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Fluoride contamination in water environment due to natural and artificial activities has been recognized as one
of the major problems worldwide. Developing effective and robust technologies for excess fluoride removal from
water environment becomes highly important. Among the commonly used treatment technologies applied for
fluoride removal, adsorption technique has been explored widely and offers a highly efficient simple and lowcost process for fluoride removal from water. This review reports the recent developments in fluoride removal
from water environment by adsorption methods. Studies on fluoride removal from aqueous solutions using
various carbon materials are reviewed. It is evident that various adsorbents with high fluoride removal capacity
have been developed, however, there is still an urgent need to transfer the removal process to industrial scale.
Regeneration studies need to be performed in more extent to recover the adsorbent in field conditions, enhancing
the economic feasibility of the process. Based on the review, four technical strategies of adsorption method
including nano-surface effect, structural memory effect, anti-competitive adsorption and ionic sieve effect can be
proposed. The design of adsorbents through these four strategies can greatly improve the removal efficiency of
fluoride in water and provide guidance for the development of new efficient methods for fluoride removal in the
future.
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1. Introduction
Water is the source of life and the necessary condition for the exis
tence of life and economic development. The quality of water resources
has been declining and deteriorating in recent years. Fluoride (F− )
contamination in groundwater has been recognized as one of the most
serious problems worldwide. Fluoride in nature mostly exists as com
bined state mainly including fluorite (CaF2), fluoroapatite (Ca5(PO4)3F),
cryolite (Na3AlF6) and these are in contact for many time with
groundwater what provokes its dissolution under several chemical
conditions. Fluoride-containing waste water from electroplating, metal
processing, electronic manufacturing sector and other industries could
cause water pollution after discharge. According to the WHO, fluoride
concentrations in drinking water exceeding 1.5 mg/L will be harmful to
human health. Long-term drinking of high fluoride water can lead to
dental and skeletal fluorosis. However, recent investigations have shown
that even soft tissues are affected and this type of fluorosis is known as

non-skeletal fluorosis [1]. In addition, it can even cause metabolic,
structural and functional damage in nervous system [2], endocrine
gland [3], reproductive system [4], kidney, liver [5] and other organs.
About 25 countries around the world have been affected by fluorosis,
while the number of fluorosis is alarming. Fluoride contamination is
widely reported in groundwater in different parts of the world especially
from the humid tropics, including Africa, Latin America and Asia [6].
Tanzania, covering some of the highly fluoride rift valley areas, is one of
the most severely fluoride affected countries in the world [7]. In
Tanzania, many teenagers are suffered from crippling fluorosis, which is
the most severe type whereby victims are facing mobility difficulties. In
Mexico, it has been estimated that about more than 5 million people are
affected by fluoride in groundwater. And people living in Ikeno district
of Japan have been exposed to drinking water containing 7.8 mg/L
fluoride for 12 years. Keeping the view of toxic effects of fluoride on
human health, there is an urgent need to find out an effective and robust
technology for the removal of excess fluoride from water environment.
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Removing excess fluoride from water has aroused strong concern of
researchers. Various techniques have been used for fluoride removal
from water environment, the commonly used are as follows: precipita
tion [8], membrane [9] and adsorption [10].
Precipitation is functioned by adding chemicals to water to form
fluoride-bearing compounds. The most common method is to add Ca2+
to fluoride-containing water, which reacts with fluoride to form CaF2
precipitation, so as to achieve the purpose of fluoride removal. However,
due to the solubility of fluorite (Ksp = 3.46 × 10− 11), CaF2 precipitation
becomes difficult when fluoride concentration in the wastewater is
lower than 100 mg/L. The final concentration of fluoride treated by
precipitation method can only reach 10− 20 mg/L. Therefore, the pre
cipitation method is only suitable for repairing fluoride-containing
water with high concentration such as wastewater from electronic in
dustry, which is not satisfactory for drinking-water purposes, and a
subsequent defluoridation process must be carried out [11]. Yang et al.
[12] found that a small portion of wastewater was first mixed with the
whole dose of Ca2+ and then mixed with the remaining portion of
wastewater could greatly improve fluoride removal performance, called
seed-generation method. Chang et al. [8] studied on precipitation of
fluoride from wastewater with CaCl2, and coagulation-flocculation of
CaF2 by polyaluminum chloride and polyacrylic acid. Ezzeddine et al.
[13] investigated the fluoride removal from aluminum fluoride
manufacturing wastewater precipitation-neutralization using lime or
limestone. The effects of experimental conditions such as lime or lime
stone dosage, initial fluoride concentration and initial pH on fluoride
removal efficiency and final pH were evaluated. Due to the advantages
of low cost, simple operation and disadvantages of production of toxic
sludge and low removal efficiencies, the precipitation method is usually
used as a pretreatment of high concentration polluted wastewater.
Membrane is a material with selective separation function. The
process of separating, purifying and concentrating different components
of feed liquid by selective separation of membrane is called membrane
separation, comprising of reverse osmosis, nanofiltration, dialysis and
electro-dialysis. Reverse osmosis (RO), a membrane separation opera
tion that separates solvent from solution driven by pressure difference.
Nanofiltration is a process with the properties between reverse osmosis
and ultrafiltration. There is no obvious boundary between nanofiltration
and reverse osmosis. The fundamental difference between them is the
pore size. For nanofiltration, the pores of the membrane are slightly
larger than that of the reverse osmosis membrane, with less resistance to
solvent and solute. Owusu-Agyeman et al. [14] studied the mechanisms
of the impact of inorganic carbon and humic acid (HA) on fluoride
retention over a broad range of pH values (2–12) by nanofiltration (NF)
and reverse osmosis (RO) membranes. They found that fluoride reten
tion increased with pH. However, CO2−
3 ions were predominant inor
ganic carbon species at pH > 10, which retained more easily than the
monovalent fluoride. And HA enhanced the retention of fluoride
through the change in surface charge of the membranes. The authors
[15] also evaluated the feasibility of a solar-powered nano
filtration/reverse osmosis (NF/RO) system in defluoridation of a
brackish borehole located at Tanzania. The key performance parameters
such as permeability efficiency, fluoride retention and specific energy
consumption of four different nanofiltration membrane modules (BW30,
BW30-LE, NF90, and NF270) were compared. Although The NF90
membrane exhibited the best overall performance, which could easily
meet the requirements of fluoride export concentration, however, the
cost was too high. Dialysis is a process in which solute molecules diffuse
through semipermeable membranes driven by concentration difference.
External direct-current electric field can often accelerate the diffusion of
small ions during dialysis, which is called electrodialysis. Hichour et al.
[16] applied Donnan dialysis (DD) for fluoride removal from synthetic
water. The author studied the DD process under two kinds of cycle
modes of single pass and batch feeding. The results indicated that DD
exhibited efficient defluoridation performance despite the presence of
different anions and cations in the waters treated. Amor et al. [17]

