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a b s t r a c t
Fe-impregnated biochar (FeBC) substrates were prepared from harvested Cyperus alternifolius at 
pyrolysis temperatures of 400°C, 600°C, and 800°C. Surfaces of obtained biochars were characterized by 
scanning electron micrograph, Brunauer-Emmett-Teller, and Fourier transform infrared spectroscopy. 
The performance of FeBC to remove fluoride from aqueous solution was investigated under varying 
conditions of pH, adsorbent dosage, and contact time. The potential of fluoride removal from polluted 
waters in artificial floating beds with FeBC as substrates was studied. The results showed that fluoride 
removal was not affected significantly by the variation of pH and remained above 90% over the entire 
pH range of 2.0–10.0. The pseudo-second-order model was found to best describe the adsorption 
kinetics. The maximum adsorption capacity values were 13.624, 14.144, and 14.706  mg  g–1 under 
temperatures of 293, 303, and 313 K, respectively. The artificial floating beds with FeBC-rooted Cyperus 
alternifolius could remove 81.6% F at day 10 for initial fluoride concentration of 5 mg L–1. Thus, FeBC 
may be a feasible alternative in the removal of fluoride from contaminated waters.
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1. Introduction

Fluorine is an extremely reactive nonmetallic element 
that is widely used in industries such as aluminum 
smelters, stainless steel, brick, ceramics, pharmaceutical, 
semiconductor, and electroplating [1]. Fluoride concen-
trations in groundwater much higher than the maximum 
permissible limit have been found in many regions through-
out the world [2–4]. Recently in China, fluoride has been 
detected in surface waters at concentrations that exceed the 
country’s water quality criteria. For example, average fluoride 

concentrations in the Lunchuan and Zhongheng rivers in 
Wenzhou City, Zhejiang Province, were reported as 4.73 and 
3.80 mg L–1 in 2014 according to the data from environmental 
monitoring agents. The elevated fluoride was attributed to 
the direct discharge of effluents from nearby stainless steel 
and electroplating industries. Fluorine is an essential element 
for humans and animals. Epidemiological evidence suggests 
that fluorine has a beneficial effect on bone formation in 
both humans and animals, and it certainly appears to inhibit 
osteoporosis [1]. However, an excess uptake of fluorine leads 
to fluorosis of teeth and bones and induces neurological 
damage, kidney diseases, brain damage, cancer, and thyroid 
disorders [5].
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Aquatic plants were serendipitously found to be able 
to absorb the fluoride from contaminated waters in the 
Lunchuan river during a remediation project conducted 
in 2015 to reduce nitrogen and phosphorus. The average 
fluoride concentration decreased to about 2.36  mg  L–1. 
Several aquatic plants have been reported to be capable of 
accumulating F in their tissues [6–8]. For example, milfoil 
(Myriophyllum spicatum L.) and hornwort (Ceratophyllum 
demersum L.) in an F-polluted water reservoir bioconcentrated 
778 and 1,060 mg F kg–1 dry mass, respectively [9]. Another 
study on reeds revealed that F levels in the roots, stalks, and 
leaves from such plants in an F-polluted reservoir were as 
high as 213, 36.8, and 51.5 mg F kg–1 dry mass, respectively 
[10]. However, the fluoride concentration in the Lunchuan 
river water could not be reduced below the permissible limit. 
Thus, other technologies are urgently needed to further 
reduce the fluoride levels.

Conventional methods available for the removal of 
fluoride from aqueous solution include chemical precipi-
tation [11], adsorption [12], ion exchange [13], coagulation 
[14], and reverse osmosis [15]. Among these technologies, 
chemical precipitation and coagulation are very common 
to reduce high concentrations of fluoride from industrial 
wastewaters (fluoride concentration  ≥  100mg  L–1). Reverse 
osmosis and ion exchange are effective in removing fluoride 
to the desired levels; however, they are not used on a large 
scale due to high installation and operation costs, as well as 
increased complexity in the processes [5]. Adsorption has 
been proven to be the simplest and the most efficient method 
of separation, especially for removing low concentrations of 
pollutants [16–20]. Thus, combination of adsorption process 
of adsorbent and absorption of macrophyte may be a feasible 
alternative to reduce fluoride concentrations in polluted 
waters to permissible levels. Since the adsorption capac-
ity of conventional adsorbent was relatively limited, many 
researchers focused on the modification of natural adsor-
bent, for example, impregnation of metal compounds [21], 
such as iron(III) and aluminum(III), the use of microwave 
radiation [22], the preparation of nanostructured adsorbent 
[23–27], etc.

