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ABSTRACT

Fluoride pollution in groundwater is mainly from natural factors, which will harm those who use
groundwater as drinking water. Herein, an iron-lanthanum watermelon rind biochar composite
was prepared by a coprecipitation method and used to remove fluoride from the aqueous solution
by a static adsorption method. The effects of adsorbent composition, aging time, calcination tem-
perature, pH, adsorption time, adsorbent dosage, adsorption temperature, initial concentration
of fluoride, and coexisting anions on the removal of fluoride were evaluated. When the amount of
adsorbent was 0.05 g/50 mL, the removal efficiency of the fluoride with an initial concentration of
10 mg/L reached 98.29%. The best conditions for the static adsorption process of 10 mg/L fluoride
were: pH was in the range 2-9, the amount of adsorbent was 0.05 g/50 mL, and the reaction time
was 5 h. Scanning electron microscopy-energy-dispersive X-ray spectroscopy, Fourier-transform
infrared spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and Brunauer—-Emmett—
Teller of the adsorbent were tested. Experimental results showed that electrostatic attraction, metal
complexation, and ion exchange were the main adsorption mechanisms. The calculated value of k,
varies from 0.2943 to 0.0071 g/mg-min with the decrease of the fluoride concentration. The kinetics
and isotherm showed that chemical adsorption was the main control step in the fluoride adsorp-
tion of Fe-La-WBC-300. The value of the Freundlich constant (1) in the range 0-1 showed that
Fe-La-WBC-300 had the best performance for fluoride removal. The fluoride adsorption process
consisted of single-layer adsorption and multilayer adsorption. Thermodynamic studies showed
that the adsorption of fluoride was a process of spontaneous endothermic reaction. Fe-La-WBC-300
showed a good application prospect to remove fluoride in groundwater.
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1. Introduction

As an evaluation of drinking water quality, fluoride plays
a very important role in human health. A proper amount
of fluoride is beneficial to human bone development and
dental health, but excessive fluoride can cause harm to

* Corresponding author.

human health, such as endocrine gland disease, cardiovas-
cular disease, gastrointestinal irritation, neurological dis-
ease, cancer, osteoporosis, etc. It is reported that the fluoride
concentration in drinking water is beneficial to the human
body when the concentration of fluoride is in the range of
0.5-1.5 mg/L [1-4]. Fluorine pollution will also cause harm
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to air, water ecology, and soil ecological environment, thus
the growth of animals, plants, and crops is destroyed [5-9].
In some rural areas of developing countries, groundwater is
the main source of drinking water. Due to the widespread
presence of fluoride in nature, the fluoride content in some
groundwater exceeds the drinking water standard limit
[10,11]. In addition, the excessive fluorine-containing indus-
trial wastewater discharged from the factory contributes also
another reason for fluoride pollution of groundwater [12].
Therefore, more and more researchers focus on solving the
problem of fluoride pollution.

Currently, the methods to remove fluoride pollution in
water bodies mainly include: adsorption [13], precipitation
[14], ion-exchange [15], reverse osmosis [16], nanofiltra-
tion [17], and electrodialysis [18]. Among these technolo-
gies, adsorption is a method that usually uses natural or
synthetic solid adsorbents to remove fluoride in polluted
water. Owing to the advantages of high economic value,
high removal efficiency, simple operation, strong pertinence,
etc. the adsorption methods are favored by researchers [19].
Biomass charcoal made from agricultural or food waste
or other by-products was extensively used to adsorb and
remove fluoride in water because of the large surface area,
high availability of materials, and good economic benefits
[20]. For example, Wan et al. [21] reported a simple one-step
pyrolysis process to obtain a mixed adsorbent MgO-BC by
impregnating magnesium oxide into biochar. Mei et al. [22]
prepared zirconium dioxide-biochar (ZrO,/BC) via one-
step calcination of zirconium-impregnated Camellia oleif-
era seed shells. Both MgO-BC and ZrO,/BC showed high
defluorinating efficiency. Meilani et al. [23] prepared the
aluminum-impregnated biochar extracted from food waste
(Al-FWB), which showed a maximum adsorption capacity
of 123.4 mg/g. In addition to the above materials, rare earth
metal oxides are also used in the removal of fluoride ions and
other anions because of their high adsorption capacity [24].

At present, the biomass charcoal materials reported to
adsorb and remove fluoride include banana peels [25], pea-
nut shells [26], rice husks [27], corn cob [22], tea leaves [28],
etc. Among them, watermelon rind is rich in carbohydrates,
phenolic compounds, and fatty acids. The carbohydrate
contained is mainly composed of cellulose, hemicellulose,
and pectin. Therefore, watermelon rind is very suitable for
the preparation of biochar [29-31]. However, the fluoride
adsorption of the biochar is greatly affected by the pH of
the solution if used alone. Sadhu et al. [32] used watermelon
rind biochar to remove fluoride, which showed a maximum

Table 1

adsorption capacity of 9.5 mg/g at pH = 1. Because the actual
groundwater is generally close to a neutral environment, it
is necessary to develop a new absorbent which shows good
adsorption in the neutral environment. It has been reported
that lanthanum hydroxide and iron oxide have good adsorp-
tion properties for fluoride. Wang et al. [33] prepared lan-
thanum-modified pomelo peel biochar, which showed a
maximum adsorption capacity of 19.86 mg/g. Dewage et al.
[34] prepared biochar composite with high surface area by
dispersing a-Fe,O, and Fe,O, on Douglas Fir, which could
quickly remove nitrate and fluoride ions from water and eas-
ily be separated by using magnetic technology. Therefore,
Fe-La-loaded watermelon rind biochar may become a new
adsorbent to remove fluoride. As far as we know, there
are no reports on the removal of fluoride by Fe-La-loaded
watermelon rind biochar in the literature.

