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Abstract—Batch experiments were conducted to study the adsorption performance of fluorine removal by the cal-
cium alginate (SA) embedded by the composite Mg-Al-Ce oxides (SA-CMAC). The physical and chemical properties
of the SA-CMAC were characterized by XRD, SEM and XPS analysis. The optimum conditions for fluoride removal
were determined and the maximum adsorption capacity was 26.12mg g '. The co-existing PO; and COj anions in
solution had more effect than the SO}~ and NO; on the fluoride removal efficiency. The adsorption process of fluorine
by SA-CMAC was attributed to ion exchange on the surface of the SA-CMAC. The experimental data fitted both the
isotherms and Freundlich well, and the Freundlich model had a little higher correlation coefficient. As the rate deter-
mining step, the adsorption process could be best described by the pseudo-second order kinetic model followed by the
intra-particle diffusion. The thermodynamic examination demonstrated that the fluoride adsorption on the SA-CMAC
beads was reasonably spontaneous and exothermic. The reclaimed adsorbents still could adsorb 65% of the total fluo-
ride in the solution after three cyclic processes using 0.01 mol/L NaOH.
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INTRODUCTION

Fluorine is one of the essential trace elements for human health,
and a small quantity of fluoride can be beneficial to the growth of
teeth and bones. However, higher concentration may cause a vari-
ety of diseases, such as dental fluorosis, skeletal fluorosis, crippling
skeletal fluorosis, osteoporosis, brain damage, neurological disor-
der and so on [1]. The fluorine in water mainly comes from indus-
trial production. Fluorine-containing industrial wastes are primarily
derived from the glass and ceramic industries, semiconductor man-
ufacturing, electroplating, iron work and other production pro-
cesses [2]. The concentrations of fluorine in different industrial
wastewater range from several hundreds to several thousands mol/
L. Consequently; fluorine-containing wastewater may bring serious
environmental and human health problems if it cannot be effec-
tively treated.

Current methods for treatment mainly include precipitation [3],
coagulation [4], electrolysis [5], induced crystallization [6,7], hyper-
filtration [8], membrane method [9] and adsorption. Specifically,
the adsorption technology was widely adopted for its low costs,
ease of treatment and environmental friendliness. The key for the
adsorption process is the determination of adsorbents. Presently,
the adsorbents for fluoride removal include activated aluminium
oxide, bone coal, composite metal oxides and hydrotalcites [10,11].
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Composite metal oxides (hydroxide) have been used as the func-
tion materials to remove fluoride in wastewater and better results
were achieved. The composites containing Fe-Ca-Zr metal oxides
were prepared by the co-precipitation method by Dhillon [12],
and the maximum adsorbing capacity reached 250 mg/g when the
initial pH was 7.0. The adsorbing capacity was 33 mg/g under the
optimum conditions when Zn-Cr-LDH [13] adsorbents were em-
ployed. The maximum adsorbing capacities of Ce-Fe [14] and La-
Zr [15] composites were 60.97 mg/g and 88.5 mg/g, respectively.
The hydrous zirconium oxide [16], CeO,/ALO; [17], Co-Al [18],
Ti-Al [19], Fe-Zr [20] and Mg-Al-Ce [21] composites also pre-
sented excellent fluoride affinities. However, such adsorbents are
farinose and are difficult to be separated after adsorption owing to
small particle sizes, which limit the application of the adsorbents
for real projects. To overcome these defects, such function materi-
als can be loaded or embedded on the surface of a carrier, such as
calcium alginate, to prepare the granular adsorbents. Currently, the
calcium alginate loaded or embedded metal oxides have been suc-
cessfully applied in the treatment of wastewater containing heavy
metals [22] and nitrate [23], but very few studies [24] were found
for its application in the treatment of fluorine-containing wastewater.
In this study; the composite Mg-Al-Ce oxides were loaded onto
the surface of the calcium alginate to prepare the composite func-
tion materials. The adsorption performance of fluorine by the pre-
pared composite function materials was studied. Batch experiments
were performed to study the adsorption kinetics and adsorption
isotherm. The adsorption mechanism and the effects of pH and the
co-existing ions on the adsorption process were presented.
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MATERIALS AND METHODS

1. Materials

All chemicals, including hydrochloric acid, sodium hydroxide,
calcium chloride, cerium chloride magnesium chloride, aluminum
chloride and sodium alginate, were of analytical grade and used as
received. 2.21 g of sodium fluoride was weighted and dissolved in
1L of distilled water as the stock solution. Solutions with varying
fluoride concentrations used in the experiments were prepared by
diluting the stock solution.