studied the fluoride removal from brackish water by electrodialysis
(ED). The ED operation not only removed fluoride but also removed the
other ions to desalinate the brackish water. Recently, Arfaoui et al. [18]
studied the characteristics of an anionic membrane and the effect of
different parameters such as electrodialysis time, supporting electrolyte
concentration, coexisting ions, current density, and the pH. The high
percentage of defluoridation obtained after treatment of industrial
effluent (80.3 %) reflected the good efficiency of the electrodialysis
process. Although membrane technology can effectively remove fluo
ride to a desired range, membrane fouling problems, such as clogging
and scaling, which are still not well solved. Moreover, the high operation
and capital cost make it difficult to be used in large-scale treatment of
actual wastewater.
Compared to the two technologies mentioned above, adsorption has
been demonstrated as a practical method for removing excessive fluo
ride from drinking water because of its cost effectiveness, ease of
operation, high removal capacity, and ability to reuse the adsorbent.
These characteristics encourage researchers to continue to explore ad
sorbents for additional potential. There is a wide choice of cost-effective
adsorbents. This process has been used extensively by many researchers
and has shown remarkable results. This review reports the recent de
velopments in fluoride removal from water environment by adsorption
method. Studies on fluoride removal using various carbon materials,
natural minerals, chitosan and chitosan modified materials, metal ma
terials, polymers and resins, metal-organic frameworks (MOFs), layered
double hydroxides (LDHs) biomaterials and industrial by-products for
fluoride are reviewed. A summary of relevant published data (in terms of
adsorption capacity, adsorption times and pH, applicable adsorption
isotherm models and kinetic models) with some of the latest important
findings, and a source of up-to-date literature is presented and the re
sults have been discussed. For information pertaining to detailed
experimental methodology and conditions, readers are referred to the
full articles listed in the references.
2. Fluoride removal by various adsorbents
2.1. Carbon based materials for fluoride removal
Carbon based materials with controllable pore structure and surface
chemical properties are widely used in adsorption, catalysis, sensing and
other fields. The properties of porous carbon materials can be improved
by modification and metal-doping. In this paper, carbon based adsor
bents for fluoride removal are classified into these categories: activated
carbon, biochar and bone char, carbon nanotubes, graphene and
graphite based materials.
2.1.1. Activated carbon
Activated carbon is regarded as an efficient adsorbent due to its high
porosity, large surface area and high catalytic activity. However, acti
vated carbon has a relatively small adsorption capacity as well as a low
affinity for inorganic pollutants, like fluoride. To overcome these diffi
culties, recent investigations have focused on modifying activated car
bons with various chemical species. Vences-Alvarez et al. [19] anchored
lanthanum oxyhydroxides on a commercial granular activated carbon
(GAC) to remove fluoride from water. The results showed that the
lanthanum concentration has an important influence on the adsorption
capacity of the modified adsorbent. GAC-La0.05 showed the highest
adsorption capacity, which was 5 times higher than that of commercial
GAC (F400). The adsorption process followed the Langmuir isotherm
with an adsorption capacity of 9.98 mg/g, and the kinetics followed a
pseudo-second-order equation. In addition, the removal efficiency of
fluoride reached 92.6 % in the first hour. Choong et al. [20] synthesized
La/Mg/Si-loaded palm shell-based activated carbon (LMSAC) for the
selective removal of aluminum and fluoride from water. The calcined
LMSAC composite after sonication (LMSAC8) exhibited the highest
fluoride adsorption capacitiy. The maximum fluoride adsorption
2

J. He et al.

Journal of Environmental Chemical Engineering 8 (2020) 104516

capacity calculated by Langmuir model was 285.70 mg/g at pH 7.0. The
adsorption with LMSAC8 followed a pseudo-second-order equation,
achieved 94.2 % of the maximum fluoride adsorption capacity in
90 min. Later, Choong et al. [21] also studied the adsorption of fluoride
on palm shell activated carbon (PSAC) and magnesium silicate (MgSiO3)
modified PSAC (MPSAC). The adsorption capacity of PSAC and MPSAC
were 116 mg/g and 150 mg/g, respectively. Although both PSAC and
MPSAC have excellent fluoride adsorption capacity, PSAC exhibited
poor regeneration (<20 %) while MPSAC had steady adsorption effi
ciencies (~70 %) even after 5 regeneration cycles. And the authors
found an interesting phenomenon that the MgSiO3 impregnated layer
changed the adsorption behavior of fluoride from monolayer to het
erogeneous multilayer based on the Langmuir and Freundlich isotherm
models. But both PSAC and MPSAC followed pseudo-second-order ki
netics. Roy et al. [22] used calcium-impregnated activated charcoal for
fluoride removal. The optimum removal efficiency was obtained as
99.68 % within a contact time of 40 min. The adsorption data followed
pseudo-second-order kinetic and were fitted to the Langmuir isotherm
well with adsorption capacity of 46.32 mg/g. Mullick et al. [23] studied
zirconium-impregnated activated carbon, using ultrasound as the tool
for synthesis and applying it for fluoride adsorption from water. A
maximum fluoride removal of 94.4 % was obtained for the optimum pH
4 within an equilibrium time of 180 min. The adsorption data were
fitted most suitably to the Langmuir model with the maximum adsorp
tion capacity obtained up to 5.40 mg/g. The adsorption kinetics fol
lowed pseudo second order model. This study provided the prospective
of ultrasound as a tool for synthesizing materials in an easier and
convenient way. Subsequently, they prepared Mg-Mn-Zr impregnated
activated carbon by the same way [24]. The adsorbent was able to
remove more than 96 % of fluoride for a wide pH range (2− 10) within
an equilibrium time of 180 min. The maximum adsorption capacity
obtained was 26.27 mg/g. Moreover, the experimental data followed
the Langmuir isotherm and second-order kinetics. Saini et al. [25]
impregnated rice straw with alumina and then converted it into acti
vated carbon. The maximum removal efficiency was more than 96 %
observed at 10 mg/L initial fluoride concentration. The kinetic model
revealed the pseudo second-order rate, and the adsorption data were
fitted the D-R and Temkin Isotherm models best. The maximum
adsorption capacity obtained was 2.86 mg/g.