In this present work, watermelon rind biochar loaded
with iron and lanthanum was prepared by a coprecipitation
method. The ability to remove fluoride from the aqueous
solution was evaluated by a static adsorption method. The
effects of different experimental conditions on the adsorp-
tion effect of fluoride were explored, and the adsorption
mechanism was analyzed.

2. Materials and methods
2.1. Chemicals and reagents

All chemicals, including sodium fluoride, sodium
citrate dihydrate, sodium nitrate, hydrochloric acid, sodium
hydroxide, iron trichloride, and lanthanum nitrate hexahy-
drate were of analytical grade with no further purification.
A 100 mg/L fluoride standard solution was prepared by dis-
solving 0.2210 g sodium fluoride in 1.0 L deionized water,
and other concentrations of fluoride were obtained by dilut-
ing the original solution. The total ionic strength was adjusted
by buffer solution prepared according to the method in GB
7484-87. The pH of the fluoride solution was adjusted by
using 0.1 M HCl and 0.1 M NaOH solutions and measured
by a pH meter. The manufacturing company and purity
of the experimental chemical reagents are shown in Table 1.

2.2. Preparation of the biosorbent

The watermelon rind was collected on the campus. First,
the watermelon flesh part was removed and washed three
times with deionized water and then dried in an oven at

Manufacturing company and purity of the experimental chemical reagents

Chemical reagent Purity Manufacturing company

NaF AR Tianjin Dongli District Tianda Chemical Reagent Factory (Tianjin, China)
CH,Na,0,2H,0 AR Sinopharm Chemical Reagent Co., Ltd., (China)

NaNO, AR Sinopharm Chemical Reagent Co., Ltd., (China)

HCl AR Xi’an Chemical Reagent Factory, (China)

NaOH AR Xi'an Chemical Reagent Factory, (China)

FeCl, AR Tianjin Kemiou Chemical Reagent Co., Ltd., (Tianjin, China)

La(NO,), 6H,0 AR

Adamas Reagent Co., Ltd., (China)
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80°C for 48 h. After that, the watermelon rinds were ground
and passed through a 100-mesh sieve, then stored in a sealed
container. Next, 10 g powder was weighed and heated in a
tube furnace at 300°C for 2 h under an N, atmosphere with
a heating rate of 5°C/min. The obtained watermelon rind
biochar sample was denoted as WBC-300. Similarly, WBC-
600 meant the samples calcinated at 600°C under the same
conditions. For the preparation of Fe-La loaded watermelon
rind biochar, 1.2166 g FeCl, and 3.2475 g-La(NO,),-6H,0
were added to a beaker containing 30 mL water and 10 mL
ethanol and stirred for 30 min. Then, 0.5 g WBC-300/WBC-
600 was added and stirred for 60 min. Then, 2 mol/L NaOH
was dripped until the pH reached 8.5 and the suspension
was stirred for 24 h at room temperature. The suspension
was aged for 4/6/8/24 h at 60°C in an oven and then filtered
and washed several times with deionized water. Finally, the
sample was dried at 60°C for 24 h and labelled as Fe-La-
WBC-300 and Fe-La-WBC-600. For comparison, similar con-
ditions were used to prepare Fe-loaded adsorbent labelled
as Fe-WBC-300.

2.3. Characterization

X-ray diffraction (XRD) pattern (Bruker D8, Germany)
was used to observe the phase of the adsorbent by an X-ray
diffractometer equipped with Cu-Ka radiation. A field-emis-
sion scanning electron microscopy (FE-SEM, GeminiSEM
500, Zeiss, Germany) combined with an energy-dispersive
X-ray spectrometer (EDS) was used to observe the mor-
phology and elemental composition. A Fourier-transform
infrared spectrometer (FTIR, Nicolet iS50, Thermo Fisher
Scientific, America) was used to measure the functional
groups of the adsorbent. An X-ray photoelectron spectrom-
eter (XPS, Thermo ESCALAB 250Xi, America) was used
to observe the atomic valence changes of the adsorbent, in
which the binding energy 284.6 eV of C 1s was used as the
binding energy calibration and argon ion was used to etch
the samples. An automatic specific surface and porosity ana-
lyzer (Mike ASAP 2460) was used to obtain the Brunauer—
Emmett-Teller (BET) specific surface area, pore volume,
pore size, and distribution of the adsorbent.