2. Preparation of Adsorbents

Magnesium chloride, aluminum chloride and cerium chloride
were weighed according to the mass ratio of Mg: Al: Ce=20:1:4.
The mixture was then dissolved into 300 mL of distilled water. A
certain amount of sodium hydroxide and sodium carbonate was
also dissolved into the solution. The prepared solutions were added
into a triangular flask with 400 mL of distilled water at 3 mL/min.
The pH was determined at 9-10 and the temperature was at 60 °C.
When the addition process was over, the miscible liquids stood for
12 h. The mixture was filtered, rinsed with distilled water and dried
at 80 °C. The precipitates were collected and roasted at 500 °C in a
muffle furnace for five hours. After then, the roasted composite
Mg-Al-Ce oxides (CMAC) were obtained.

Sodium alginate and the CMAC were weighed according to the
ratio of 1:4, and the mixture was dissolved into 100 mL of distilled
water; a homogeneous sol solution was obtained by magnetic stir-
ring. 15 g of calcium chloride was dissolved in 500 mL of distilled
water to prepare 3% calcium chloride solution. Then, the sol solu-
tion was added into the 3% calcium chloride solution to form par-
ticles and left standing for 24 h. Afterwards, the precipitates were
watered and dried for 24h in the drying cabinet at 60°C. The
obtained products were recorded as the SA-CMAC.

3. Instrument Analysis

The X-ray diffraction pattern was recorded using X-ray diffrac-
tometer (Bruker D8 Discover) with CuKa radiation (40 kv, 40 mA).
The SEM-EDS analysis was completed using a scanning electron
microscope (FEI Quanta-200). The X-ray photoelectron spectroscopy
(XPS) spectra were obtained with an analyzer (ESCALab250Xi)
with an Al KR X-ray source (power: 200 W). The spectra were
collected at a fixed retarding ratio mode with band-pass energy of

20 eV. The Fourier transform infrared (FT-IR) spectra were ob-
tained on a Nicolet 5700 infrared spectrometer (Nicolet IS10, USA)
with a KBr pellet in the range of 4,000-400 cm". The concentra-
tion of fluoride ions in the solution was determined using fluo-
rine ion selective electrode.
4. Experimental Procedure
4-1. Effect of Initial pH

The initial pH of the solution was regulated at 2, 4, 6, 8, 10, 12
and 13, respectively. The dosage of the SA-CMAC was 5 g and the
initial concentration of fluorine was 40 mg/L. The mixture was
shaken in the constant temperature bath oscillator for 24 h at the
rotating speed of 150 rpm min~". The concentration of fluorine
supernatant was determined after filtration using 0.22 um filter
membrane.
4-2. Adsorption Isotherm

The initial pH of the solution was determined at 6.0. The dos-
age of the SA-CMAC was 5 g and the initial concentration of fluo-
rine was 10-200 mg L', The mixture was shaken in the constant
temperature bath oscillator for 24 h at 303K, 313K, 308 K and
318 K. The concentration of the fluorine supernatant was deter-
mined after filtration using 0.22 pm filter membrane.
4-3. Adsorption Kinetics

The initial pH of the solution was determined at 6.0. The dos-
age of the SA-CMAC was 5 g and the initial concentration of fluo-
rine was 60 mg L. The mixture was shaken in the constant tem-
perature bath oscillator for 24 h at different temperatures of 298 K,
303 K and 308 K. The concentration of fluorine supernatant was
determined after filtration using 0.22 um filter membrane.
4-4. Effect of Co-existing Ion

