nearly 45 million people suffering the negative effects of high fluoride drinking water
with fluoride ion (F~) concentrations of more than 1.0 mg-L~! in China, mainly distributed
in the north, northwest, and east of China, with 80% in the northern areas of the Yangtze
River, especially in rural areas [5]. Therefore, it is an urgency to search for an effective
measure to remove fluoride not only for drinking water safety and sustainability but also
for the victory of a poverty alleviation plan.
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Numerous efforts have been devoted to effective F~ removal technology devel-
opment [6-8], such as precipitation [9], electrocagulation [10], membranes [11], ion ex-
change [12-14], and adsorption [15-18]. For example, Shen et al. (2003) proposed a
treatment measure through the combined electrocoagulation and electroflotation process
to remove fluoride ions and found that the anions had a negative effect on fluoride re-
moval efficiency [10]. Robshaw et al. (2019) developed a novel ligand-exchange sorbent
with chelating resin Purolite® $950+ loaded with lanthanum (La) ions, and it possessed a
greater uptake (maximum defluoridation capacity of 187 + 15 mg-g~!) than previously
reported similar metal-loaded resins [9]. Singh et al. (2020) developed a zirconium im-
pregnated hybrid anion exchange resin (HAIX-Zr) for fluoride removal from contaminated
groundwater and evaluated fluoride removal performances. A higher defluoridation ca-
pacity (12.0 mg-g~!) and a possible fluoride removal mechanism (OH~ with F~ exchange)
were found [14]. Compared with these technologies, adsorption is considered the most
efficient acceptable technology due to its simple process, easy operation, and lack of pollu-
tion, and has been widely investigated in fluoride removal studies [19-21]. For example,
Bansiwal et al. (2010) synthesized copper oxide coated alumina to enhance water defluori-
dation with a higher adsorption capacity (7.22 mg-g~!) than unmodified activated alumina
(2.232 mg-g 1) [22]. Dong and Wang (2016) developed a novel lanthanum-loaded magnetic
cationic hydrogel (MCH-La) for fluoride adsorption from drinking water with a maximum
adsorption capacity (136.78 mg-g~!) and bigger adsorption capacity (70% from the second
to fifth recycles) [23]. Thathsara et al. (2018) synthesized a novel tri-metal composite (Fe-
La-Ce) for the removal of excess fluoride in aqueous media with a maximum adsorption
capacity (303.03 mg-g~! at pH 4.00) and excellent regeneration (96.13% desorption) and
reusability [24]. Huang et al. (2020) proposed an Al (OH)3;-hydroxyapatite nanosheet (Al
(OH)3-nHAP) for fluoride sorption from an aqueous solution with a higher defluoridation
capacity (194.2 mg-g~! in neutral condition at 318 K) and a higher removal efficiency of a
regenerated Al (OH);-nHAP nanosheet (81.32%) [25]. Kumar et al. (2020) advanced both
activated alumina (AA) and grinded activated alumina (GAA) for adsorption potential by
batch experiments for different contact time, pH, fluoride concentration, and adsorbent
dose for fluoride adsorption [26]. From the above analysis, activated alumina is a popular
treatment technology for F~ removal due to its availability and low cost, and there are
some limitation on frequent regeneration with aluminum sulfate under a lower adsorption
capacity at a neutral pH (5-6) [27]. Furthermore, residual alumina in treated water may
cause adverse health effects due to its characteristics and 5-10% loss of adsorbency on
regeneration [28].

Faced with the above difficulties, multivalent metal (Mg, Al, Fe, La, Zr) oxides and
hydroxides mixed with rare earth metals have been used for obtaining higher F~ removal
capacities [29-37]. This is because rare earth metals are possessed with a strong affinity for
fluoride treatment [38—40].

For example, Chi et al. (2017) proposed a novel magnesium-aluminum-cerium
trimetallic composite adsorbent with a higher removal efficiency over a wide range of pH
(3.0-10.0) and a higher adsorption capacity for fluoride (e.g., 124.9 mg-g~') [33]. Adak
et al. (2017) developed an adsorbent with Al (III) -Fe (III) -La (III) trimetallic oxide with
99.9% fluoride removal efficiency under the condition of pH 7.0 at an adsorbent dose
of 0.3 g-100 mL~! during a contact time of 60 min [41]. From the previous studies, rare
earth metals are commonly expensive and the optimum pH was in the acidic range. How-
ever, high fluorine drinking water is mostly alkaline. This restricts the application of the
adsorbent to practical drinking water defluoridation.