2.4. Adsorption experiments

First, 0.01-0.15 g adsorbent was added to 50 mL fluoride
solution (5, 10, 20, 40, 50, 80, and 100 mg/L) in a 100 mL poly-
ethylene conical flask at a certain temperature (298-328 K).
Next, the flask oscillated in a water bath shaker (SHA-B,
Hangzhou Jingfei) at a speed of 180 rpm for a certain time
(10, 20, 30, 40, 50, 60, 90, 120, 150, 180, 210, 240, 300, and 360
min). After that, the mixture was filtered with a 0.45 um
filter membrane, and the unadsorbed fluoride concentra-
tion in the filtrate was measured by a fluoride ion electrode
(Raymagnet PXS]J-216F, China). The influence of different
raw material compositions, adsorbent aging time, calcination
temperature, pH, shaking time, adsorbent dosage, adsorp-
tion temperature, and initial fluoride concentration on the
fluoride adsorption will be described in detail later. Finally,
the effects of coexisting anions (SO%, COZ, ClI-, HCO;, POY)
on the fluoride removal efficiency of Fe-La-WBC-300, the per-
formance of adsorbent recycling, and the application effect

of adsorbent in groundwater were explored. The adsorption
capacity per unit mass of the adsorbent (Q,) is calculated
using Eq. (1):

(C,-C)xV

m

Q= )

where C; (mg/L) is the initial concentration of fluoride,
C, (mg/L) is the concentration of fluoride at time ¢, V (L)
is the volume of the solution, and m (g) is the mass of the
adsorbent.

By replacing C, with the concentration of fluoride at
adsorption equilibrium (C) in Eq. (1), the equilibrium
adsorption amount of fluoride Q, (mg/g) can be calculated.

The removal efficiency of fluoride can be calculated

by Eq. (2):
o/ — (CU _Cf)
B)==a

0

x100 )

Except for studying the effect of pH on the adsorption
efficiency, all experiments were performed under the pris-
tine pH. The experimental data were fitted by the Langmuir
and Freundlich isotherms to understand the adsorption
process.

3. Results and discussion
3.1. SEM images and EDS

Fig. 1 shows the SEM (GeminiSEM 500) images of water-
melon rind biomass, WBC-300, Fe-La-WBC-300 before and
after adsorption, and EDS of Fe-La-WBC-300 before and after
adsorption. The dried watermelon rind biomass in Fig. 1a
shows a fibrous structure. After calcination, the pores on
the surface of WBC-300 in Fig. 1b became larger. The small
spherical particles in Fig. 1c might be the lanthanum oxide
and iron oxide on the adsorbent, which was consistent with
the literature [35]. After adsorbing fluoride, the surface of
Fe-La-WBC-300 in Fig. 1d became denser. From Fig. 1e and f
the characteristic peak of fluorine appeared after adsorption,
which came from the adsorbed fluoride.

3.2. Fourier-transform infrared spectroscopy

Fig. 2 shows the FTIR (IRPrestige-21 FT-IR8400S) spectra
of watermelon rind biomass, WBC-300, WBC-600, and Fe-La-
WBC-300 before and after adsorption. The FTIR spectra of
watermelon rind biomass (Curve a) show the characteristic
absorption bands of polysaccharide cellulose and hemicellu-
lose (1,000-1,200 cm™), and wide O-H bending vibration at
3,200-3,400 cm™ [32]. The band at 1,053.39 cm™ is attributed
to the C-O and C-O-C stretching, which is characteristic of
a cellulose-like structure. The peak at 1,377.96 cm™ may be
caused by the C-O bond in the carboxylate [32]. Compared
with watermelon rind biomass, the intensity of cellulose
and hemicellulose polysaccharides in WBC-300 decreased
(Curve b). The O-H peak at 3,117.72 ecm™ in WBC-600 (Curve
) almost disappeared, and the characteristic peaks of cellu-
lose-like structure decreased because of the high tempera-
ture. For Fe-La-WBC-300, the peak at 1,403.75 cm™ may be
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Fig. 1. Scanning electron microscopy images of (a) watermelon rind biomass, (b) WBC-300, (c) Fe-La-WBC-300 before adsorption,
(d) Fe-La-WBC-300 after adsorption, (e) EDS of Fe-La-WBC-300 before adsorption and (f) EDS of Fe-La-WBC-300 after adsorption.

caused by the NO; from the preparation process and the
strong absorption at 644.60 cm™ is due to La-OH bending
vibration, as shown in Curve d [36]. After fluoride adsorp-
tion, the band at 644.60 cm™ (Curve e) shifts to a higher
frequency at 652.30 cm™, indicating the adsorption of flu-
orine [37]. The peak of 3,383.01 ecm™ shifts to 3,363.65 cm™,
which might be due to the ion exchange between fluoride
and the O-H group [38].

3.3. X-ray diffraction

Fig. 3 shows the XRD (D8) patterns of WBC-300 and
Fe-La-WBC-300. The broad peak at about 22.5° and the weak
broad peak at 44° of WBC-300 are caused by the (002) plane
and the (100) plane of the graphite crystallites, respectively
[32]. The strong sharp peaks in WBC-300 mainly correspond

to potassium chloride (JCPDS: 96-900-3130) and potassium
sulfate (JCPDS: 96-210-1319) [39]. The diffraction peaks of
Fe-La-WBC-300 are mainly composed of FeO(OH) (JCPDS:
29-0713) and La(OH), (JCPDS: 96-403-1382). The results
prove that iron and lanthanum were loaded on the water-
melon rind biochar.