The initial pH of the solution was determined at 6.0. The dos-
age of the SA-CMAC was 5 g and the initial concentration of fluo-
rine was 40 mg L. The initial co-existing CO;, NOj, PO;~ and
CI' were 0.01, 0.03, 0.05, 0.07 and 0.1 mol L™, respectively. The
mixture was shaken in the constant temperature bath oscillator for
24 at 303 K. The concentration of fluorine supernatant was deter-
mined after filtration using 0.22 um filter membrane.
4-5. Regeneration of the Adsorbents

The initial pH of the solution was also determined at 6.0. The
dosage of the SA-CMAC was 5g and the initial concentration of
fluorine was 40 mg/L. The mixture was shaken in the constant tem-

Fig. 1. SEM images of (a) SA-CMAC and (b) SA-CMAC after adsorption.
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perature bath oscillator for 24 h at 303 K. When the adsorption
process was over, the filtered adsorbents were mixed with NaOH
with the concentration of 0.01 mol/L. The concentration of fluo-
rine in the solution after adsorption and desorbed solution was
determined. The regeneration of the adsorbents was valued by the
triple adsorption-desorption systems.

RESULTS AND DISCUSSION

1. Characterization of the Adsorbents

Fig. 1 presents the SEM analysis of the adsorbents before and
after adsorption. The surface of the virgin adsorbent was smooth
with large porosity. After adsorption, the porosity of the adsorbent
decreased apparently and the surface became rough.

The FT-IR analysis was performed to characterize the adsorbent
before and after adsorption and the results are presented in Fig. 2.
The stretching vibration absorption peak at 3,427 cm™ was attri-
buted to the O-H bond [25,26]. The peak at 1,627 cm™" was the
stretching vibration of the water molecules adsorbed on the sur-
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Fig. 2. The FT-IR analysis of SA-CMAC before and after adsorption.
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Fig. 3. XPS spectra of SA-CMAC before and after adsorption.
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face of the adsorbents, and the peak at 1,627 cm ™ resulted from
the carbonate ion [27]. The peaks below 500 cm™" were attributed
to the vibration of the bond of Me-O (Me: Mg, Al, Ce). According
to the FT-TR analysis, the stretching vibration absorption peaks
were broadened at different levels, which showed that both -OH
and CO; ™ were involved in the adsorption process.

Fig. 3 shows the XPS spectrum analysis of the SA-CMAC after
adsorption. The main vibration peaks of the SA-CMAC included
the Mgls, Ce3d, Ols, Cls and Al2p, and the Fls was found at
684.36 eV, confirming that the fluorine was adsorbed by the SA-
CMAC. Combined with the FT-IR analysis, the adsorption of flu-
orine by the SA-CMAC was attributed to the ion exchange on the
surface.

2. Effect of pH on the Adsorption of Fluorine by SA-CMAC

The effect of different initial solution pH values on the adsorp-
tion of fluorine by SA-CMAC was determined, and the result is
presented in Fig. 4. When the initial pH was 2, the adsorbing capac-
ity was 521 mg g ' and decreased to 2.21 mg g ' at the pH of 13.
When the pH was between 3 and 10, the adsorption capacity was
almost unchanged, suggesting that the adsorption of fluorine by
the SA-CMAC had a wide range of pH. The competition of the
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Fig. 4. Effect of pH on the adsorption of fluoride by SA-CMAC.
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Fig. 5. Adsorption isotherms of fluoride by SA-CMAC.
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Table 1. The parameters of adsorption isotherm of fluoride by SA-

Table 2. The thermodynamic adsorption parameters of fluoride by

CMAC SA-CMAC
) Temperature (K) Temperature AG’ AF AS°
Isotherm equation 303 308 3B s () (kJ mol ™) (kJ mol ™) K 'mol ™)
Langmuir isotherm 303 —-1.322
308 -1313