Therefore, in order to search for a safe, economic, and environmentally friendly
measure for practical engineering, the aim of this study was to propose a novel Mg-Fe-Ce
(MFC) composite absorbent. A series of experiments of fluoride adsorption was designed to
explore the characterization and mechanisms of the adsorbents, including (1) pH influence
experiments for optimal pH adsorption, (2) adsorption kinetics experiments for kinetics
characterization, (3) adsorption isotherm experiments for isotherm characterization, (4)
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anionic influence experiments for the anionic environmental restriction of the adsorbent,
and (5) X-ray diffraction (XRD) analysis and Fourier transform infrared (FTIR) spectroscopy
for surface properties. The proposed MFC composite absorbent possesses the highest F~
removal capacity, lowest cost, and most environmental sustainability, and is suitable for
practical applications in drinking water with a high F~ concentration.

2. Materials and Methods
2.1. Materials

All chemicals and reagents (MgCly-6H,0O, FeSO4-7H0, Ce(504),-4H0, Alp(SO4)3,
ZnSQOy4-7H,0 NaF, HCI, NaOH, NaSO,, NaCl, NaNOs, NapSO,) were of analytical grade
and were mainly purchased from Chemical Engineering Company in Beijing, China;
Xilong Scientific Co., Ltd.; Tianjin Guangfu Fine Chemical Research Institute; and Beijing
Yili Fine Chemicals Co., Ltd. All solutions were prepared with deionized water (Total
organic carbon (TOC) of less than 50 ppb, resistivity of more than 1.0 MQ)-cm, and silicide
concentration of less than 100 ppb) at room temperature. The pH of the solution was
measured using a pH meter (HM-14P, TOA, Kobe, Japan). F~ concentrations were analyzed
with a fluoride selective electrode connected to an ion meter (IM-40S, TOA, Kobe, Japan).
The dried adsorbent powder was analyzed by X-ray diffractometer (XRD, Bruker D8
Advance, Karlsruhe, Germany) and Fourier Transform Infrared Spectrometer (FTIR, Nicolet
750 model, Madison, USA ).

2.2. Methods

In this study, a typical adsorbent preparation and characterization test process was
proposed for F~ removal from practical drinking water engineering with high F~ concen-
trations. It included three steps, such as optimization of the adsorbent, preparation of the
adsorbent, and experiments for adsorbent characterization. The first step was optimization
of the metal components, the solution pH, the preparation method, and the calcination tem-
perature with the objective of acquiring an adsorbent with the highest adsorption capacity.
The second step was controlling the preparation condition, such as dried temperature,
calcined temperature, and time, to guarantee the adsorbent preparation. The third step was
carrying out the adsorption experiments and surface properties tests in order to investigate
the characterization of the adsorbent. The sketch map for the process is shown in Figure 1.

2.2.1. Optimization and Preparation of the Adsorbent

To prepare the optimal adsorbent for F~ removal, a series of experiments to analyze the
metal composition of the adsorbent, search for the optimization method of the adsorbent
preparation, investigate the best composition ratio of the adsorbent, obtain the suitable
final pH value, and determine the best calcination temperature was carried out.

In order to investigate the effect of the different metal composition of the adsorbent,
three mixed solutions were prepared. The preparation processes of Mg-Fe-Ce, Zn-Al-Ce,
and Zn-Fe-Ce adsorbent were the same. MgCl,-6H,0, FeSO4-7H,O and Ce(SO4)2-4H,0O
were dissolved for the mixed solution with a molar concentration ratio of Mg:Fe:Ce of
4:1:1. ZnSO4-7H,0, Al»(SO4)3, and Ce(S04),-4H,O were dissolved for the mixed solution
with a molar concentration ratio of Zn:Al:Ce of 4:1:1. ZnSO,4-7H,0, FeSO4-7H,0, and
Ce(S0y4),-4H,O were dissolved for the mixed solution with a molar concentration ratio
of Zn:Fe:Ce of 4:1:1. The final pH of the three mixed solutions were all adjusted to 8.5
with 6 mol-L~! NaOH. Then the three adsorbents (i.e., Mg-Fe-Ce, Zn-Al-Ce, and Zn-Fe-Ce)
were synthesized by the co-precipitation method at a calcination temperature of 600 °C.
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Figure 1. The sketch map of the study.

To choose the best synthetic method for the adsorbent, two synthesis methods (i.e.,
the co-precipitation method and hydrothermal synthesis method) were compared. The
detailed co-precipitation method was (1) preparing the required experimental solution,
(2) adjusting pH with 6 mol-L~! NaOH to 8.5 and keeping this pH more than 30 min, (3)
keeping still for more than 24 h, (4) washing the acquired precipitate and centrifuging all
the mixed solution—including precipitate and washing water, (5) drying the precipitate
under 65 °C for 24 h, and (6) calcining in the muffle furnace at 600 °C. The detailed
hydrothermal synthesis method was (1) preparing the required experimental solution,
(2) adding the solution and 6mol-L~! NaOH to the autoclave and fastening the gap, (3)
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heating for 6 h under 90 °C, (4) sampling after cooling and exhausting, (5) washing the
acquired precipitate and centrifuging all the mixed solution—including precipitate and
washing water, (6) washing and drying the precipitate under 65 °C, and (7) calcining in the
mutffle furnace at 600 °C.