Biochar is a carbonaceous material obtained from 
thermal decomposition of biomass with little or no oxygen 
[28]. It is known as an amendment to improve the physico-
chemical and biological properties of soils to enhance plant 
growth [29]. Many studies have also shown that biochar is 
a promising low-cost adsorbent in the removal of organic 
pollutants, heavy metals, and phosphorus from waters [30]. 
However, reports on adsorption of fluoride on biochar are 
still relatively limited [31]. The properties of biochar depend 
on feedstock characteristics and pyrolysis conditions, and 
the pyrolysis temperature is a key factor with a great impact 
on specific surface area and surface functional groups on 
biochar [30].

Cyperus alternifolius is a rhizomatous, herbaceous, peren-
nial, and emergent macrophyte with stems 100–250  cm in 
length. Due to the large root surface areas, it is widely used 
for phytoremediation of polluted waters [32,33]. However, 
the plant biomass above the water surface has to be removed 
periodically from the waters to maintain remediation effi-
ciency [34]. Furthermore, the plant withers away and goes into 
dormancy in winter when the temperature is 4°C or lower. If 

the plant biomass is not harvested, the nutrients that have 
been incorporated into the plant tissues would be returned 
to the waters during the decaying process [35]. Hence, a large 
amount of biomass residues is generated annually. Recently, 
most of them are disposed in landfills as domestic solid 
wastes, which does not only increase the landfill load signifi-
cantly but also results in a great waste of resources. Over 85% 
of the above-ground biomass is stem that consists primarily 
of high-density vascular bundle tissues [36], indicating it 
may be a suitable precursor for adsorbent production.

The objectives of the present work are to (1) synthesize 
biochar substrate with high adsorption capacity for fluoride 
from harvested Cyperus alternifolius, (2) explore the potential 
of artificial floating beds with the obtained biochar as a 
substrate in removing fluoride from waters, (3) reveal the 
influence of pyrolysis temperature on structural, morpholog-
ical, and adsorption properties of the produced biochar, (4) 
investigate the effects of pH, adsorbent dosage, and contact 
time on fluoride removal, and (5) analyze the kinetic data 
using different mathematical models.

2. Materials and methods

2.1. Raw materials

Cyperus alternifolius was collected from a small pond 
at the Zhejiang Agriculture and Forestry University in 
November 2015. All chemicals (sodium fluoride, ferric 
chloride, potassium nitrate, hydrochloric acid, sodium 
hydroxide) used in this study were of analytical grade, and 
the solutions were prepared with distilled water. A stock 
solution of 2,100 mg L–1 was prepared by dissolving 2.1000 g 
sodium fluoride in 1,000 mL distilled water. The experimen-
tal solution was prepared by diluting the stock solution with 
distilled water as needed.

2.2. Synthesis of biochars with Cyperus alternifolius

Cyperus alternifolius was carefully washed with tap water, 
air-dried, and ground up using a crusher machine to a 
length of 2–5 mm. The ground Cyperus alternifolius was then 
soaked thoroughly in ferric chloride solution (1.0 mol L–1) at 
a CA:FeCl3 mass ratio of 1:15 for 24 h. The Fe-impregnated 
biomass was then separated from the solution and pyrolyzed 
in a muffle furnace. The temperature was ramped up from 
ambient to a final temperature of 600°C with a retention 
time of 2 h. The resultant biochar, identified as BFeC600, was 
washed with distilled water several times and then dried at 
105°C in the oven for 12 h.

Fe-impregnated biochar (FeBC) was prepared as follows: 
the ground Cyperus alternifolius was pyrolyzed at the final 
temperature of 400°C, 600°C, and 800°C with a retention time 
of 2 h, respectively. The obtained biochars were subsequently 
impregnated with ferric chloride (1.0 mol L–1) at a mass ratio 
of 1:15 for 24 h. The FeBCs, identified as FeBC400, FeBC600, 
and FeBC800, were all washed with distilled water several 
times and then dried at 105°C in the oven for 12 h.

2.3. Characterization of adsorbents

The specific surface area and pore structure were 
measured using an accelerated surface area and porosimetry 
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system (USA, Micromeritics ASAP 2020) using N2 gas as 
adsorbate at 77.37 K. The micropore area and micropore vol-
ume were determined by the t-plot. A Hitachi S4700 series 
scanning electron microscope (SEM) was used to observe 
the surface physical morphology of adsorbents. The sur-
face groups on the adsorbents were identified by Fourier 
transform infrared (FTIR) spectroscopy using the KBr disk 
technique. The transmission FTIR spectrum was recorded 
between 400 and 4,000 cm–1 using a Nicolet 6700 series FTIR 
spectrometer.