3.4. X-ray photoelectron spectroscopy

Fig. 4 shows the experimental and fitted XPS (X-ray
photoelectron spectroscopy, Thermo ESCALAB 250Xi) of
Fe-La-WBC-300 before and after adsorption. In Fig. 4a the
peak at 529.67 and 531.57 eV can be attributed to the lattice
oxygen and surface adsorbed oxygen of the hydroxyl group,
respectively. In Fig. 4b the -OH peak became weakened
and moved to the higher energy direction after adsorption,
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Fig. 2. Fourier-transform infrared spectra of (a) watermelon
rind biomass, (b) WBC-300, (c) WBC-600, (d) Fe-La-WBC-300
before adsorption and (e) Fe-La-WBC-300 after adsorption.
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Fig. 3. X-ray diffraction pattern of the WBC-300 and Fe-La-
WBC-300.

indicating that -OH was involved in fluoride adsorption [40].
Due to the charge transfer or oscillation process, the satellite
peak of Fe 2p, , at 719 eV can also be observed, as shown in
Fig. 4c and d. The peak of Fe 2p,, shifted to higher binding
energy after adsorption, indicating that the hydroxyl group
on the surface of FefOOH was replaced by fluoride [41-44].
In Fig. 4e the lanthanum spectra have two main sets of La
3d,, and La 3d,, [45]. After adsorption, all the La 3d peaks
shifted to higher binding energies (from 855.87, 852.33,
839.03, 835.44 eV to 856.19, 852.77, 839.28, 835.85 eV), which
may be due to the formation of lanthanum fluoride [46], as
shown in Fig. 4f. In Fig. 4g no fluorine peak before adsorp-
tion was found, while the F 1s (684.97 eV) peak could be
found after adsorption as shown in Fig. 4h, indicating the for-
mation of La-F or Fe-F [47]. Since FeO(OH) and La(OH), have
ligand exchange with fluoride ions, the positively charged
Fe and La can adsorb fluoride ions through electrostatic
attraction [19].

3.5. N, adsorption and desorption

Table 2 shows the BET specific surface area, pore volume,
and average pore size of Fe-La-WBC-300 measured by the N,
adsorption—desorption isotherm. Fig. 5 shows the N, adsorp-
tion—desorption curves and pore volume distributions of
Fe-La-WBC-300. As shown in Fig. 5a, the adsorption—desorp-
tion curve belongs to type IV, characterized by a slow increase
of adsorption capacity in low-pressure range, a hysteresis
loop in the medium-pressure zone, and a rapid increase of
adsorption capacity in the high-pressure zone. The Barrett—
Joyner-Halenda method is used to characterize the pore-size
distribution of the adsorbent particles, as shown in Fig. 5b.
The pore size of Fe-La-WBC-300 is concentrated in the range
of 2-5 nm, which belongs to a mesoporous structure. The
large specific surface area of 137.97 m?/g and the nanoscale
pore size of 2-5 nm have advantages for an adsorbent.

3.6. Effects of calcination temperature of Fe-La-WBC on the
fluoride removal

Fig. 6 shows the influence of the calcination tempera-
ture of Fe-La-WBC on the fluorine removal efficiency and
adsorption capacity. In the experiments, the initial fluoride
concentration was 10 mg/L, the adsorption was performed
at 298 K for 5 h, and the amount of the adsorbent was
0.01-0.15 g/50 mL. With the increase of the adsorbent dos-
age to 0.05 g, the removal efficiency and adsorption capacity
of fluoride over Fe-La-WBC-300 and Fe-La-WBC-600 have
almost no difference. Hereafter, Fe-La-WBC-300 was used in
the subsequent experiments.

3.7. Comparison of different adsorbents on the fluoride remouval

Fig. 7 shows the comparison of the fluoride removal of
WBC-300, Fe-WBC-300, and Fe-La-WBC-300. In these exper-
iments, the initial fluoride concentration was 10 mg/L, the
aging time during the preparation was 4 h, the adsorption
time was 5 h, and the amount of adsorbent varied in the
range of 0.01-0.15 g/50 mL. As shown in Fig. 7a and b, with
the increase of the adsorbent dosage, Fe-La-WBC-300 has
much higher fluoride removal efficiency and adsorption
capacity than WBC-300 and Fe-WBC-300. When the adsor-
bent added was 0.05 g/50 mL, the fluorine removal effi-
ciency over Fe-La-WBC-300 reached up to 98.29%, and the
adsorption capacity was 3.3 mg/g. Hereafter, Fe-La-WBC-300
adsorbent was used for the experimental exploration.

3.8. Effects of the oscillation time and the aging time on the
fluoride removal

Fig. 8 shows the effect of aging time on the fluorine
removal efficiency and adsorption capacity of Fe-La-
WBC-300 under different oscillation times. The initial con-
centration of fluoride was 10 mg/L, the adsorption dosage
was 0.05 g/50 mL, and the adsorption time was 10-360 min.
As can be seen, with the prolonged adsorption time, both
the adsorption efficiency and capacity increased [48]. The
removal efficiency was higher than 95% and tended to sta-
bilize at 300 min. The adsorbent prepared with an aging
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Fig. 4. X-ray photoelectron spectra of (a) O 1s before adsorption, (b) O 1s after adsorption, (c) Fe 2p before adsorption, (d) Fe 2p
after adsorption, (e) La 3d before adsorption, (f) La 3d after adsorption, (g) F 1s before adsorption and (h) F 1s after adsorption.
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Table 2

Brunauer-Emmett-Teller specific surface area, pore volume,
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and pore size of Fe-La-WBC-300

Parameters Fe-La-WBC-300
Sppr (M?/g) 137.97
Pore volume (cm®/g) 0.1443
Average pore size (nm) 4.1341
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time of 4 h showed the highest adsorption efficiency and
adsorption capacity.