To investigate the best composition ratio of the adsorbent, different Mg:Fe:Ce com-
position ratio solutions were prepared by the method of keeping two composition ratio
invariant and the third composition variable (shown in Table 1). Then different composition
ratio adsorbents were synthetized based on the solution with a different composition ratio
at the final pH of 8.5 by co-precipitation method.

Table 1. Composition ratio of the absorbents.

Sample No. Composition Ratio of Ce:Fe:Mg

0.1:0.1:0.2
0.1:0.1:0.4
0.1:0.1:0.8
0.05:0.1:0.4
0.08:0.1:0.4
0.10:0.1:0.4
0.12:0.1:0.4
0.10:0.05:0.4
0.10:0.1:0.4
0.10:0.15:0.4

O 0N ONUT s WIN -

—_
=)

To obtain the suitable final pH, three solutions all with a Mg:Fe:Ce molar concentration
ratio of 4:1:1 were prepared. Then the final pH of the three solution was adjusted by
6 mol-L~! NaOH to 8.5, 9.0, and 9.5, respectively. After that the solutions with various pHs
were used to synthetize the adsorbents by the co-precipitation method.

To determine the best calcination temperature, the solution with a Mg:Fe:Ce molar
concentration ratio of 4:1:1 was prepared. The final pH of the solution was adjusted by
6 mol-L~! NaOH to 8.5. Then the solution was used to synthetize the adsorbent by the
co-precipitation method. After that, the adsorbents were calcined in the muffle furnace at
various temperatures for 3 h, such as 100 °C, 200 °C, 300 °C, 400 °C, 450 °C, 500 °C, 600 °C,
700 °C, and 800 °C.

Finally, the adsorbents obtained were put into fluoride solutions with a pH of 7.0, and
then they were all put into a constant temperature oscillation incubator with a temperature
of 25 °C and an oscillation velocity of 120 rpm for 24 h. The solutions after adsorption were
filtered by cellulose acetate membrane filters (0.45 pum) and the F~ concentrations were
measured for the adsorption capacity.

2.2.2. Fluoride Adsorption Experiments
pH Influence Experiments

Firstly, a 100 mL solution with an F~ concentration of 10 mg-L~! and a 100 mL solution
with an F~ concentration of 50 mg-L~! were prepared. Secondly, two adsorbent samples
each with a weight of 15 mg were added to the two solutions to obtained two absorbent
doses of 150 mg-L~!. The pH was then adjusted within the range of 3.0-10.0 by 0.1 mol-L~!
hydrochloric acid and 0.1 mol-L~! sodium hydroxide. Finally, all the solutions were placed
into a constant temperature oscillation incubator with a rotation of 120 rpm at 25 °C for
24 h.

Adsorption Kinetics Experiments

NaF was dissolved in distilled water to prepare an F~ stock solution with an F~
concentration of 1000 mg-L~!. The F~ concentrations of 10 mg-L~! and 50 mg-L~! were
prepared by diluting the solution with an F~ concentration of 1000 mg-L~!. The ob-
tained MFC adsorbent was added to the two solutions to maintain the absorbent dose
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of 150 mg-L~!. The pH was then adjusted to 7.0 + 0.2, and the samples were collected at
different time intervals for 24 h.

Adsorption Isotherm Experiment

NaF was dissolved in distilled water to prepare several solutions, with initial F~
concentration of 2 to 40 mg-L~!. The obtained MFC adsorbent was added to each test
solution to maintain the absorbent dose of 150 mg-L~!. The pH was then adjusted to
7.0 £ 0.2. Finally, they were shaken at a rotation of 120 rpm and kept at 25 °C for 24 h.

Anionic Influence Experiments

Anionic solutions with initial CI~ and SO4%~ concentrations of 10-250 mg-L ™!, initial
NO; ™~ concentrations of 5-100 mg-L~!, and initial PO43~ concentrations of 1-50 mg-L ™!
were prepared. NaF was dissolved in each solution to maintain the initial F~ concentra-
tion of 10 mg-L~!. The MFC adsorbents were added to fix the MFC adsorbent dose of
150 mg-L~!. The pH of each sample was then adjusted to 7.0 4= 0.2. They were then placed
in a constant temperature oscillation incubator, shaken at 120 rpm, and kept at 25 °C for
24 h.