2.4. Adsorption experiments

A fixed amount of adsorbent was added into 250-mL 
conical flasks containing 100  mL sodium fluoride solution. 
The pH of the solution was adjusted using 0.1 M NaOH and 
0.1 M HCl solutions before addition of adsorbent. The flasks 
were then placed in a thermostated shaker at 130  rpm for 
2 h at 20°C. The adsorbent was removed from the aqueous 
solution, and the filtrates were then analyzed for the resid-
ual fluoride concentration by fluoride ion-selective electrode 
(PXS-450, China). Adsorption kinetics were carried out with 
fluoride concentrations of 10 and 30 mg L–1 at 1, 2, 5, 10, 15, 
20, 30, 60, 90, and 180 min. Adsorption isotherm studies were 
carried out with six different initial concentrations of fluoride 
from 5 to 200 mg L–1 at temperatures of 293, 303, and 313 K. 
The experiments were conducted in triplicate.

2.5. Fluoride removal in artificial floating beds with FeBC as 
substrates

The trial was conducted in six separate rectangular plastic 
tanks (0.65 m length × 0.5 m width × 0.35 m height) with a 
working depth of 0.3  m. High-density polyethylene foam 
plates were used to provide the necessary buoyancy in the 
ecological floating systems (Fig. 1). Cyperus alternifolius sam-
ples were collected and rinsed to remove mud, debris, and 
invertebrate grazers before pre-culturing for 2 weeks. The 
sturdy plants (approximately 25–30 cm in length) were trans-
planted into the culture buckets. Each bucket was planted 
with two Cyperus alternifolius. The experimental bucket was 
filled with 310.50 g FeBC600 (dry weight), which was mixed 
with deionized water before being planted in the bucket. 
The plants in the control buckets were winded with sponge. 
Initial fluoride concentration was 5 mg L–1, and pH was not 
adjusted. The trial was conducted under natural light and 

a water temperature of 30.2°C–31.5°C. Losses in water vol-
ume due to evapotranspiration were compensated by the 
addition of deionized water every other day to maintain the 
original level. Both the experiment and control groups were 
performed in triplicate.

2.6. Desorption and regeneration of FeBC

Desorption of FeBC was carried out using 1.0  mol  L–1 
HCl solution, followed by water rinsing till pH of washing 
reached around 7. The FeBC was then immersed thoroughly 
in ferric chloride solution (1.0  mol  L–1) at a mass ratio of 
1:15 for 24 h to be regenerated for fluoride adsorption again. 
After each experiment, the solutions were filtered and 
the filtrates were then analyzed for the residual fluoride 
concentration.

3. Results and discussion

3.1. Fluoride removal by adsorbents derived from Cyperus 
alternifolius

Different adsorbents derived from Cyperus alternifolius 
were used to remove fluoride from aqueous solution (Fig. 2). 
It can be seen that the percentage of fluoride removal on the 
Fe-impregnated Cyperus alternifolius (FeC) is much higher 
than from the raw sample. The high adsorption capacity of 
FeC is probably due to the changes of both physical and chem-
ical characteristics of Cyperus alternifolius. Fe-impregnated 
biomass has been reported to have a rough surface morphol-
ogy and higher Brunauer-Emmett-Teller surface area [37]. 
Additionally, the electrostatic interaction between positively 
charged ion compounds and negatively charged fluoride 
ions significantly enhanced the adsorption.

Inorganic salts could also significantly accelerate the 
degradation of hemicellulose [38] and increase the micro-
pore volume and specific surface area of biomass-derived 
biochar obtained [39]. However, some researchers have 

650mm

35
0m

m

FeBC 600

Cyperus alternifolius

 

Fig. 1. Schematic diagram of artificial floating bed system.
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Fig. 2. Fluoride removal by different adsorbents derived from 
Cyperus alternifolius.
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reported that the biochar has lower surface area, especially 
when salts are impregnated at higher concentration [40]. It 
is speculated that salts catalyzed the char-forming second-
ary reactions by promoting volatile condensation, which is 
known to block the pores [41]. The average pore radius is 
larger owing to the redox reaction of iron oxides and car-
bon wall [42]. Liu et al. [43] observed that modification of 
activated carbon by Fe(III) enlarged pore size, reduce pore 
volume and specific surface, but enhance the formation of 
effective surface functional groups. As shown in Fig. 2, the 
removal of fluoride by FeBC600 is 8.2% higher than BFeC600, 
indicating that functional groups enhance the adsorption 
process. Furthermore, fluoride removal by FeBC increased 
with increasing pyrolysis temperature. Such adsorption fea-
tures are also reported on other biochars for benzene [44], 
naphthalene [45], and catechol [46]. This might be attributed 
to the development of porous structures on biochar with 
increasing pyrolysis temperature [47].