3.9. Effects of pH on the fluoride removal

Fig. 9 shows the removal efficiency and adsorption
capacity of fluoride and the pH after adsorption varied with
the pH of the solution in the range 2-12. The initial concen-
tration of fluoride was 10 mg/L, the adsorption dosage of
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Fig. 5. (a) N, adsorption-desorption curves and (b) pore-size distributions of Fe-La-WBC-300. (Temp.: 77.3 K, equilibration
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Fe-La-WBC-300 was 0.05 g, and the adsorption time was 5 h.
As shown in Fig. 9a, when the pH changes in the range of
2-9, the removal efficiency keeps unchanged and can exceed
94%. When the pH is greater than 9, the adsorption efficiency
dropped significantly. Then the higher the pH value, the
lower the adsorption efficiency. The change in adsorption
capacity with pH shows a similar trend with the adsorption
efficiency, which is consistent with the previous research
[19,38]. The reason might be because the OH- in the solution
not only generated electrostatic interaction with the La* and
Fe* on the surface of the adsorbent but also competed with
the adsorption sites, resulting in the decrease of the adsorp-
tion sites. As shown in Fig. 9b, the pH increased at low pH
after the adsorption, which might be due to that fluoride
ions replaced the OH- on the surface of the adsorbent.

3.10. Effects of adsorbent dosage on the fluoride removal

Fig. 10 shows the influence of the amount of adsorbent on
the removal efficiency and adsorption capacity of fluoride.
The initial concentration of fluoride was set to 10 mg/L, the
shaking time was set to 5 h, and the pH value was pristine.
The amount of adsorbent added was 0.01, 0.03, 0.05, 0.07,
0.09, 0.11, 0.13, 0.15 g/50 mL, respectively. As can be seen,
the adsorption efficiency increased from 47.90% to 98.58%,
while the adsorption capacity gradually decreased from

111

23.95 to 3.29 mg/g with the increase of the adsorbent dosage.
This result is similar to the work of Chen et al. [49].

3.11. Effects of the initial concentration of fluoride on the fluoride
removal

Fig. 11 shows the effect of the initial concentration of
fluoride on the fluoride removal over Fe-La-WBC-300 at
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298 K. The amount of adsorbent added was 0.05 g/50 mL,
the pH value was not adjusted, the shaking time was 5 h,
and the initial concentration of fluoride was 5, 10, 20, 40,
50, 80, and 100 mg/L, respectively. As can be seen, with the
increase of the initial concentration of fluoride, the adsorp-
tion efficiency decreases, whereas the adsorption capacity
keeps increasing. The decrease of the adsorption efficiency
is due to the decrease of the available sites on the adsorbent
with the increase of the initial concentration [50]. It can be
found that the same dosage of adsorbent has similar fluo-
ride removal efficiency for the initial concentrations of 5 and
10 mg/L, which is because the available sites of the adsor-
bent are sufficient for the fluoride. For a fluoride concen-
tration of 10 mg/L, the maximum adsorption efficiency was
96.95%.

3.12. Effects of contact time on the fluoride removal and the
adsorption kinetics

The influence of the oscillation time on the fluoride
adsorption over Fe-La-WBC-300 at 298 K is shown in
Fig. 12. The initial concentration of fluoride was 5, 10, 20, and
50 mg/L, the pH value was pristine, and the amount of adsor-
bent added was 0.05 g/50 mL. For the initial fluoride concen-
trations of 5 and 10 mg/L, the efficiency reached more than
90% in the first 30 min. Then, the removal efficiency slowly
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Fig. 11. Effects of initial fluoride concentration on the removal
over Fe-La-WBC-300 at 298 K.
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increased with time and the adsorption reached equilib-
rium after 5 h. Further increase of the fluoride concentration
to 20 and 50 mg/L decreased the removal efficiency, which
might be because all the adsorbent sites were empty at the
beginning and the solute concentration gradient was high.
The adsorption capacity shows a similar changing trend
with the adsorption efficiency.

Kinetic studies can help to understand the adsorp-
tion mechanism by analyzing the relationship between the
adsorbate concentration and the time. The adsorption data
were often fitted into two classical kinetic models, namely,
the pseudo-first-order and pseudo-second-order mod-
els. Meanwhile, we also studied the intraparticle diffu-
sion model to determine whether the reaction rate was the
determining step of the adsorption process.

Pseudo-first-order kinetics uses Eq. (3) [51]:

In(Q,-Q,)=InQ, —kt (3)

Pseudo-second-order kinetics uses Eq. (4) [52]:

LA 4)
Q kKQ Q

Intraparticle diffusion model uses Eq. (5) [53]:
Q =kt +E (5)

where Q and Q, are the adsorption capacity at equilibrium
and at any time ¢, mg/g; k; and k, are rate constant of the
pseudo-first-order kinetics, min™ and the pseudo-second-
order kinetics, g/mg-min, respectively; k is rate diffusion
constants within the particles, mg/(kg-min'?); E is a constant
related to the boundary layer thickness, mg/g.