2.2.3. Surface Properties Tests

The surface properties of an adsorbent are the decisive factors that affect the adsorption
properties. To further analyze the adsorption mechanism of the prepared adsorbent, the
surface properties of the adsorbent were tested. The XRD method was used for the
crystalline structure of the adsorbents through an X-ray powder diffractometer with a
Cu Ko source under a scanning rate of 4°-min~! in the 20 ranging from 10° to 70° and
operated at 40 kV and 100 mA. An FTIR spectrometer was applied for FTIR analysis of
the adsorbent.

2.2.4. Calculation of Equilibrium Adsorption Capacity

The equilibrium adsorption capacity of the adsorbent is an important indicator that
affects the performance of the adsorbent. It can be expressed as follows. [25]

0, = (Co — Ce) Vo 1)

m
where Q, is the equilibrium adsorption capacity of the adsorbent (mg-g~!); Co and C,
are the initial and final F~ concentrations (mg-L '), respectively; V is the volume of the
solution (L); and m is the mass of the adsorbents (g).

3. Results
3.1. Optimization of the Adsorbent

The obtained results from the experiments for optimizing the metal composition, the
preparation methods, the proper pH, and the calcination temperature of the adsorbent
are shown in Figure 2a—d. In general, under the various initial F~ concentrations from
0-40 mg-L~!, the equilibrium adsorption capacity of the three metal compositions is shown
as an order of Mg-Fe-Ce > Zn-Al-Ce > Zn-Fe-Ce. Meanwhile, the adsorbents with MFC
metal components exhibited significant advantages in equilibrium adsorption capacity
under various initial F~ concentrations compared with the Zn-Fe-Ce adsorbent and Zn-Fe-
Ce adsorbent. Therefore, Mg, Fe, and Ce were selected as the optimal metal components of
the adsorbent.
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(a)
——7Zn-Al-Ce
| —s—Mg-Fe-Ce
) —+—7Zn-Fe-Ce
0 10 20 30 40
Ce(mg-L™1)
(b)
—+— Co-precipitation method
0 10 20 30 40

Ce(mg-L1)

Figure 2. Cont.
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(c)
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——pH: 9.0
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Ce(mg-L™)
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Figure 2. Results of the adsorbent optimization for (a) metal components (pH, 8.5; method, co-precipitation; and calcination
temperature, 600 °C), (b) preparation methods (adsorbent, Mg-Fe-Ce; pH, 7; and temperature, 600 °C), (c) proper pH
(adsorbent, Mg-Fe-Ce; method, co-precipitation; and calcination temperature, 600 °C), and (d) calcination temperature
(adsorbent, Mg-Fe-Ce; pH, 7; and method, co-precipitation).

Compared with the adsorbent prepared by the hydrothermal synthesis method, the
adsorbent prepared by the co-precipitation method had obvious advantages in the equilib-
rium adsorption capacity. The equilibrium adsorption capacity of the adsorbent made by
the co-precipitation method was twice that of the adsorbent made by the hydrothermal
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synthesis method. This might be because the mixed solution for the adsorbent was stirred
completely in the co-precipitation method, unlike in the hydrothermal method. The ad-
sorbent prepared by the co-precipitation method could possess more adsorption sites and
a stronger adsorption capacity. Therefore, the co-precipitation method was chosen as the
adsorbent preparation measure.

The equilibrium adsorption capacity under a pH value of 8.5 was significantly greater
than that with a pH value of 9.0 and 9.5. This might be because there was more hydroxyl
ion in the solution with the higher final pH. The environment with a higher concentration
of hydroxyl ion could promote the complete precipitation process, which was unfavorable
for the existence of various valence states of the same metal ion. However, the existence of
various valence states of the same metal ion was helpful for fluoride adsorption. Therefore,
the low adsorption activity of the adsorbent was exhibited at a pH above 8.5. Finally, the
appropriate pH value for preparing the adsorbent was set to 8.5.

The calcination temperature could destroy the amorphous structure, and thereby
affect the F~ removal effect. From Figure 2d, it was indicated that when the calcination
temperature was 600 °C, the value of the equilibrium adsorption capacity was the highest at
about 40.62 mg-g~!. The results showed that the adsorbent produced at 600 °C had better
adsorption capacity. Therefore, 600 °C was chosen as the optimal calcination temperature.

In addition, the equilibrium adsorption capacity (Qe) of adsorbents with different
composition ratios were compared. It was found that the adsorbent with a Mg:Fe:Ce
composition ratio of 4:1:1 can possess a higher Qe value. For example, three solutions with
Mg:Fe:Ce molar concentrations of 0.4:0.1:0.08, 0.2:0.1:0.10, and 0.8:0.1:0.12 were prepared
and the corresponding adsorbents were synthesized by the co-precipitation method. When
the adsorption experiments were carried out, the adsorbent with a Mg:Fe:Ce composition
ratio of 0.4:0.1:0.10 exhibited a higher Qe value (6.79 mg-g~!) than that of the Mg:Fe:Ce
composition ratios of 0.4:0.1:0.08 (3.43 mg-g~!) and 0.4:0.1:0.12 (2.80 mg-g~!). Therefore,
4:1:1 was chosen as the optimal the composition ratio of Mg:Fe:Ce.