adsorption capacity. The maximum fluoride adsorption capacity for
PPBC-La was found to be 19.86 mg/g. Yu et al. [29] investigated the
possibilities of an innovative lanthanum-modified carbon (LMC)
adsorbent rooted in Sargassum sp. Almost 90 % of fluoride adsorption
occurred within the first 1 h. The experimental data were described well
by the Langmuir isotherm model, and the kinetic study revealed the
pseudo-second-order equation. The maximum adsorption capacity of
LMC could reach 94.34 mg/g at neutral pH, much higher than many
commercial adsorbents. Vilakati et al. [30] prepared unmodified and
titanium-modified carbon from plantain pseudo stem under controlled
conditions at low temperature. The maximum fluoride removal of the
virgin carbon (VMPC) and titanium modified carbon (TiMPC) were 81.2
% and 97.7 %, respectively. The adsorption process followed the
Langmuir isotherm and a pseudo-second-order kinetic model. The
adsorption capacity of TiMPC (17.20 mg/g) was higher than VMPC
(11.40 mg/g). Dewage et al. [31] prepared alpha-Fe2O3 and Fe3O4 on
high surface area Douglas fir biochar, which was used to remove nitrate
and fluoride ions from water rapidly. Adsorption was evaluated from
298 to 318 K using the Langmuir and Freundlich isotherm models.
Langmuir adsorption capacity was 9 mg/g for fluoride. Jiang et al. [32]
synthesized boron-doped biochar with Al2O3 modified for fluoride
removal from aqueous solutions. The adsorption kinetics and equilib
rium properties were well-described with a pseudo-second-order equa
tion and Freundlich model. The maximum Langmuir adsorption
capacity was found to be 196.10 mg/g. Wan et al. [33] impregnated
magnesium oxide into biochar (BC) by one-step pyrolysis and obtained a
hybrid adsorbent MgO-BC with high efficiency defluoridation. The
experimental data of fluoride adsorption onto MgO-BC was described
well by the Langmuir isotherm model, and kinetic study revealed a
pseudo-second-order reaction model. And the maximum adsorption
capacity for fluoride was predicted to be 83.05 mg/g, which was higher
than commercial activated alumina and magnesia based composites
with natural carriers. Mei et al. [34] prepared zirconia biochar
(ZrO2/BC) with excellent fluoride adsorption performance by one-step
calcination from Camellia oleifera (C. oleifera) seed shell. The adsorp
tion process was consistent with a pseudo second-order kinetic model
and the Langmuir adsorption isotherm, and the theoretical maximum
adsorption capacity was 11.04 mg/g. Luo et al. [35] applied biochars
from yak dung for defluoridation. The results showed that BC can
remove 90 % fluoride. After modification of biochar by FeCl2, the
removal of fluoride was increasing to 94 %. Both the Langmuir isotherm
and Freundlich isotherm model were suitable for describing the
adsorption of fluoride onto Fe-BC3, and pseudo-second-order model
were more adequately represented by the adsorption kinetics. The
maximum adsorption capacity on Fe-BC3 was 3.93 mg/g. Saikia et al.
[36] used harmful weed Akebia stem to produce high quality carbon,
and modified it with AlOOH nanoparticles to effectively remove fluoride
from drinking water. The percent defluoridation increased from 80.1 to
97.1% on increasing the adsorbent dose from 2 to 10 g/L. The adsorp
tion process was in good accord with the Freundlich model and
pseudo-second-order kinetics. The adsorption capacity was found to be
in the range of 46.55–53.71 mg/g for the temperature range of
30− 50 ◦ C, which is better than many other similar adsorbents.
Bone charcoal, that is the activated carbon obtained by sealing,
heating and degreasing animal bones. Rojas-Mayorga et al. [37] studied
the physicochemical characterization of metal doped bone chars and
their adsorption behavior for water defluoridation. Results showed that
the fluoride adsorption properties of bone chars can be enhanced up to
600 % using aluminum sulfate for surface modification, showed an
adsorption capacity of 31 mg/g. Langmuir isotherm and pseudo-secondorder equations were proper for representing the adsorption perfor
mance. Nigri et al. [38] studied the fluoride adsorption capacity of cow
bones char prepared by acid washing and Al-doping. The highest
adsorption capacity for fluoride were obtained for the acid washed
(q = 6.2 ± 0.5 mg/g) and Al-doped (q = 6.4 ± 0.3 mg/g) bone chars.
The equilibrium adsorption data were fitted well to Langmuir and

2.1.2. Biochar and bone char
Biochar is the product of pyrolysis of biomass energy. Biochar is
widely used as adsorbent for fluoride removal due to its easy availability
and low price. Li et al. [26] studied fluoride adsorption on
polypyrrole-grafted peanut shell biological carbon. The adsorbent was
found to have a good fluoride removal efficiency of 91.2 % for
11.5 mg/L fluoride solution and 10 g/L adsorbent. The experimental
data were described well by a Langmuir isotherm curve, and the
maximum adsorption capacity was 17.15 mg/g. The adsorption was due
to intra-particle diffusion and followed pseudo-second-order kinetics.
Bonyadi et al. [27] synthesized activated carbon from the Populus alba
tree (PAAC) under the assistance of ultrasonic and applied it to the
removal of fluoride ions in synthetic wastewater and actual wastewater.
The maximum removal efficiency of fluoride (93.37 %) occurred under
the fluoride concentration of 10 mg/L, PAAC of 4 g/L. The isotherms
and kinetics data could be suitably reflected by the Freundlich and the
pseudo-second-order kinetic models. Langmuir maximum monolayer
adsorption capacity of the ultrasonic-assisted PAAC was measured as
77.12 mg/g. Most researchers modified biochar with metal and its ox
ides, chlorides, hydroxides to increase its adsorption capacity. Wang
et al. [28] studied the fluoride removal by lanthanum-loaded pomelo
peel biochar (PPBC-La). About 82 % of fluoride adsorption was achieved
at 9 h. Experimental results showed that the adsorption data were
described well by the pseudo-second-order kinetic and Freundlich
isotherm models. Compared with the virgin PPBC, the PPBC-La exhibi
ted strong anion exchange ability, which dramatically increased its
3
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Freundlich models. Delgadillo-Velasco et al. [39] established a new
method for the preparation of bone chars, which obtained by doping a
commercial bone char with Ag using different reagents. Results clearly
indicated that silver enriched bone chars showed significantly higher
removal amounts (~60 %) than the control test carried out with BC
(~40 %). And the optimal bone chars had an adsorption capacity almost
20 % higher (~1.65 mg/g) than the sample without modification or
thermal treatment. Chatterjee et al. [40] carbonized low-cost natural
bone meal (CBM) for fluoride removal. Suggested by Langmuir model,
the maximum adsorption capacity of raw bone meal was 2 mg/g, which
was increased to 14 mg/g for CBM. Later, the group chemically treated
bone carbide powder with aluminium sulfate and calcium oxide, and
synthesized a new defluoridated adsorbent [41]. Maximum fluoride
removal capacity was 150 mg/g when carbonized bone meal (100 g/L)
was treated with aluminum sulfate (500 g/L) and calcium oxide
(15 g/L). Medellin-Castillo et al. [42] synthesized bone char from pleco
fish (Pterygoplichthys spp.) and determined its adsorption capacity to
wards fluoride. The fluoride adsorption capacity of fish fins bones (HA)
and fish backbones (HC) was enhanced 4 and 16 % after the carbon
ization process. The CHA sample presented the highest fluoride
adsorption capacity of 19.65 mg/g at pH 5.0. The Langmuir isotherm
best adjusted the adsorption equilibrium data.