K, (L/g) 0.0004457 0.0009352 0.0010254 0.0020822 313 —1.262
R 08825 09166 09422 09779 318 —1.187
Freundlich isotherm
K; (mg/g) 1.344 2214 1.725 1.838 AS AH
n 1586 2126 2040 2369 InKp=2"~¢7 ®)
R 09891 09938 09935 09810

active sites in most solid-liquid adsorption process was imple-
mented by the hydroxyl. Thus the fluorine was removed by the
ion exchanges, and the exchanged hydroxyl and carbonate ions
kept the solution with a wide range of pH.
3. Adsorption Isotherm

The adsorption isotherms of fluoride by SA-CMAC at different
temperatures are presented in Fig. 5. The Langmuir [28,29] and
Freundlich [30,31] adsorption isothermal equations were adopted
to analyze the experimental data and the formulas were as fol-
lows. The relative analysis results are presented in Table 1.

C, 1 1

— C
Qe KLQmax+Qmax ¢ (1)

IgC.
15Q~ 1K+ @

where K; (L mg ") and Q,,,. (mg g ") are the adsorption isotherm
constant of Langmuir and the maximum adsorption capacity, respec-
tively, and ky and n are the adsorption isotherm constants of Fre-
undlich, which are associated with the adsorption strength.

According to the adsorption equilibrium data presented in Table
1, the correlation coefficients from the Freundlich isotherm were
higher than those from the Langmuir isotherm, suggesting that
the adsorption data fitted the Freundlich isotherm better, and the
adsorption on the SA-CMAC was multi-molecular layer adsorp-
tion. This indicated that the embedding of CMAC into the poly-
mer SA resulted an inhomogeneous surface. The inhomogeneous
distribution led to the inhomogeneous distribution of the active
sites. All these results fitted well with the assumptions of the the-
ory of the Freundlich adsorption isotherm. Besides, the value of n
was higher than 1, indicating that the adsorption of fluoride by
SA-CMAC was preferential.

The thermodynamic adsorption parameters of fluoride adsorbed
by SA-CMAG, such as the Gibbs free energy AG’ (k] mol ™), the en-
tropy change AH’ (k] mol™) and the enthalpy change AS’ (J kK 'mol "),
were determined according to formulas (3), (4) and (5) [32] and
the results are presented in Table 2.

Kp= 3

q.
C.

AG=-RTInK, )

The obtained Gibbs free energies (AG”) of the adsorption reac-
tion between 303-318 K were negative values, suggesting that the
adsorption of fluoride by SA-CMAC was a spontaneous process.
The negative AH’ showed that the reactions were exothermic. The
elevated temperature was not conducive to the adsorption reac-
tion and the negative AS’ was an entropy decrease process.

4. Adsorption Kinetics

The adsorption rate of the adsorbate by the adsorbent deter-
mines the adsorption equilibrium time and can reflect the combin-
ing capacity and the removal efficiency, which can provide a basis
for the design of the dynamic continuous flow system and its opti-
mization design. The adsorption kinetics of fluoride by the SA-
CMAC at different temperatures are presented in Fig. 6. The pseudo-
first-order kinetics [33,34], pseudo-second order kinetics [35] and
the intraparticle diffusion model [36,37] were adopted to analyze
the experimental data and the linear equations were as follows:

lg(Qe_Qr):nge_klt (6)
t 1 t

at = H + Q_e (7-1)
h=l,Q; (7-2)
Q=kyt"’+C ®)

where Q, (mg/g) and Q, (mg/g) are the adsorption capacity at the
equilibrium time and t (h), respectively, k; (h™), k, (g mg"-h™") and

10r s 8 @
L -t [l L]
8 F -.
i ﬁ-‘,,
c S
o 6 -
& -
Sl ¥ » 208K
- e 303K
sl g 4 308K
[ ]

0 i i 1 i i L i 1 i

-10 0 10 20 30 40 50 60 70 80 90 100
t'h

Fig. 6. Adsorption kinetics of fluoride by SA-CMAC.
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Table 3. The adsorption isothermal parameters of fluoride by SA-
CMAC

Temperature (K)

Kinetic equation

298 303 308
Pseudo-first-order

Q. (mgg™) 10.07 9.98 9.93
Qe (mg g™") 7.814 7.180 7.584
k (h™ 0.02290 0.01670 0.01570
R? 0.9096 0.9591 0.9810
Pseudo-second order