Given that all the optimal parameters (i.e., metal composition, preparation method,
composition ratio, final pH, and calcination temperature) for the preparation of the adsor-
bent were obtained, the MFC adsorbent was prepared. The detailed preparation processes
was as follows. Firstly, 20.3 g MgCl,-6H,0, 6.95 g FeSO4-7H,0, and 10.10 g Ce (SO4),-4H,0O
were dissolved in 250 mL deionized water. Then they were stirred with a magnetic stirrer
until completely dissolved to obtain an initial mixed solution for the absorbent. It took
about 30 min. Then, the NaOH solution with a molar concentration of 6 mol-L~! was used
to adjust the final solution pH of 8.5 and the final pH lasted more than 30 min. After that,
the solution was left for 24 h at room temperature in order to obtain the precipitate com-
pletely. The precipitate was then washed several times with distilled water and centrifuged.
The residue after centrifugation was dried in an oven at a temperature of 65 °C for 24 h
and then ground to MFC adsorbent power. The MFC adsorbent power was calcined at
600 °C in a mulffle furnace for 3 h.

3.2. Effects of Solution pH

For F~ adsorption, pH is considered to be one of the key factors that determines
the adsorption performance of the adsorbent. To investigate the influence of pH on the
adsorption performance of MFC adsorbents, two initial F~ concentrations (10 mg-L~! and
50 mg-L~!) were designed under a pH range of 3-10. As shown in Figure 3, the results
indicated that under various pH values, the equilibrium adsorption capacity of the solution
usually decreased as the pH value increased, and the equilibrium adsorption capacity
under 50 mg-L~! was higher than that under 10 mg-L~!. In addition, for the solution with
an initial F~ concentration of 10 mg-L.~!, the maximum equilibrium adsorption capacity
(65 mg-g 1) could be obtained at pH 4-5.5, which was chosen as the optimal pH. For
the solution with an initial F~ concentration of 50 mg-L~!, the maximum equilibrium
adsorption capacity (152 mg-g~!) was obtained at a pH below 3.0. The optimal pH tended
to be acidic. However, higher adsorption performances also happened under neutral
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Qe(mg-g™)

180

pH conditions. The results were similar to the results of Xu et al. (2001) and Zhou et al.
(2004) [39,42].
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Figure 3. The effect of pH on the adsorption of fluorine by the MFC adsorbent.

From this point, as the pH value increased, the free hydroxide ions increased and could
be combined with the active sites on the absorbent, occupying these sites, and hindering
the combinations between F~ and the active sites, which directly resulted in a decrease in
the F~ absorption amount. Meanwhile, pH value affected the charge on the surface of the
adsorbent. There were two possible situations: (1) As the pH value increased, the positive
charge on the surface of the absorbent became negative, or (2) the positive charge on the
surface of the absorbent increased as the pH value decreased. Both of these weakened the
electrostatic adsorption and cause a decrease in the adsorption capacity. In addition, the
absorbent maintained a high absorption level in the neutral environment. For example,
when the initial F~ concentrations were 10 mg-L~! and 50 mg-L~!, the absorption amounts
were 35 mg-g~! and 90 mg-g !, respectively. This indicated that the novel MFC adsorbent
can be used to remove F~ from high fluoride water.

3.3. Kinetic Study

Figure 4 shows the kinetic curves of F~ adsorption under different initial F~ concen-
trations. The adsorption capacity under different scenarios had the same trend of variation,
and the adsorption rates were fast in the first 240 min. For example, when the initial F~
concentrations were 10 mg-L~! and 50 mg-L~!, the adsorption capacity under the first
240 min accounted for 83% and 95% of the equilibrium adsorption capacity of the solution,
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Qt(mg 'g_l)

respectively. The maximum F~ adsorption capacities were 40 mg-g~! and 75 mg-g~! for
the initial F~ concentrations of 10 mg-L ! and 50 mg-L~!, respectively, and remained
unchanged for 720 min (12 h). This may be because the F~ concentrations were at a higher
level at the beginning of the F~ absorption process, and more active adsorption sites on
the adsorbent worked than other processes. In the first 240 min, the adsorption driving
force was large, and that drove a rapid adsorption process. In addition, part of the F~ was
adsorbed by the adsorbents and the F~ concentrations decreased during the adsorption
process. At the same time, the number of active adsorption sites was reduced due to the
binding of F~. The reduction in the driving force resulted in a reduction in the adsorption
rate for 720 min. Due to the balance of F~ desorption and adsorption, the adsorption rate
remained unchanged, and the adsorption capacity reached the highest value after 720 min.