19.82 mg/g with broader pH range from 2.1 to 10.4, which was superior
to that of FeOOH/GO (17.65 mg/L, pH 2.8–10.4). Assembly of
nano-sized hydroxyapatite onto graphene oxide sheets (GOs-nHAp) was
prepared by Prabhu et al. [49]. The authors summarized a comparison of
defluoridation capacity of nano-hydroxyapatite composites with other
materials,
such
as
nano-hydroxyapatite/stilbite
composite,
nano-hydroxyapatite
in
gelatin
polymatrix,
magnetic
nano-hydroxyapatite@alginate composite and glass derived hydroxy
apatite et al., finding GOs-nHAp material showed the highest fluoride
removal capacity. The maximum adsorption capacity was found to be
44.07 mg/g. Zhang et al. [50] applied a zirconium-chitosan/graphene
oxide (Zr-CTS/GO) membrane adsorbent to remove fluoride from
aqueous solution. Zr-CTS/GO membrane retained the sheets structure of
stacked GO, with surface area of 1.619 m2/g. The adsorption capacity
was 29.06 mg/g calculated from two-site Langmuir model. The isotherm
data were in good agreement with the Freundlich model, which indi
cated that fluoride adsorption occurred on the surface of heterogeneous
Zr-CTS/GO membranes with a multilayer form. Mukhopadhyay et al.
[51] successfully modified graphene oxide with Ce (IV)-doped hydrated
Fe (III) oxide (GO-CIHFO) by in-situ wet chemical deposition. The sur
face area of as-prepared composite (GO-CIHFO) had enhanced
(189.57 m2/g) compared with that of pristine CIHFO (140.711 m2/g).
The results showed that 1.2 g/L of GO-CIHFO could effectively optimize
the fluoride content of natural groundwater samples (9.05 mg/L) to the
ideal allowable limit (GB5749-1985). Nehra et al. [52] prepared gra
phene incorporated with titanium oxide as a recyclable adsorbent. The
TiO2/GO nanocomposite exhibited good adsorption towards the fluoride
ion with an adsorption capacity of 342 mg/g and a high surface area of
278 m2/g. The percentage of adsorption could reach 97 % with the
adsorbent dose of 3.5 g/L and initial fluoride concentration of 85 mg/L.
Zhang et al. [53] synthesized a ZrO(OH)(1.33)Cl-0.66-reduced graphene
oxide (rGO) hybrid adsorbent containing exchangeable chloride ions
with the assistance of cation-π interactions. Although the surface area of
the composite can be neglected (1.45 m2/g), it could deliver a fast
fluoride capture performance with high adsorption rate constants of
1.05 min− 1 and 0.171 mg/(g min, around 10 times faster than the best
result reported in the literature. ZrO(OH)1.33Cl0.66-rGO exhibited a
high fluoride uptake (44.14 mg/g) and high removal efficiency (94.4 %)
in 35 mg/L fluoride solution. Wang et al. [54] synthesized (ZrO2-A
l2O3)/GO successfully by a simple sonochemical method. The specific
surface area of the sample synthesized by ultrasonic method
(42.84 m2/g) was much larger than that by precipitation method
(3.96 m2/g). The (ZrO2-Al2O3)/GO exhibited a maximum fluoride
adsorption capacity of 62.20 mg/g when the initial concentration was
300 mg/L, and an adsorption ability of 13.80 mg/g was presented when
the fluoride ion equilibrium concentration was 1 mg/L.
Jin’s group [55] investigated adsorption of fluoride on amorphous
alumina-modified expanded graphite (Al2O3/EG). Although adsorption
capacity of Al2O3/EG was only 1.18 mg/g, it had good adsorption per
formance and a 94.4 % removal rate of fluoride. Subsequently Xu et al.
[56] prepared a novel Al2O3-Fe3O4-expanded graphite nano-sandwich
adsorbent with a maximum fluoride adsorption capacity 3.35 mg/g.
Under optimized conditions, fluoride removal efficiency reached 96.8
%. After two cycles of regeneration with 0.1 mol/L NaOH, fluoride
removal efficiency could still reach 91.4 % and the residual fluoride
concentration was lower than 1.5 mg/L. Wen et al. [57] studied the
fluoride removal performances by a three-element adsorbent, gamma-
Fe2O3-graphite-La (MGLNP). The fluoride adsorption isotherm of the
MGLNP could be well described by the Langmuir equation, and the
maximum adsorption capacity was about 77.12 mg/g. It maintained an
adsorption capacity of 77.54 % at the sixth cycle of fluoride adsorption.

2.1.3. Carbon nanotubes
Balarak et al. [43] reported the adsorption characteristics of fluoride
onto single-walled carbon nanotubes (SWCNTs). The adsorption ca
pacity of the SWCNTs with a specific surface area 712.9 m2/g was
50− 150 mg/g with an initial fluoride concentration of 100 mg/L, and
the fluoride removal efficiency was about 87 %–100 %. The experi
mental results were fitted to the Langmuir isotherm well and
pseudo-second-order kinetic model. Based on that, Dehghani et al. [44]
investigated the defluoridation study of liquid phase with the help of
multi-walled carbon nanotubes (MWCNTs) and single-walled carbon
nanotubes (SWCNTs). The specific surface area of SWCNTs and
MWCNTs were found to be 700 and 270 m2/g, respectively. The
maximum adsorption capacity of fluoride adsorbed by MWCNTs and
SWCNTs were 2.83 and 2.40 mg/g for an initial fluoride concentration
of 1 mg/L. The adsorption data were described well by the Freundlich
isotherm and followed pseudo-second-order kinetic. Roan’s group [45]
used a simple in-situ sol-gel method to prepare a novel composite ma
terial, hydroxyapatite (HA)-multi-walled carbon nanotubes (MWCNTs),
which were used for the first time to remove fluoride from water. The
specific surface area of the synthesized HA-MWCNTs were
180.504 m2/g, which resulted in a defluoridation capacity of
30.22 mg/g. It was worth noting that HA-MWCNTs were able to
decrease the fluoride concentration of actual nuclear industry waste
water from 8.79 mg/L to about 0.25 mg/L with a removal efficiency of
97.15 %. The fluoride adsorption data were agreed well with the
Langmuir isotherm model and the Freundlich isotherm mode, and the
adsorption kinetic data were fitted to a pseudo-second-order model.
Zarei et al. [46] investigated the removal of fluoride from drinking water
by nano-alumina coated on multi-walled carbon nanotubes. The adsor
bent was able to remove up to 97.1 % of the fluoride with an adsorbent
dose of 1.5 g/L and an initial fluoride concentration of 4 mg/L. The
results for the adsorption were fitted to the model of the Freundlich.
2.1.4. Graphene and graphite
Akaganeite anchored graphene oxide (β-FeOOH@GO) nano
composites were synthesized by Liu et al. [47]. The maximum adsorp
tion capacity was 17.67 mg/g calculated from the Langmuir isotherm.
Initial pH from 2.1 to 10.4 had little effect on fluoride adsorption.
Thereafter, Kuang et al. [48] studied the effect of FeOOH@GO crystal
line structure growth induced by acetate sodium. The results showed
that organic ligands like acetate greatly modified the crystalline struc
ture of FeOOH, thus altered its fluoride adsorption performance and
adsorption mechanism. FeOOH + Ac/GO showed adsorption capacity of

2.2. Natural minerals for fluoride removal
Natural minerals refer to the natural single substance or compound
formed under the geological process, with relatively fixed chemical
4
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composition. Natural minerals play a unique role in the field of pollution
control and environmental remediation because of their obvious ad
vantages in the scale, cost, operation and effect of pollution control. In
this paper, natural minerals for fluoride removal are classified into these
categories: clay, zeolite, calcium based minerals, SiO2 and other
minerals.

exhibited good performance for fluoride removal. The equilibrium data
were fitted well to the Langmuir model with a maximum adsorption
capacity of 25.44 mg/g at 298 K. Liu et al. [65] synthesized a series of
zeolites with different iron content by hydrothermal method. The results
showed that with the iron content increasing, the adsorption amount of
fluoride decreased, which confirmed that the zeolites incorporated with
iron were harmful to the adsorption property of fluoride. Tian and Gan
[66] synthesized a three-dimensional hierarchically structured flower
like zeolite using naturally occurring nanohalloysite with NaOH by
hydrothermal methods. The experimental data were fitted well with
Freundlich model and followed pseudo-second-order rate equation. The
zeolite exhibited strong adsorption properties for fluoride ions with an
adsorption capacity up to 161 mg/g. Saucedo-Delgado et al. [67]
developed a protonated clinoptilolite for water defluoridation. This
adsorbent was obtained by a thermochemical treatment with NH4Cl,
which could proton the surface of zeolite and increase its specific surface
area. The fluoride adsorption performance of this protonated clinopti
lolite was better than that of raw and modified zeolites with multivalent
cations such as aluminum or iron. Therefore, the selection of suitable
metal ions to modify zeolite would significantly affect the defluoridation
properties of the zeolite.