3.2. Textural morphological characteristics of FeBC

Fig. 3 shows the SEM photographs of FeBC400, 
FeBC600, and FeBC800. The vertical cross sections of the 
three biochars are relatively smooth except for a few small 
grooves and cracks, whereas the horizontal cross sections 
are quite irregular and filled with pores of different sizes 
and shapes. The porous structure of the biochars developed 
gradually with pyrolysis temperature. As shown in Table 1, 
FeBC800 displays the highest BET surface area (429.72 m2 g–1) 
and pore volume (0.30  m3  g–1). This is consistent with the 
observations reported by Brown et al. [48]. The increase of 
surface area and pore volume might be attributed to the 
pyrolysis behavior of chemical components within biomass. 
Hemicellulose decomposed at 220°C–315°C and cellulose at 
315°C–400°C [49]. The lignin, comprised of aromatic rings 
joined by –C–C– and –C–O–C– covalent bonds, was the most 
difficult to decompose, occurring within a wide temperature 
range of 100°C–900°C [49].

Nitrogen adsorption/desorption isotherms and pore size 
distributions for FeBC400, FeBC600, and FeBC800 are depicted 
in Fig. 4. According to the International Union of Pure and 
Applied Chemistry (IUPAC) nomenclature, such isotherms 
are of the IV type with hysteresis loop, which suggests the 
existence of mesopores in these adsorbents due to capillary 
condensation within the pores. The distinct hysteresis loop 
indicates slit-shaped pores where the adsorption and desorp-
tion branches are parallel [50]. As seen, all the pore size distri-
bution curves in dV/dlog have a peak at a diameter less than 
2  nm, indicating the presence of micropore structures. The 
percentages of micropore surface area of the three biochars 
are determined to be 85.54%, 83.94%, and 81.98%, respec-
tively. It should be noticed that the percentage of micropore 
volume of FeBC600 is greater than FeBC800; yet, the average 
pore diameter of FeBC600 is 2.66 nm, which is the smallest 
of the three biochar samples. Bonelli et al. [51] also reported 
that structural ordering, pore widening, or the coalescence of 
neighboring pores may occur at higher temperature (850°C), 
leading to a decrease in micropore volume.

3.3. Surface functional groups on FeBC

The FTIR spectra of FeBC obtained at different pyrolysis 
temperatures are presented in Fig. 5. The intensity of peaks 
at 1,570, 1,120, 840, and 480 cm–1 all increased with increas-
ing pyrolysis temperature. The band observed at 1,570 cm–1 
was caused by the aromatic ring or C=C stretching vibration, 
suggesting the formation of carbonyl-containing groups 
and the carbonization of Cyperus alternifolius biomass [52]. 
The peak at 1,120 cm–1 is assigned to the C–C and C–O bond 
vibrations in acids, alcohols, phenols, ethers, and esters 
[53]. The light stretching at 840  cm–1 might be due to –OH 
bending, and the band located at 480  cm–1 is characteristic 
of Fe–O [54], indicating that iron is immobilized onto the 
biochars by chemical bonding. A new band was observed 
around 1,400 cm–1 on FeBC800, which might be due to O–H 
deformation vibration from carboxylic groups [55].

 
 

 

 

(a) (b) (c) 

Fig. 3. SEMs of FeBC pyrolyzed at 400°C (a), 600°C (b), and 800°C (c).