—&

—&— C,=10mgL!
—8— C,=50 mg-L!

'1 O T T
0 200

T T T T
800 1000 1200 1400 1600

t (min)

T T
400 600

Figure 4. Kinetic curves of fluoride adsorption on the MFC adsorbent.

The pseudo-first-order rate model and pseudo-second-order rate model were applied
to fit the kinetic data. They can be described as follows [17,43].

log(Q. — Qt) = log Q. — k1#/2.303 )
o1 1,
Ql‘ kZQg Qe
where Q. (mg-g~!) and Q; (mg-g~!) denote the F~ adsorption capacities at equilibrium

and at any time (t), respectively; and k; and k, denote the rate constants of the pseudo-
first-order and pseudo-second-order adsorption reaction, respectively. Compared with

®)
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the experimental and theoretical values of Q, and R? of the kinetic curves for the pseudo-
first-order rate model and pseudo-second-order model in different F~ concentrations, the
pseudo-second-order model fit best. The R? value of the pseudo-first-order rate model and
pseudo-second-order rate model were 0.9588 and 0.9989, respectively, for 10mg-L~!, and
0.9482 and 0.9979, respectively, for 50 mg-L~!. The best fit for the pseudo-second-order
model was obtained (as shown in Figure 5), and indicated that the adsorption process
might be chemisorption. The achieved rate constants (k) of kinetic study for 10 mg-L~!
and 50 mg-L~! were 10.3 x 10~*g-(mg-min)~! and 5.5 x 10~* g-(mg-min)~!, respectively.
A larger rate constant means a faster adsorption process. This indicates that the adsorption
process under the lower initial F~ concentration (10 mg-L~!) was faster than that under the
higher initial F~ concentration (50 mg-L~!). The adsorption process of the MFC adsorbent
may be mainly an inner-pore diffusion process.

y =0.0235x + 0.5379
R2=0.9989

y =0.0133x +0.3211
R2 = 0.9979

m C,=10mgL!' ® C;=50mgL"!

400 600 800 1000 1200 1400 1600

t(min)

Figure 5. Kinetic curves for the pseudo-second-order model of fluoride adsorption on the MFC adsorbent.

3.4. Adsorption Isotherm

Langmuir isotherm models were applied to describe the relationship between the
F~ concentration and adsorption capacity at the adsorption equilibrium. There are two
Langmuir isotherm models, a one-site Langmuir model and a two-site Langmuir model.
The one-site Langmuir model is based on the following assumption: Only one type of
adsorption site exists on the surface of the adsorbent. The energy of the adsorption sites is
the same, and there is no interaction among the adsorbed molecules in the solution. It can
be described as follows:

_ Qmaxb Ce

Qe = 14 bC, @

where Q, (mg-g~!) and Qmax (mg-g~!) represent the equilibrium and maximum adsorption
capacity, respectively; C, (mg-L~!) represents the equilibrium concentration in solution;
and b (L-mg~!) represents the Langmuir constant related to the adsorption-desorption
affinity. The two-site Langmuir model is based on the following assumption: There are
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two types of adsorption sites, one with higher affinity and other with lower affinity. It can
be described as the following Equation (5):

Qi Ce | QobrCe

Qe = 1+b6C 1+ bC,

©)

where Q, (mg-g~!), Q1 (mg-g~ 1), and Q, (mg-g~!) represent the equilibrium adsorption
capacity, maximum adsorption capacity at higher affinity sites, and maximum adsorption
capacity at lower affinity sites, respectively; C, (mg-L~!) represents the equilibrium con-
centration in solution; and by (L-mg~!) and b; (L-mg~!) represent the Langmuir constant
related to the higher affinity and lower affinity sites, respectively.

The sorption isotherm of F~ on the Mg-Fe-Ce adsorbent with temperature (T) = 25 °C
and pH = 7.0 £ 0.2 is shown in Figure 6. The corresponding parameters of the one-site and
two-site Langmuir isotherm models are listed in Table 2, where Q1 and Q2 can be obtained
from the calculation of the soft origin of 9.1. It was found that the experimental data were
fitted not only by the one-site Langmuir isotherm model but also by the two-site Langmuir
isotherm model. The correlation coefficient (R?) of both models was greater than 0.94.
However, the two-site Langmuir isotherm model gave a more satisfactory fitting result
(R? = 0.96) than the one-site Langmuir isotherm model (R? = 0.94). The results showed
that there may be two adsorption sites with different affinities on the surface of the MFC
adsorbent. Although higher affinity sites are more likely to be occupied by F~ than lower
affinity sites (b1 /by = 52), a lower Q1 /Qmax value (30.9%) was obtained from Table 2. It was
found that the adsorption capacity of lower energy sites was higher than the adsorption
capacity of higher energy sites. This indicated that the active sites may be mainly sites
with lower energy sites, and fewer sites with higher energy [44]. In the beginning of the
adsorption, F~ was adsorbed in higher affinity sites, and the adsorption rate was fast,
lasting for several minutes with little absorption (as shown in Figure 4). In addition, the
experimental data showed that when the equilibrium concentration was 27 mg-L~!, the
adsorption capacity of F~ was 80 mg-g~!. Moreover, the theoretical maximum adsorption
capacity (Qmax) was calculated as 85 mg-g~! and 204 mg-g~! by one-site and two-site
Langmuir models, respectively. Compared with the F~ sorption capacities of various
sorbents in Table 3, the materials in this study were highly competitive compared to
other products.