The kinetics parameters of the fluoride adsorption
with initial concentrations of 5, 10, 20, and 50 mg/L were
explored and are shown in Table 3. The average linear
regression coefficient between In(Q, - Q,) and t of pseu-
do-first-order kinetics is only 0.874, as shown in Fig. 13a.
Also, Q(calculated) and Q (exp) show high discrepancy,
indicating that the pseudo-first-order kinetic is not suitable
for the fluoride adsorption of Fe-La-WBC-300. By draw-
ing the linear relationship between #/Q, and t, the average

30
b
——y—V V]
5 254 vvv_v_v—v—v" v
B )
g w¥
=S 204 N N
= AA—A—A—A—A—A—A—
é ‘AAA Smg/L
g 154 —0— 10 mg/L
=] —A— 20 mg/L
g =v= 50 mg/L
g‘ 10440000
hel
< 5 .
0 T T T T T T T
0 50 100 150 200 250 300 350

Time(min)

Fig. 12. Effects of time on fluoride removal over Fe-La-WBC-300 at 298 K. (a) E(%) and (b) adsorptive capacity.
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Table 3

Kinetic parameters of the fluoride adsorption over Fe-La-WBC-300 at 298 K

Kinetics Parameters Fluoride concentration (mg/L)
5 10 20 50
k, (min™) 0.0150 0.0176 0.0123 0.0109
. R? 0.954 0.984 0.658 0.900
Pseudo-first-order
Q (calculated) (mg/g) 0.159 0.554 2.252 5.238
Q (exp) (mg/g) 4.79 9.69 18.49 26.34
k, [g/(mg'min)] 0.2943 0.0878 0.0219 0.0071
Pseud deord R? 1 0.9999 0.9997 0.9994
seudo-second-order Q (calculated) (mg/g) 4.80 9.73 18.40 26.35
Q (exp) (mg/g) 4.79 9.69 18.49 26.34
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Fig. 13. Adsorption kinetic fitting of (a) pseudo-first-order model, (b) pseudo-second-order model, (c) intraparticle diffusion
fitting curve (C, =10 mg/L) and (d) intraparticle diffusion fitting curve (C, =50 mg/L).

linear regression coefficient reaches up to 0.9998, as shown
in Fig. 13b. In addition, the value of Q (calculated) is very
close to Q (exp), indicating that the adsorption process of
fluoride follows pseudo-second-order kinetics. The pseu-
do-second-order model means that chemical adsorption is
the main control factor for the adsorption [54]. The calcu-
lated value of k, varies from 0.2943 to 0.0071 g/mg-min with
the decrease of the fluoride concentration.

By fitting the linear relationship of Q, and t'?, the fitting
coefficient was obtained in Fig. 13c and d. The intraparticle
diffusion parameters of the fluoride adsorption with initial
concentrations of 10 and 50 mg/L were explored and are
shown in Table 4. As shown in Fig. 13c, when the initial con-
centration of fluorine ion was 10 mg/L, the first 150 min was
in the rapid adsorption phase with a kp of 0.2376; when the
adsorption time was 150-360 min, the adsorption achieved
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Intraparticle diffusion of the fluoride adsorption over Fe-La-WBC-300 at 298 K

Surface adsorption

Internal diffusion Adsorption equilibrium

Fluoride concentration (mg/L) Parameters
k, [mg/(kg:min'?)] 0.2367
10 R? 0.976
E (mg/g) 8.82
kp [mg/(kg-min'?)] 0.189
50 R? 0.890
E (mg/g) 20.94

0.2367 0.0282
0.976 0.881
8.82 9.57
0.281 0.139
0.813 0.915
21.61 23.74

balance with a k, of 0.0282. As shown in Fig. 13d, when the
initial concentration of fluoride ion was 50 mg/L, the first
240 min was in the rapid adsorption stage; when the adsorp-
tion time was 300-360 min, the adsorption basically reached
the equilibrium state with a k_ of 0.139 [55]. In sum, the cor-
relation coefficient obtained by the intraparticle diffusion
model for fitting the experimental data is not very high,
which cannot show whether the intraparticle diffusion is a
rate-determining step or not.

3.13. Adsorption isotherms

By using adsorption isotherm based on the relationship
between the adsorbate concentration and the adsorption
capacity at equilibrium, the theoretical maximum adsorption
capacity per absorbent can be obtained and the adsorption
mechanism can be explored. The Langmuir isotherm is based
on the theory of monolayer adsorption using Eq. (6), while
the Freundlich isotherm is often used for multiphase or mul-
tilayer adsorption under non-ideal conditions as Eq. (7) [56].

Sem ey ©
Qg Qmax KLQmax
1
logQ, = ic” +logK, 7)
n

where C, is the fluoride concentration at equilibrium, mg/L;
Q, is the equilibrium adsorption capacity, mg/g; Q__ is the
saturated adsorption capacity, mg/g; K, is the Langmuir
constant, L/mg; K is the Freundlich constant, L/mg; n is the
concentration constant.

Fig. 14 shows the Freundlich and Langmuir isotherm
curves of the fluoride adsorption process of Fe-La-WBC-300.
In the experiments, 0.05 g adsorbent was added to 50 mL
solutions with fluoride concentrations of 5, 10, 20, 40, 50,
80, and 100 mg/L and stirred for 5 h. The calculated K, K,
and Q__ by Egs. (6) and (7) and R* are listed in Table 5.
As can be seen, the Freundlich model has a higher R? than
the Langmuir model at 298 and 318 K, while the latter has
a slightly higher R? than the former at 308 and 328 K. The
R? value of the Langmuir model is greater than that of the
Freundlich model when the pH is 3, 7, and 9. This indicates
that there are multiple layers of active sites for fluoride
adsorption on the surface of Fe-La-WBC-300 and the adsorp-
tion may be molecular layer adsorption and there are interac-
tions between adjacent adsorbed molecules [57]. Meanwhile,
there may also be the adsorption of the molecular layer.