2.2.1. Clay
Clay is an important mineral material, which consists of a variety of
hydrated silicates and a certain amount of aluminium oxide, alkali metal
oxide and alkaline earth metal oxide. Clay has large specific surface area
and negative electricity on particles, so it has good physical adsorption
and surface chemical activity, and has the ability to exchange with other
cations. Several clay materials with native and modified forms are tested
on fluoride removal including clay minerals, bentonite, kaolinite, pol
ygorskite, vermiculite and diatomite etc.
Defluoridation by adsorption onto cost-effective natural materials
was the most commonly utilized method. Ben Amor et al. [58] investi
gated the capacity of raw Tunisian clays in the defluoridation of natural
water. They found that kaolinite was more efficient at removing fluoride
than smectite. The percentage of fluoride removal was 73 % for kaolinite
and 46 % for smectite, with initial fluoride concentration of 2 mg/L.
Chemical modification of clay had also been reported by some re
searchers. Zhang et al. [59] used natural clay modified by lanthanum
and aluminum as fluoride ion adsorbent. The adsorption capacity of the
modified clay was 1.30 mg/g. The isotherm data were well fitted to the
Langmuir model. Kinetic studies showed that fluoride adsorption fol
lowed a pseudo-second-order rate model. Mobarak et al. [60] modified
natural clay with decyltrimethylammonium bromide and a combination
of hydrogen peroxide with decyltrimethylammonium bromide. Lang
muir model with a maximum adsorption capacity of 53.66 mg/g
described well the experimental data. The kinetic data were fitted well
to the pseudo-second-order model. Gitari [61] investigated raw unpro
cessed bentonite clay and its Fe3+-modified form for abatement of
fluoride from water. Loading of Fe3+ on bentonite was achieved by
contacting the powdered clay with 80 mg/L Fe3+ solution for 15 min at
S/L ratio of 2 g/100 mL. Fe3+-modified bentonite exhibited approxi
mate 100 % fluoride removal as opposed to unprocessed bentonite <5 %
at initial concentration of 10 mg/L fluoride. The adsorption data were
fitted well to Langmuir adsorption with maximum adsorption capacity
of 2.91 mg/g. Mudzielwana et al. [62] synthesized an efficient fluoride
adsorbent by coating Na-activated bentonite with MnO2 (Mn-NaB)
through in-situ reduction of KMnO4. Although the maximum adsorption
of Mn-NaB (2.40 mg/g) was lower than that of other adsorbents, its
adsorption to fluoride was sufficient, with a fluoride removal percentage
of more than 91 % at all evaluated pH levels (2.0–12.0). Chao et al. [63]
obtained ceramsite adsorbent with better defluoridation rate and me
chanical strength by optimizing the mixing proportion of volcanic rock,
bentonite, corn starch and aluminum sulfate. A stable fluoride removal
ratio (87.5 %) was obtained in the pH range of 4.0–11.0, and the
adsorption capacity was 10.17 mg/g via the Langmuir equation.

2.2.3. Calcium based minerals
Calcium based materials are mainly composed of apatite, brushite
and limestone. Apatite is a kind of calcium-containing phosphate min
erals, commonly known as hydroxyapatite (HAP). He et al. [68] devel
oped the preparation of ultra-long HAP nanowires successfully. The
maximum adsorption amount was 40.65 mg/g at the fluoride concen
tration of 200 mg/L. In addition, the HAP nanowires were changed into
HAP membranes by a simple suction filtration process, which could
remove fluoride efficiently through continues filtration. Moreover, Al
(OH)3 nanoparticles modified hydroxyapatite (Al-HAP) nanowires were
prepared and made into Al-HAP membrane [69]. The maximum of
adsorption capacity was 93.84 mg/g when the fluoride concentration
was 200 mg/L. The fluoride adsorption mechanisms of HAP and Al-HAP
were anion exchanges and electrostatic interactions as shown in Fig. 1.
The contribution rates of HAP nanowires and Al(OH)3 nanoparticles in
fluoride removal were 36.70 % and 63.30 %, respectively. Mehta et al.
[70] synthesized HAP nanorods by two different methods of conven
tional method and ultrasonic precipitation. The experimental results
showed that the yield of HAP nanorods synthesized by ultrasonic pre
cipitation method was higher, and complete phase transition occured
with the formation of long HAP nanorods. The fluoride removal effi
ciency could reach 93 %. Fluoride adsorption isotherms were fitted to
the Freundlich isotherm with an adsorption capacity of 1.49 mg/g. Chen
et al. [71] synthesized sulfate-doped HAP hierarchical hollow micro
spheres. The prepared HAP possessed a adsorption capacity of about
14.30 mg/g while the sulfate-doped HAP showed enhanced fluoride
removal performance with a defluoridation capacity of 28.30 mg/g. The
adsorption data could be fitted better by the Freundlich than Langmuir
model and the adsorption kinetic followed the pseudo-second-order
model. Tang et al. [72] studied the potential of carbon nanotube com
posites (CNT-HAP) to modify hydroxyapatite to remove fluoride. The
isothermal adsorption data were fitted by the Freundlich model with a
maximum adsorption capacity of 11.05 mg/g. Fernando et al. [73]
synthesized a novel hydroxyapatite montmorillonite (HAP-MMT)
nanocomposite system using a simple wet chemical in situ precipitation
method. Fluoride adsorption data over HAP-MMT were fitted to the
Freundlich adsorption isotherm model and showed more than two-fold
improved adsorption capacity (16.70 mg/g) compared to neat HAP
(6.70 mg/g). Gao et al. [74] fabricated hierarchical hollow hydroxyap
atite microspheres (HHHMs) by a facile hydrothermal process. HHHMs
exhibited excellent fluoride adsorption performance due to the hierar
chical porous hollow structure and large specific surface area. The
maximum adsorption amount of HHHMs was 29.82 mg/g.
Some researchers used chitosan polymer to control the morphology

2.2.2. Zeolite
Zeolite is a water-bearing alkali or alkaline earth metal aluminosil
icate mineral, with excellent ion exchange and adsorption separation
properties. However, zeolites usually have negative surface charges at
all pH values, causing a high adsorption capacity for cations, but low for
anions because of electrostatic repulsions. Thus, many researchers
modified zeolite surface with multi-valent metallic cations for
improving the adsorption capacity of zeolites. Three cited papers
modified zeolite using the hydrothermal method/modification what
could be interesting to the researchers focused on natural zeolites and
their modification as follows. The results showed that hydrothermal
method was the most commonly used modification method. Balarak
et al. [64] synthesized nano-sodalite zeolite by the hydrothermal crys
tallization method. The as-prepared nano-sodalite zeolite adsorbent
5
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Fig. 1. (a, b) SEM and TEM images of the HAP nanowires and Al modified HAP nanowires. (c) Schematic of Al modifying HAP nanowires, fluoride removal and
desorption processes.

of brushite to improve its defluorinated ability. Shen et al. [75] explored
defluoridation performance of the well-dispersed monetite bundles
inlaid in chitosan beads (MONs@CS). The maximum adsorption ca
pacity was 50.01 mg/g. Chen et al. [76] reported the controllable syn
thesis of petal-like brushite nanosheets using chitosan as a regulator. The
addition of chitosan can prevent the agglomeration of calcium phos
phate, thus controlling the size of transcalcium phosphate nanosheets.
The nano-material exhibited excellent fluoride adsorption capacity of
231.50 mg/g.
Several studies about fluoride removal with limestone had been re
ported. Gogoi et al. [77] reported that phosphoric acid enhanced lime
stone was used to remove fluoride from groundwater. The presence of
phosphoric acid increased the fluoride removal capacity of limestone
from 0.39 mg/g to 1.10 mg/g. Wong et al. [78] studied calcium car
bonate as an economical and effective adsorbent for on-site defluori
nated drinking water system. CaCO3 can bring fluoridated water (below
10 mg/L) down to drinkable fluoride concentrations (below 1.5 mg/L)
via physical adsorption, determined through D-R isotherm calculations.
Vijayeeswarri et al. [79] prepared surface modified limestone with
different amounts of CaCl2 and NaH2PO4. Pilot scale operation of the
process in a rural tenement with local help to prepare the adsorbent and
treat 700 L of groundwater each day for 4 months was demonstrated.
During this period, the average fluoride concentration of the feed water
was 7.1 mg/L, and was reduced to 1.0 mg/L by the treatment. Overall,
calcium based minerals were cheap and readily available materials that
cannot effectively remove fluoride on its own, but with physical and
chemical modification, the capacity of defluoridation could be greatly
increased and used in practical applications.