g4 ) -
— =
— 60 e
T -
o0
b0
% 40 - - m  experimental data
o y two-site langmuir fit
- one-site langmuir fit
204
0 T T T T T T T T T T T T
0 5 10 15 20 25 30

Ce (mg-L1)

Figure 6. Fluoride adsorption isotherm at pH = 7.0 £ 0.2.
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Table 2. Comparison of one-site and two-site Langmuir isotherm parameters of fluoride adsorbed from the Mg-Fe-
Ce absorbent.

One-Site Langmuir Two-Site Langmuir
Qmax b 2 Q1 Q2 Qmax = Q1 by by 2
1 -1 R -1 -1 +Q -1 -1 R
(mg-g~)  (Lmg™ ") (mgg™)  (Mgg™) (o1 Lmg™)  (Lmg™)
88 )
85 0.29 0.94 63 141 204 0.52 0.01 0.96

Table 3. Comparison of fluoride adsorption capacity of the MFC adsorbent with other adsorbents.

Adsorbents pH Q. (mg-g1) References
Fe-Al-Ce composite 7.0 178 [29]
La3*-exchanged zeolite F-9 7.2 54.28 [44]
Al**-exchanged zeolite F-9 5.2-5.3 39.52 [44]
Mg-Fe-Ce composite 7.0 204 Present study

3.5. Effects of Coexisting Anions

The presence of anions may be competitive for the absorption of F~. Sulfate (SO427),
nitrate (NO3 ™), chloride (C1~), and phosphate (PO43~) are the common anions in ground-
water composition. The effects of coexisting anions such as S042~,NO;3~, Cl~, and PO43~
were thereby examined. The results are given in Figure 7. It shows that even at a concen-
tration of 100 mg-L~!, nitrate ions do not significantly interfere with the removal of F~.
S04~ and Cl~ exhibited a similar trend. The equilibrium adsorption capacity showed a
small variety when the concentrations of SO42~ and Cl~ were at a range of 5-250 mg-L 1.
On the contrary, a significant variety in the equilibrium adsorption capacity of F~ was
exhibited when the concentrations of PO43~ were in the range of 0-100. S042~,NO;~, and
Cl~ usually had a weak influence on F~ adsorption and the influence of coexisting anion
effects on F~ was arranged in the descending order of PO43~ >S5042~ >Cl~ >NO; . The
results were similar to Liu’s study [45]. Additionally, PO43~ showed strong competitive
adsorption with F~. When the PO,>~ concentration increased from 1 mg-L~! to 10 mg-L~1,
the equilibrium adsorption capacity decreased by about 50%, which indicated that PO~
had a strong inhibitory effect on the adsorption of F~. These results were also obtained in
previous studies [46,47]. Therefore, more attention should be paid to the PO,3~ concentra-
tion in the practical engineering application of the novel Mg-Fe-Ce adsorbent and measures
should be taken for PO,43~ removal. Fortunately, PO4%~ concentrations in groundwater are
normally low, and the effect on the F~ sorption is limited [45]. Taking all the above factors
into consideration, the adsorbent prepared in this study was engineering-favorable.

50

50
45 . o
45 e
40 + 40 4
T T
[=19] °0
50 354 &0 35 —— po4%
é é —e— NO;
& —=— CI & 304
30 —e— SO
25 4
25 20 4
20 15 T T T T T T T T T T
T T T T T 0 10 20 30 40 50 60 70 80 90 100 110
0 50 100 150 200 250

. . . Coexisted anions concentration (mg-L™)
Coexisted anions concentration (mg-L™)

Figure 7. Effects on fluoride adsorption of coexisting anions (Qe: the equilibrium adsorption capacity of fluoride).
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3.6. Surface Properties and Adsorption Mechanism Analysis
3.6.1. XRD Analysis

Figure 8 shows the XRD patterns of the MFC adsorbent for its crystal structure. It
was found that there existed no crystal diffraction peaks of MFC adsorbents, and the
MFC adsorbents had an amorphous structure. According to crystal chemistry, when the
structure of the adsorbents was in the transition from amorphous to crystal form, more
surface free energy and a thermodynamically unstable state is acquired. Oxides with
surface hydroxyl groups had higher activity. Moreover, the sorption capacity was related to
the amorphous structure of the adsorbents, and the destruction of the amorphous structure
of the adsorbents resulted in a decrease in the adsorption capacity for F~. Moreover, there
was a large and wide peak packet from 20° to 40° at two theta angles. This can be attributed
to the short-range order characterization of amorphous metal oxide.