The separation coefficient, R, can be used to judge
whether it is conducive to the adsorption, which can be
calculated using Eq. (8):

R=— ®)
1+K, xC,

Table 6 lists the R, values of different C, of fluoride. All
the R, values are in the range 0-1, indicating the process of
adsorbing fluoride is favorable [3]. In addition, the value of
the Freundlich constant (1) is in the range of 0-1, indicat-
ing that Fe-La-WBC-300 has better performance in fluoride
removal.

Table 7 lists the comparison of the reported adsorption
capacity and our work. The adsorption capacity of Fe-La-
WBC-300 in our work at 298 K is 21.78 mg/g, which is
greater than those in the literature.

3.14. Effects of temperature on fluoride removal and the
adsorption thermodynamics

Fig. 15 shows the effects of temperatures on the fluoride
adsorption over Fe-La-WBC-300. In the experiment, the ini-
tial concentration of the fluoride solution was 5, 10, 20, 40,
50, 80, 100 mg/L, the amount of adsorbent was 0.05 g/50 mL,
the temperature of the water bath was 298, 308, 318, and
328 K, and the oscillation time was 5 h. It can be found that
the adsorption capacity increases with the increase of the
temperature, which might be caused by the random ther-
mal movement of fluoride ions, and the probability of col-
lision between fluoride ions and adsorption sites increase
as the temperature increases [63].

The thermodynamic parameters, AS, AH, and AG, in the
adsorption process, can be obtained by using Van’t Hoff and
Gibbs-Helmbholtz Egs. (9) and (10). The equilibrium constant
of the adsorption, K, can be obtained using Eq. (11) [64].

ane:AS _AH ©)
R RT

AG° = AH° - TAS° (10)
Q

K =g 11

=OS (11)

where AG®, AH° and AS°, represent the standard Gibbs
energy change, standard enthalpy change, and standard
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Fitted parameters of the Langmuir and Freundlich isotherm model

Langmuir Freundlich
Qox (M8/8) K; (L/mg) R? K; (L/mg) 1n R

T=298K 21.78 1.800 0.775 9.928 0.2206 0.958
T=308 K 33.04 0.793 0.925 13.226 0.2013 0.921
T=318K 36.17 0.772 0.820 14.28 0.1934 0.849
T=328K 29.72 3.392 0.898 14.38 0.2070 0.889
pH=3 84.61 0.396 0.971 22.75 0.2560 0.959
pH=7 25.93 13.32 0.948 14.96 0.1485 0.696
pH=9 27.67 4.614 0.961 14.88 0.1713 0.792

Table 6

R, of different C; of fluoride

K, T=298 K T=308 K T=318K T=328K pH=3 pH=7 pH=9

G 1.800 0.793 0.772 3.392 0.396 13.32 4.614
5 mg/L 0.1000 0.2014 0.2058 0.0557 0.3356 0.0148 0.0415
10 mg/L 0.0526 0.1120 0.1147 0.0286 0.2016 0.0075 0.0212
20 mg/L 0.0270 0.0593 0.0608 0.0145 0.1121 0.0037 0.0107
40 mg/L 0.0137 0.0306 0.0314 0.0073 0.0594 0.0019 0.0054
50 mg/L 0.0110 0.0246 0.0253 0.0059 0.0481 0.0015 0.0043
80 mg/L 0.0069 0.0155 0.0159 0.0037 0.0306 0.0009 0.0027
100 mg/L 0.0055 0.0125 0.0128 0.0029 0.0246 0.0008 0.0022

Table 7

Comparison of the adsorption between the reported fluoride adsorbents with this work
Adsorbent Initial concentration ~Dosage  Adsorption References

of F~ (mg/L) (g/L) capacity (mg/g)

La(Ill)-modified alumina 10 1.25 7.0 [51]
La(III)-modified GAC 20 0.1 9.96 [37]
Fe@ABDC 10 2 4.92 [58]
NaOH/Fe-MFA 10 2 19.8 [59]
WMRBC 50 0.05 9.5 [32]
WH-HAO 5 1 4.43 [60]
Commercial bituminous activated carbon impregnated with La 20 3.3 5.93 [61]
Chitosan-zeolite composite modified with La(III) 20 2 14.3 [62]
Fe-La-WBC-300 10 1.0 21.78 This work

entropy change of the adsorption process, T is the abso-
lute temperature (K), R is the universal gas constant
(8.314J/K'mol), K, is the equilibrium constant, and a is the
adsorbent amount (g/L).

Fig. 16 shows the linear plot of InK to 1/T at 298, 308,
and 318 K. The initial concentration of the fluorine solu-
tion was 10 mg/L, the adsorbent dosage was 0.05 g/50 mL,
and the adsorption time was 5 h. The calculated thermo-
dynamic parameters are tabulated in Table 8. The positive
AH?® (27.36 k]/mol) of the fluoride adsorption shows that the
adsorption is chemical adsorption and high temperature
is favorable for the reaction, which is also consistent with

the literature. The positive AS° corresponds to the increase
in entropy during the adsorption process over Fe-La-
WBC-300. The negative AG® means the spontaneous nature
and feasibility of the fluoride adsorption process at the
above temperature [65].