containing initially 100 mg/L fluoride solution. The maximum percent
fluoride removal under optimal conditions was only 25.62 %. Subse
quently, in order to improve the fluoride removal capacity of diatomite,
the group [81] used Al/Fe oxide to modify diatomite. The maximum
fluoride removal efficiency of 93.1 % was attained in 50 min using a
dosage of 0.6 g/100 mL in 10 mg/L fluoride. The optimum adsorption
capacity was 7.63 mg/g for 100 mg/L fluoride solution. Akafu et al. [82]
modified diatomaceous earth (diatomite) provided locally in Ethiopia
with an aluminum hydroxide solution. The maximum fluoride removal
was observed to be 89.4 % with initial fluoride concentration of
10 mg/L. The Langmuir maximum adsorption capacity was 1.67 mg/g.
Although diatomite was readily available in nature, and its use as an
adsorbent made the process more economical, the lack of study on the
regeneration capacity created confusion about its applicability. There
fore, the regenerative capacity of this kind of adsorbent need more
attention and research. Fluoride adsorption study was also explored
onto the mesoporous silica [83]. The lanthanum-modified mesoporous
silica had good defluoridation performance due to its large surface area
and good dispersive effect. The removal of fluoride can reach 90 %
under optimum condition. The adsorption was in accordance with
Langmuir isotherm model with the maximum adsorption capacity of
19.85 mg/g. Similarly, Zhang et al. [84] modified mesoporous silica
with cerium. Isothermal adsorption results showed that the fluoride ion
adsorption process of Ms-Ce was fitted with the Langmuir isotherm
adsorption model. The maximum adsorption capacity was 17.96 mg/g.
Wang et al. [85] prepared a novel CeO2@SiO2 adsorbent and applied for
the adsorption of fluoride ions from wastewater, achieving much higher
adsorption efficiency (257.70–363.90 mg/g) than many reported
adsorbents.

2.2.4. SiO2
Several research groups have studied the adsorption of fluoride on
diatomite and SiO2. Izuagie et al. [80] studied the defluoridation of
water using diatomite. X-ray fluorescence analysis showed that the
major component is silica (83.1 %), while Al2O3 is the minor compo
nent. The optimum adsorption capacity was 5.79 mg/g for the solution

2.2.5. Other minerals
Some researchers have studied the removal of fluoride using rocks.
Jia et al. [86] synthesized three-dimensional feather like bayer
ite/boehmite nanocomposites by a facile hydrothermal method. The
obtained nanocomposites present excellent adsorption properties
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towards fluoride. The maximal adsorption capacity was 56.80 mg/g at
pH 7.0. Later, the group [87] prepared 2-line ferrihydrite/bayerite
composites (LFBC) and evaluate the fluoride removal performance. The
equilibrium data were fitted to the Langmuir model, and the maximum
fluoride adsorption capacity at neutral pH was 123.03 mg/g, which was
more than twice as much as that of the previous synthetic bayer
ite/boehmite nanocomposites. Biswas et al. [88] employed shale as
novel and low-cost adsorbent to remove fluoride from simulated solu
tion. To increase the adsorption efficiency, shale samples were heat
activated at a higher temperature and samples obtained at 550 ◦ C are
denoted as heat-activated Mahabir colliery shale (HAMBS(550)) and
heat-activated Sonepur Bazari colliery shale (HASBS(550)), respec
tively. HAMBS(550) and HASBS(550) show maximum removal of 88.3
and 88.5 %, respectively, at initial fluoride concentration of 10 mg/L
and adsorbent dose of 70 g/L. Ologundudu et al. [89] investigated the
defluoridation capacity of vermiculite modified by hexadecyl
trimethylammonium bromide. The results showed a fluoride adsorption
of 51 % from an 8 mg/L fluoride solution. The adsorption conformed
more to Freundlich than Langmuir isotherm with an adsorption capacity
of 2.36 mg/g. Zhang et al. [90] prepared lanthanum-aluminum loaded
hydrothermal palygorskite (La-Al-HP) composite for the fluoride
removal from simulated groundwater. The isotherm data were well
fitted with the Langmuir model with monolayer adsorption capacity of
1.30 mg/g. La3+ and Al3+ elements with a high affinity for fluoride ions
promoted the adsorption capacity of HP. It is speculated that the exis
tence of a large amount of La-Al-O composite oxide on the surface of
La-Al-HP composite might be the immanent cause for the excellent
adsorption capacity of fluoride ions. Wang et al. [91] used nepheline
prepared from raw kaolinite by a direct alkali-hydrothermal induced
transformation process and applied for defluoridation from aqueous
solution. The adsorption process well matched with the Langmuir
isotherm model with an amazing maximum adsorption capacity of
183 mg/g. Zhu’s group [92] prepared natroalunite microtubes with a
surface area of were 206.25 m2/g by a simple hydrothermal method.
The fluoride adsorption on natroalunite microtubes can be well
described by the Langmuir model, and the maximum adsorption ca
pacity was 85.84 mg/g. Kim et al. [93] synthesized natroalunite nano
structures with various morphologies by an ionic liquid-assisted
hydrothermal route and studied their fluoride adsorption characteris
tics. The BET specific surface area of the natroalunite nanostructure was
found to be as high as about 364.0 m2/g and the maximum fluoride
adsorption capacity was 88.58 mg/g. Lee et al. [94] investigated the
preparation of thermally activated sepiolite and evaluated their suit
ability for fluoride adsorption. Sepiolite that was treated at 950 ◦ C was
shown to have a high fluoride removal efficiency. The Langmuir
maximum adsorption capacity (169.95 mg/g) was superior to the
literature value.