24

22 +

20 +

Intensity

10 20 30 40 50 60 70 80
2Theta

Figure 8. XRD patterns of the MFC adsorbents.

3.6.2. FTIR Spectroscopy

Figure 9 shows the FTIR spectra of MFC adsorbent samples before and after fluoride
adsorption. The sample before fluoride adsorption was prepared from a solution with a
final pH of 8.5 and synthesized by the co-precipitation method. The sample after fluoride
adsorption was obtained after adsorption in the solution with a fluoride concentration
of 400 mg-L~! and the pH was 7.0. The MFC adsorbent was a composite metal oxide
adsorbent with hydroxyl groups on the surface. The stretching vibration of hydroxyl
groups on the metal surface usually occurred below 1200 cm~!, and there was no bending
vibration mode near 1600 cm~!. It was found that some peaks appeared between 1200
and 0 cm ™! in Figure 9. They were characterized as a stretching vibration of hydroxyl
groups on the metal surface. There existed a broad band at 3400 cm ™! in the spectrum of
the Mg-Fe-Ce adsorbent. This can be attributed to the stretching vibration of adsorbed
water. It indicated that the stretching vibration peak intensity of the hydroxyl groups on
the adsorbent surface were significantly reduced at 1125 cm~!, and an exchange reaction
might have occurred between OH-and F~. This can be explained by the similar dimensions
exhibited by OH™ and F~. In addition, there were new peaks (marked with the orange line)
in the spectrum of the MFC adsorbent after fluoride adsorption. This might be explained
by the formed Mg-F, Fe-F, and Ce-F bonds. Given that the surface hydroxyl groups played
a vital role in F~ removal, the possible adsorption mechanism can be described as follows.

= MOH(s) + H == MOH, (6)

= MOH, (s) + F~ (aq) == MOF(s) + HO )
= MOH(s) + F~ (ag) == MF(s) + OH™ 8)
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where = M is the MFC tri-metal hydroxide.

after adsorption

before adsorption

Relative transmissivity

4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm)™?
Figure 9. FTIR spectra of the MFC adsorbent.

3.7. Adsorption Mechanisms

The adsorption mechanism of fluoride adsorption could be obtained based on the
adsorption experiments, XRD and FIIR analysis, and previous studies [25,44]. Generally,
two mechanisms (i.e., electrostatic interaction and ion-exchange) can explain the fluoride
adsorption of the MFC adsorbent. When the solution was in acid condition, the electrostatic
interaction mainly dominated the sorption. That was because when the solution was in a
lower pH, there was more H* in the solution, which led to the protonated surface of the
MFC. Meanwhile, the OH™ turned into OH,*, which was helpful for the adsorption of F~.
However, when the solution was in an alkaline condition, the ion-exchange interaction
mainly dominated the sorption. That was because when the solution was in a higher pH,
there was more OH™ in the solution, which possessed similar dimensions as F~. OH™ can
play an important role in not only ion-exchange interaction with F~ but also competing
with F~ for active sites, which leads to a decrease of defluoridation capacity.

4. Conclusions

In this study, in order to search for an effective, safe, and environmentally friendly
measure for practical engineering, a novel MFC tri-metal oxide adsorbent was developed
for F~ adsorption. Through the optimization of the adsorbent, preparation of the adsorbent,
and experiments for the adsorbent characterization, the characterization and F~ adsorption
mechanism of the adsorbent were tested and analyzed. The optimum pH range for F~
removal was 4-5.5, and the adsorbent was also effective at pH 7.0 with a maximum
adsorption capacity of 204 mg-g~!, which was highly competitive compared to other
reported adsorbents. The adsorption isotherm fit better with the two-site Langmuir model
than the one-site model. The presences of SO42~,NO;~, and Cl~ had almost no effects on
F~ adsorption of the adsorbent. It was suitable for practical applications in groundwater
with high F~ adsorption with F~.

The adsorption of F~ mainly occurs through ion exchange. MFC adsorbents have
amorphous structures, and an exchange reaction between OH™ and F~ exists for enhancing
the treatment capacity. The MFC tri-metal oxide adsorbent shows attractive application
prospects in F~ removal and can contribute to sustainable drinking water development.
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