Qe (mg g™") 10.24 10.11 10.09
k, (mgg ' h™) 0.01983 0.01641 0.01404
h(mgg'h™ 0.003356  0.003300  0.003247
R? 0.9940 0.9924 0.9893
Intraparticle diffusion

k, (mg g h™) 0.8997 0.9553 0.9640
C 2.817 2.126 1.819
R? 0.9247 0.9263 0.9593

k;, (mg g ' h™*°) are the reaction rate constants of the pseudo-first-
order kinetics, pseudo-second order kinetics and the intra-particle
diffusion model, respectively, and h is the initial adsorption speed
constant. The fitting results are presented in Table 3.

According to Table 3, the fitting coefficients (R”) of the pseudo-
second-order kinetics at different temperatures were higher than
those of the pseudo-first-order kinetics, and the calculated theoret-
ical values of Q,,,,, were also more approximate to the experimen-
tal values. The results showe that the adsorption process of fluoride
by the SA-CMAC complied with the pseudo-second-order reac-
tion mechanism and the chemical adsorption was the limiting step
of the adsorption reaction. Therefore, the removal process of fluo-
ride by the SA-CMAC was controlled by the chemical reaction.
The initial adsorption speed decreased with the increase of tem-
perature, which showed that the elevated temperature went against
the adsorption of fluoride by the SA-CMAC. Although the adsorp-
tion capacity of the triple-metal oxide might be reduced by calcium
alginate hybridization and the equilibrium time might be prolonged,
the millimeter-sized SA-CMAC was easy to separate, which is
beneficial for the subsequent treatment process in practical appli-
cations.

5. Effect of Co-existing Ions on the Adsorption

Coexistent PO.", COZ, SO and NO; in the industrial waste-
water [38] could affect the removal of F~ by the SA-CMAC. The
effects of different concentrations of PO}, CO2", SO2” and NO;
on the adsorption of fluoride by the SA-CMAC were investigated
and the results are presented in Fig. 7. PO; and CO; had more
significant effects on the adsorption process than the SO;  and
NO;. The fluoride removal efficiency decreased greatly with the
increase of the concentration of PO;~ and CO?". When the con-
centration increased to 0.1 mol /L, the adsorption rates of fluoride
were only 0.38 mg g ' and 3.66 mg/g, respectively. Accordingly, the
adsorption removal efficiency decreased to 4.7% and 45.49%. The
decrease of adsorption removal efficiency mainly could be attributed

August, 2018
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Fig. 7. Effect of co-existing anions on the adsorption of fluoride by
the SA-CMAC.
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to the competition of the adsorptive sites by PO; and CO3 .
6. Regeneration of the Adsorbents

A concentrated solution containing fluoride can be obtained by
the desorption process, which contributed to the recovery of fluo-
ride and reuse of the adsorbents. Sodium hydroxide with a concen-
tration of 0.01 mol L' was used as the desorption agent, and the
result is presented in Fig. 8. The adsorption capacity decreased slightly
with the recycle times. In the third cycle, the reclaimed adsor-
bents still could adsorb 65% of the total fluoride in the solution.
The recycling of the SA-CMAC could reduce the operation costs
and remove the fluoride in wastewater.

CONCLUSION

The adsorption performance of fluoride by the SA-CMAC was
studied. Based on the results obtained, the following conclusions
can be drawn:

(1) The prepared SA-CMAC particles had a better pH adaptation.

(2) The adsorption kinetics study showed that the adsorption
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process fitted the pseudo-second-order kinetics model; the adsorp-
tion isotherms had a better adaptation to both Langmuir and Fre-
undlich models. The calculated thermodynamic parameters sug-
gested that the adsorption was a spontaneous, exothermic and
entropy-reductive process.

(3) The effect order of the coexisting ions on the adsorption re-
moval of fluoride was as follows: PO} >CO? >SO; >NO;.

(4) SA-CMAC had a good recycling performance, and after
three rounds of adsorption-desorption cycle, the SA-CMAC could
still adsorb 65% of the fluoride in wastewater.
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