3.04, 1.05, 1.03 and 0.05 mg/g respectively. They also prepared mag
netic iron oxide encrusted hydrocalumite-chitosan (Fe3O4@HCCS)
composite by the fabrication of magnetic iron oxide (Fe3O4) particles on
hydrocalumite-chitosan (HCCS) composite for fluoride adsorption
studies in batch mode [98]. The prepared magnetic Fe3O4@HCCS
composite possesses an enhanced defluoridation capacity of 6.80 mg/g
compared to hydrocalumite. Zirconium immobilized cross-linked chi
tosan (Zr-CCS) was reported for the adsorption of fluoride [99]. The
maximum adsorption capacity obtained from Langmuir isotherm model
were 48.26 mg/g for fluoride. Cho et al. [100] developed a composite
adsorbent by impregnating hydrous zirconium oxide (HZO) into chito
san beads (CB). The optimal mass ratio of chitosan to HZO was 1:1.
Compared to single sorbate system, a binary sorbate system was
noticeably favorable for fluoride adsorption. The adsorption equilibrium
data were fitted with the Langmuir isotherm model well, and the
maximum adsorption capacity was reported to be 22.10 mg/g. The Sn
(IV) chloride impregnated chitosan was synthesized through microwave
assisted technique [101]. To achieve maximum defluoridation effi
ciency, the authors optimized various parameters like pH, amount of
adsorbent, adsorption time etc. Under optimum conditions, the
adsorption capacity of Sn-CS was 17.63 mg/g. Prabhu’s group [102]
used a tea-bag model for the first time to gain a better understanding of
the formation of lanthanum complex onto iminodiacetic acid and chi
tosan (CS@La-IDAMP) composite for effective removal of fluoride from
aqueous solution. The adsorption data were fitted to Freundlich
isotherm and the maximum adsorption capacity of 17.50 mg/g.
Aluminum and lanthanum binary oxyhydroxides on chitosan template
(CS@ALMOH) was synthesized by greener in-situ one-pot method for
defluoridation of drinking water [103]. Equilibrium adsorption results
were well described by Freundlich, Langmuir and D-R isotherms and the
adsorption capacity was approximately 49.54 mg/g for CS@ALMOH
and 33.39 mg/g for ALMOH. Prabhu and Meenakshi [104] prepared
polyamidoamine grafted chitosan beads (PAAGCB) via Michael addition
followed by protonation of PAAGCB to get protonated PAAGCB
(H+-PAAGCB). Different metal ions were loaded on PAAGCB, including
Al3+, Ce3+, La3+ and Zr4+. Compared with other metal ions, Zr-PAAGCB
was more selective with the maximum defluoridation capacity of
17.47 mg/g. The groups also described the preparation of hydrogen
bonded chitosan-polyaniline/zirconium biopolymeric matrix by graft
ing method under dicarboxylic acid medium for the removal of fluoride
for the first time [105]. From the batch equilibrium experiments, the
maximum defluoridation capacity reported was 8.71 mg/g at room
temperature with the minimum contact time of 24 min at 100 mg of the
adsorbent dosage. Liang et al. [106] prepared La3+ and mixed-rare earth
magnetic chitosan beads (MCLB and MCLRB). Batch experiments were
carried out at different adsorbent dosage, contact time, initial solution
pH and co-existing anions. The order of influence of coexisting anions on
−
−
2−
−
fluoride adsorption was as follows: CO2−
3 > HCO3 > SO4 > NO3 > Cl .
The adsorption capacity of the MCLB and MCLRB was 20.53 and
22.35 mg/g, respectively.

2.3. Chitosan and chitosan modified materials for fluoride removal
Chitosan, poly-β(1-4)-2-amino-2-deoxy-D-glucopyranose is apoly
saccharide obtained by partial or total N-deacetylation of chitin polyβ(1-4)-2-acetamide-2-deoxy-D-glucopyranose [95]. Fluoride ion is
considered as a hard base because of its high electronegativity, small ion
radius and presents strong affinity for electropositive multivalent metal
ions like transition and rare earth metals (Al (III), Fe (III), Ti (IV), La
(III), Zr (IV), Ce (III), etc. In order to improve the adsorption capacity
and reduce the cost of adsorbents, a large number of researchers have
loaded the above metal ions on chitosan. Zhang et al. [96] studied the
adsorption of fluoride from aqueous solutions onto a Fe-impregnated
chitosan (Fe-CTS) granular adsorbent. The adsorption capacity was
calculated as 1.97 mg/g at an initial fluoride concentration of 10 mg/L.
Pandi et al. [97] studied the possibility of removing excessive fluoride
from drinking water by magnetic iron oxide composite hydro
talcite/chitosan. The defluoridation capacity of Fe3O4@HTCS compos
ite, Fe3O4@HT composite, Fe3O4, HT and CS were reported to be 5.03,

2.4. Metal materials for fluoride removal
Multi-valent metal oxides have a strong affinity for fluoride ions,
with high electro-negative and smaller ion size, considered to be bene
ficial to the adsorption of fluoride. Metal based materials for fluoride
removal are classified into three categories: single metal, binary metal
and ternary metal.
2.4.1. Single metal
Ali et al. [107] developed iron nano-impregnated adsorbent by a
green technology. The experimental results showed that the removal of
fluoride by iron nanocomposite adsorbent was selective. Maximum
fluoride removal was up to 90 % at 4.0 mg/L fluoride and adsorbent
dose of 2.5 g/L. Moreover, the developed adsorption method was
applied to remove fluoride from natural ground water, the percentage
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removal of fluoride ranged from 90 to 100 %. Zhang et al. [108] pre
pared iron oxide adsorbent by a facile wet-chemical precipitation
method and ethanol treatment. Ethanol treatment changed microstruc
ture of adsorbent and inhibited crystallization. Compared with un
treated adsorbent, the fluoride removal capacity of the ethanol-treated
adsorbent increased from 10.90 to 62.30 mg/g. Moreover, the
ethanol-treated adsorbent had a high adsorption rate, and 80 % of the
equilibrium adsorption capacity was achieved within 2 min.
Generally, MgO occurred as a fine powder, which made it difficult to
be used in a continuous flow system because of the difficulty of solidliquid separation, low hydraulic conductivity and leaching of Mg ions
into the treated water. Hence, Oladoja et al. [109] incorporated different
magnesium onto a granular matrix (silica sand) to produce a composite
material that might serve as a reactive filter medium for groundwater
defluoridation. Magnesium oxide (NMgO) with the small particle size
exhibited the highest defluoridation potential (9.03 mg/g). Zhang et al.
[110] prepared micro-nano hierarchical structured flower-like
MgO/MgCO3 (MHS-MgO/MgCO3) for fluoride removal from water. Ki
netic data revealed that the fluoride adsorption was rapid, more than
83–90 % of fluoride could be removed within 30 min. The maximum
adsorption capacity was about 300 mg/g at pH 7. Jin et al. [111] syn
thesized hierarchical MgO microspheres assembled by porous nano
plates. The experimental data were fitted to the Freundlich isotherm
well with adsorption capacity exceeding 115.50 mg/g. The fluoride
removal rate of the hierarchical MgO microspheres was 97 %, far better
than that of MgO commercial powers (57 %). More importantly, the
authors first proposed a novel hydroxyl and carbonate co-exchange
mechanism as shown in Fig. 2. Besides, Gao et al. [112] synthesized
hierarchical MgO meso-/macroporous nanostructures providing abun
dant meso-/macropores in the size range of 10–150 nm. Due to the
abundant channels of the nanostructures, anions can easily enter the
inner surface of MgO. The material exhibited excellent adsorption per
formance in removing fluoride with the maximum capacity of about
290.67 mg/g. Moreover, the removal rates of fluoride for a
co-contaminated groundwater sample were determined to be 95 %.
Borgohain et al. [113] synthesized porous MgO nanostructures to use
them as an effective adsorbent for removal of fluoride from water. The
kinetic studies revealed that nearly 90 % of fluoride were removed