Table 1
Characterization of Fe-impregnated biochars from Cyperus alternifolius pyrolyzed at 400°C, 600°C, and 800°C

Samples SBET (m2 g–1) Smic (m2 g–1) % Sext (m2 g–1) % Vtot (m3 g–1) Vmic (m3 g–1) % dp (nm)

FeBC400 46.49 39.77 85.54 6.72 14.46 0.039 0.020 51.28 3.34
FeBC600 270.89 227.41 83.94 43.48 16.06 0.18 0.12 66.67 2.66
FeBC800 429.72 352.30 81.98 77.42 18.02 0.30 0.18 60.00 2.82
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3.4. Effects of pH and adsorbent dosage on fluoride removal

The pH of a solution is an important factor for adsorp-
tion because it influences the surface charge of the adsorbent 
and degree of ionization of adsorbate. FeBC600 was selected 
for further study because it possessed an adsorption capacity 
for fluoride similar to that of FeBC800. As shown in Fig. 6, 
removal of fluoride by FeBC600 decreased slightly with an 
increasing pH in the range of 2.0–10.0. Similar behavior with 
variation in solution pH has been reported in the adsorp-
tion of fluoride by other adsorbents [56,57]. Gago et al. [58] 
found the total F/free F ratio in the equilibrium solution 
correlated negatively with soil pH in water. More than 90% 
removal of fluoride was achieved for all the solution pH 
range studied, indicating FeBC600 could be used as a conve-
nient adsorbent for fluoride removal without pH adjustment. 
The maximum value of adsorption was observed at pH 2–3, 
which was in agreement with the maximum value of pH 3 
reported in another study using granular activated carbon 
coated with manganese oxide [59]. This suggests at low pH, 
Fe-impregnated hydroxyl groups (Fe–OH) on the biochar 
are protonated and positively charged, which enhances the 
adsorption capacity due to electrostatic forces of attraction. 
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Fluoride removal declined under basic conditions possibly 
due to the competition of hydroxide and fluoride for active 
sites and increased electrostatic repulsive forces between 
deprotonated biochar surfaces and the negatively charged 
fluoride ions [60]. However, fluoride removal was maintained 
above 90%, indicating that the electrostatic mechanism was 
not the only mechanism. Other interactions such as hydrogen 
bonding might be involved as well [56].

The effect of adsorbent on fluoride removal was 
investigated by varying the adsorbent dosage from 0.1 to 
3.0 g in a 10 mg L–1 concentration of fluoride solution. It was 
evident from Fig. 6 that the percentage of fluoride removal 
increased from 32.5% to 97.4% with an increase of adsorbent 
dosage from 0.1 to 1.5 g and then remained fairly constant 
increasing adsorbent dosage, which was higher than the 
porous starch-Fe and porous starch-La for fluoride con-
centration of 10  mg  L–1 [60]. This can be mostly attributed 
to the increased availability of more active sites with 
increasing adsorbent dosage. Since the remaining fluoride 
ion concentration is limited, further increase of adsorbent 
dose could not promote the further removal of fluoride 
significantly.

3.5. Adsorption kinetics

In order to more effectively understand the adsorp-
tion process, the data obtained were test fitted with 
pseudo-first-order, pseudo-second-order, and intrapar-
ticle diffusion kinetic models. The resultant parameters 
from these models are shown in Table 2. As seen, the 
pseudo-second-order kinetic model fitted the data better than 
the pseudo-first-order model for the entire adsorption range. 
Correlation coefficients of this pseudo-second-order model 
were 0.9992 for 10  mg  L–1 and 0.9966 for 30  mg  L–1, larger 
than those of the pseudo-first-order model. The calculated 
values of qe (mg g–1) for fluoride concentrations (mg L–1) of 
10 and 30 were 0.988 and 4.99, respectively, indicating a very 
strong agreement with the experimental values. The removal 
capacity was much higher than phosphoric acid-modified 
Mongolian scotch pine tree sawdust char (MMSC) [31], 
however, lower than Ti (IV)-modified biochar [61]. The 
pseudo-second-order rate constant (g mg–1 min–1) decreased 
from 0.235 to 0.0238 as the initial fluoride concentration 

(mg  L–1) increased from 10 to 30, suggesting that it would 
take more time to attain equilibrium at higher initial fluoride 
concentrations.

The intraparticle diffusion model can be used to identify 
an adsorption mechanism and to predict the rate-controlling 
step, wherein the C value is related to the boundary layer 
[34]. If the regression plot of qt vs. t1/2 is linear and passes 
through the origin, intraparticle diffusion is considered as 
the rate-controlling step for the adsorption process under 
study. It can be observed from Fig. 7 that the curves of the 
two concentrations can each be divided into three portions, 
and both of the first linear sections do not pass through 
the origin, which implies that intraparticle diffusion is not 
the only rate-controlling step, with some other mecha-
nism(s) also possibly controlling the adsorption rate [34]. As 
shown, kp decreased and C increased with time during the 
adsorption process. This phenomenon could be interpreted 
as follows. At the beginning of adsorption, large amounts 
of active adsorption sites are available on the adsorbent 
surface, consequently initial adsorption is fast. With the 
gradual saturation of adsorption sites on the adsorbent sur-
face as well as decreasing fluoride concentration gradient 

Fig. 7. Intraparticle diffusion model for adsorption of fluoride 
onto FeBC pyrolyzed at 600°C.