3.15. Effects of coexisting ions on the fluoride removal

The coexisting anions compete with fluoride for adsorp-
tion sites, which might decrease the removal efficiency.
Fig. 17 shows the influence of the concentration of competing
anions on fluoride removal. In these experiments, the initial
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Fig. 16. Plot of InK to 1/T of Fe-La-WBC-300.

Table 8
Thermodynamic parameters of fluoride adsorption over Fe-La-
WBC-300

Temperature (K) AH° (kJ/mol) AS° (J/K-mol) AG® (k]J/mol)

298 27.36 116.8 —7.446
308 27.36 116.8 -8.614
318 27.36 116.8 -9.782

fluorine concentration was 10 mg/L, the adsorption time was
5 h, the adsorbent amount was 0.05 g/50 mL, the initial pH
value was pristine, and the concentration of interfering ions
was 50, 100, 200, 500, and 1,000 mg/L. As seen in the figure,
CI has almost no effects on the fluoride removal efficiency,
and SO; reduces the removal efficiency as its concentra-
tion increases. However, even if the concentration of PO} is
only 50 mg/L, the fluorine removal efficiency significantly
decreases. COZ has a greater inhibitory effect on fluoride
removal than any other anions [66]. By comparison, the order
for the inhibitory of fluoride removal by the five anions is
COZ > HCO; > POT > SO > CI-.
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Fig. 17. Effects of competing ions on fluoride removal (CI,
SOz, POT, COZ, HCO;).
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Fig. 18. Recycling performance of Fe-La-WBC-300 for fluoride
removal.

3.16. Reusability of the adsorbent

Fig. 18 shows the recycling test of the Fe-La-WBC-300
for fluoride removal. The initial fluoride concentration
was 10 mg/L, the amount of adsorbent was 0.05 g/50 mL,
the shaking time was 5 h, the temperature was 298 K, and
the pH of the solution maintained its original value. Before
the next adsorption, the adsorbent was filtered and dried in
an incubator, then soaked in 5% sodium hydroxide solution
for 12 h, washed with distilled water to neutral, and finally
dried in an oven [67]. The adsorption efficiency of the first
cycle was 97.32%, which decreased to 43.58%, 40.11%, and
33.32% in the following cycles. The results show that the
re-usability of the adsorbent needs to be further studied to
find a more suitable elution method.

3.17. Application to groundwater sample

To test the adsorption effect of fluoride in actual ground-
water samples, Nanpocun village around our campus was
selected as the actual groundwater sample collection point.
The groundwater was collected under 30 m with a clear and
transparent appearance. The physical and chemical proper-
ties of the groundwater are shown in Table 9, in which the
pH was 8.57, and the fluoride concentration was 0.19 mg/L.
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Table 9

Main components of groundwater collected from Nanpocun

was 0.05 g/50 mL, and the reaction time was 5 h. The
high removal efficiency in a wide pH range was suitable

village for extensive applicability.

e The correlation coefficient (R?) of the Freundlich model
Items Value Items Value was better than that of the Langmuir model. The adsorp-
pH 857 COZ (mg/L) 40 tior::1 f)rl(\);etssl follovlvs ii. psgudo-seﬁond-orde; lfintetic
F- (mg/L) 0.19 HCO: (mg/L) 336 model. Metal complexation, ion exchange, and electro-
3 static attraction were the main adsorption mechanisms
Cl (mg/L) 23.3 NH,-N (mg/L) ND for the fluoride removal. The adsorption process is spon-

NO; (mg/L) 03 K* (mg/L) 0.85 taneous with a negative Gibbs free energy.
TDS (mg/L) 480 Ca* (mg/L) 3.69 ¢ In the actual groundwater adsorption experiment, the
NO; (mg/L) 0.008 Na* (mg/L) 184 fluorine removal efficiency reached 93.70% and the

ND means under the detection limit.
TDS means total dissolved solids.

Since the actual fluorine concentration in groundwater was
only 0.19 mg/L, which did not exceed the standard, the flu-
orine concentration was increased to 10 mg/L by adding
fluorine to the water sample [32]. The adsorption perfor-
mance of Fe-La-WBC-300 in the actual water was studied
and the results were shown in Fig. 19a. In the experiment,
the adsorption time was 5 h, and the temperature was 298 K.
As shown in Fig. 19a, as the adsorbent dosage increases
from 0.01 to 0.15 g/50 mL, the removal efficiency increases,
whereas the adsorption capacity gradually decreases. The
highest removal efficiency was 93.70%, corresponding to an
adsorption capacity of 3.12 mg/g. Fig. 19b shows the mea-
sured leaching iron concentration varied with the amounts
of adsorbent. As the dosage of adsorbent increases, the
amount of iron concentration gradually increases. When the
dosage was 0.13 g/50 mL, the leaching iron ion concentra-
tion was 0.084 mg/L. Both the fluoride and iron ion concen-
tration were lower than the limits of fluoride concentration
(1.0 mg/L) and iron concentration (0.3 mg/L) required in
GB/T 14848-2017.

4. Conclusions

¢ Iron and lanthanum were loaded on the watermelon rind
biochar by a co-precipitation method. The best condi-
tions for the static adsorption process of 10 mg/L fluoride
were: pH was in the range 2-9, the amount of adsorbent

adsorption capacity reached 17.44 mg/g, which had
application prospects for its highly effective and low-
cost solution to the problem of fluoride pollution in
aqueous environments.
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