Table 2
Kinetic model parameters for the pseudo-first-order, pseudo-second-order, and intraparticle diffusion models

C0 
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Pseudo-first-order kinetics 
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Pseudo-second-order kinetics 
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1

2
2

Intraparticle diffusion 
 q k t Ct p= +1 2/

k1 (min–1) R2 k2 (g mg–1 min–1) qe R2 kp (mg g–1 min–1/2) C (mg g–1) R2

10 0.0237 0.9305 0.235 0.988 0.9992 0.259 0.0588 0.9937
0.0461 0.555 0.9664
0.0144 0.787 0.9839

30 0.0355 0.9887 0.0238 4.99 0.9966 1.21 0.204 0.9999
0.312 1.71 0.9815
0.0393 4.26 0.6461
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near the surface, adsorption becomes less efficient. Also 
shown in Fig. 7, in the second linear sections of the respec-
tive curves, the kp value for 30 mg L–1 was larger than that 
for 10  mg  L–1, indicating the electrostatic repulsion from 
the fluoride adsorbed on the adsorbent may further hinder 
the adsorption process as well.

3.6. Adsorption isotherms

Langmuir and Freundlich isotherms [34] were employed 
to describe the adsorption equilibrium. The calculated 
isotherm parameters under temperatures of 293, 303, and 
313 K are given in Table 3. The equilibrium data fitted well 
to the two models with R2 values greater than 0.9500. The 
maximum adsorption capacity values were 13.624, 14.144, 
and 14.706 mg g–1 under temperatures of 293, 303, and 313 K, 
respectively, which were in accordance with the actual 
calculated values. The KL value increased with the tempera-
ture, indicating the increase in temperature may favor the 
adsorption process. The values of n–1 were 0.354, 0.343, and 
0.321, respectively, in the range of 0.0–1.0, indicating the 
adsorption process was favorable.

3.7. Fluoride removal in artificial floating beds with FBC 
as substrates

All Cyperus alternifolius plants grew well, and no obvious 
toxicity symptoms were observed either in the experimen-
tal or control groups. There were no significant differences 
between experimental treatment plants and control plants 
in their growth performance during the entire period of 
the present study. It was found that after 10 d, the average 
fluoride concentration of the experimental groups was 
0.92 mg L–1, thus satisfying the national Class V standard for 
surface water environmental quality. The fluoride removal of 
the experimental group was determined to be 46.8% higher 
than that of control group, with an average fluoride concen-
tration of 3.26  mg  L–1. These results strongly suggest that 
Cyperus alternifolius with FBC as substrate might be a feasible 
alternative for the removal of fluoride of polluted waters. 
However, elucidating the complex mechanisms involved in 
the process needs further investigation.

3.8. Desorption and regeneration of FeBC

Seven consecutive adsorption-desorption cycles were 
performed to study the regeneration and recyclability of 
FeBC. After seven cycles, the fluoride removal was still 
higher than 99.0% when the initial fluoride concentration 

was 10 mg L–1. Therefore, FeBC was suitable for regeneration 
and could be applied in the fluoride removal.

4. Conclusions

The study confirmed that FeBC prepared from harvested 
Cyperus alternifolius was a good sorbent for removing fluoride. 
Fluoride removal kept above 90% in the pH over a range of 
2.0–10.0. The pseudo-second-order kinetic model provided 
the best correlation of the experimental data. The equilib-
rium adsorption data fitted well to Langmuir and Freundlich 
isotherm models but gave a better fit to the Langmuir model. 
Fluoride concentration declined from 5 to 0.92 mg L–1 in the 
artificial floating beds with FeBC-rooted Cyperus alternifolius 
in 10  d, satisfying the Class III standard for surface water 
environmental quality. Besides, the FeBC could be regener-
ated and reused for several times. Conclusively, the FeBC 
may be a promising candidate for the removal of fluoride 
from waters, and the application as substrate for artificial 
floating beds might be a feasible alternative.
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