within 5 min. A maximum Langmuir adsorption capacity of 29,
131 mg/g had been achieved, which was the highest for any adsorbent
reported till now.
Kang et al. [114] prepared three kinds of CeO2 with different mor
phologies: nanorods, octahedron and nanocube. CeO2 with different
morphologies exhibited different fluoride removal performance. The
theoretical adsorption capacity for the CeO2 nanorods, octahedrons and
nanocubes was 71.50, 28.30 and 7 mg/g, respectively. The CeO2
nanorods had the highest adsorption capacity for fluoride, whereas the
CeO2 nanocubes showed the lowest adsorption capacity, which was
mainly due to the different morphology of the CeO2 material exposed
different crystal surface with different reaction activity. Zhang et al.
[115] synthesized uniform-sized CeCO3OH nanospheres used for
defluoridation. The results indicated that CeCO3OH nanospheres
exhibited high adsorption capacity to fluoride anions with a maximum
adsorption capacity of 45 mg/g. The adsorption efficiency reached up to
96.8 % for initial low fluoride concentrations of 20 mg/L.
Saha et al. [116] used β-cyclodextrin (β-CD) to modify the surface of
hydrous zirconium oxide (HZO). They found that the high concentration
of surface site on modified HZO (CY-HZO) was significantly enhanced,
from 26 nm− 2 to 6300 nm− 2, along with the improvement of fluoride
adsorption capacity. Langmuir capacity of CY-HZO (31.45 mg/g) was
significantly higher than HZO (22.45 mg/g). Yu et al. [117] synthesized
one-dimension ZrO2 mesoporous fibers and applied them to remove
fluoride from wastewater. The maximum capacity of fluoride calculated
from Freundlich isotherm model was up to 297.70 mg/g. Furthermore,
the fiber could reduce the initial concentration of fluoride at 30 mg/L to
1.41 mg/L with a removal rate of 95.3 %. Zhang et al. [118] prepared
zirconium phosphate (ZrP) with a nanoflake structure and used it in
fluoride removal for the first time. Completely different from conven
tional metal oxides, the synthesized ZrP had good chemical stability in
acidic or alkaline conditions. The maximum adsorption was recorded to
be 55.80 mg/g according to the Langmuir isotherm.
Zhang et al. [119] prepared manganese carbonate with different
morphologies by changing the volume ratio of ethylene glycol (EG) to
water, including nanowires and microcubes. The adsorption capacity of
nanowires was higher than that of microcubes. Kinetic study results
indicated that the adsorption process followed the pseudo-second-order

Fig. 2. (a, b) SEM images of the hierarchical MgO microsphere precursors. (c) Adsorption isotherm of fluoride on the hierarchical MgO microspheres and the
corresponding Freundlich and Langmuir mode fitting. (d)The fluoride removal mechanism by the hierarchical MgO microspheres and its regeneration. (e) Effect of
initial pH value on fluoride adsorption on the hierarchical MgO microspheres.
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model. The equilibrium data were fitted to the Langmuir model, and the
maximum adsorption capacity at neutral pH was 46.80 mg/g.
Activated alumina was the most common adsorbent for defluor
idation due to its acceptable capacity and relatively low operation cost.
Zhang et al. [120] synthesized amorphous aluminium hydroxide with
rich hydroxyl, acetate and chloride ions on its surface. The fluoride
adsorption data were fitted well with the Langmuir model, and the
maximum adsorption capacity was 63.94 mg/g. Mouelhi et al. [121]
investigated the competitive adsorption between fluoride and natural
organic matter (NOM) on activated alumina. The experimental results
showed that the presence of humic acid in the system inhibited the
adsorption of fluoride by active alumina, and the removal rate of fresh
active alumina decreased from 70.4 % to 51 %. Hafshejani and co
workers [122] used acetone aluminum as a precursor, dissolved in
methanol by flame spray pyrolysis (FSP) technology to prepare Al2O3
nanoparticles. The equilibrium adsorption data were fitted well with
Langmuir isotherm model with maximum adsorption capacity of
13.70 mg/g. Wu et al. [123] synthesized hydroxyl aluminum oxalate
(HAO) for the high efficient removal of fluoride from aqueous solution.
Kinetic data revealed that the fluoride adsorption was rapid in the
beginning followed by a slower adsorption process, and 75.9 %
adsorption could be achieved within 1 min and only 16 % additional
removal occurred in the following 239 min. The calculated adsorption
capacity of this adsorbent for fluoride by Langmuir model was 400 mg/g
at pH 6.5. Bauda et al. [124] demonstrated that activated alumina
pretreated with sulfuric acid solution exhibited faster defluoridation
rate. Pre-treatment of activated alumina led to significantly higher rate
of fluoride removal 80 % removal in comparison to 30 % without
pre-treatment. Kumari et al. [125] also studied the effect of acid acti
vation on the fluoride removal capacity of alumina. The fluoride
removal efficiency of alumina with acid activation and non-acid acti
vation was 96.72 % and 63.58 %, respectively. Subsequently, they re
ported the synthesis of a novel adsorbent (HNAA) by simple and
convenient process of nitric acid activation of alumina [126]. The nitric
acid activation of alumina resulted in improvement of defluoridation
efficiency from 74.18 % to 97.43 %. The maximum adsorption capacity
of HNAA adsorbent was 45.75 mg/g. In addition to acid activation,
Huang et al. [127] proposed that hollow structure of alumina modified
with H2O2 was the economic and environmental methods for improving
the ability to remove fluoride. Modified hollow tubular alumina
exhibited a good performance of 74.25 % with 1 % H2O2. The maximum
fluoride uptake was calculated as 84.25 mg/g.

zirconium-loaded copolymer coating on Al by electropolymerization
and electrodeposition techniques. It was found that the zirconium
loaded copolymer coating provided excellent corrosion resistance to
aluminium and had been successfully used as an adsorbent in the
removal of fluoride from groundwater. The adsorption isotherm data
were well described by Freundlich isotherm model, and the adsorption
capacity was found to be 4.95 mg/g. Kanrar et al. [132] synthesized a
low-cost Cr (III)-incorporated Zr (IV) bimetallic oxide (CZ) and applied it
to remove fluoride. The fluoride adsorption processes on CZ obeyed the
pseudo-second-order rate equations and both Freundlich and DR
isotherm models, with the maximum adsorption capacity of
90.67 mg/g.
Besides, lanthanum (La), a benign rare earth element with abundant
reserves, also had a strong affinity with fluoride. Liu et al. [133]
investigated the adsorption behaviors of fluoride on aluminum-humic
acid-lanthanum (Al-HA-La) aerogel composites systematically. The
adsorption kinetic could be well fitted by the pseudo-second-order
model. The maximum adsorption capacity calculated from Langmuir
model was 50 mg/g. Yan et al. [134] fabricated a novel TiO2-La granular
composite adsorbent. The experiment results showed that as-prepared
adsorbent could remove fluoride effectively in the presence of As (III).
The maximum adsorption capacity for fluoride was 78.40 mg/g,
achieving a high percentage (>90 %) adsorption. Zhang et al. [135]
prepared the magnetic core-shell Fe3O4@Alg-La particles by a simple
method of electro-coextrusion for removal of fluoride from contami
nated water. The maximum fluoride adsorption capacity was
45.23 mg/g. The adsorbent can be easily separated from the solution by
a magnet. Kong et al. [136] designed and synthesized a
three-dimensional needle like nanostructured magnesium lanthanum
bimetallic carbonated hydroxide (PC@La) by a facile urea hydrothermal
process, which could effectively remove fluoride from water with an
adsorption capacity of 63.11 mg/g. Over 80 % of initial adsorption ca
pacity remained after four adsorption-desorption cycles.
CeO2, as the least soluble among rare metal oxides, could be used as a
very good choice for modified materials in the removal of fluoride.
Wang et al. [137] prepared CeO2-ZrO2 nanocages by Kirkendall effect.
The obtained CeO2-ZrO2 adsorbent presented a good adsorption ca
pacity towards fluoride. The Langmuir maximum capacity of the
CeO2-ZrO2 adsorbent was calculated to be 175 mg/g at pH 4.0 Chigondo
et al. [138] studied the effect of different molar ratios of cerium to
magnesium on the adsorption capacity of fluoride in cerium-magnesium
bimetallic oxides. The experimental results showed that when the
Ce/Mg molar ratio was 1:1, the adsorbent exhibited high adsorption
efficiency and rapid kinetics. A pseudo-second-order model described
the adsorption kinetics best with 5− 20 minute rapid equilibrium
adsorption. Fluoride uptake followed Langmuir model, with maximum
adsorption capacity in the range of 66.23–80.00 mg/g. Dhillon et al.
[139] prepared Ca-Ce nanocomposite (NC) for dual decontamination of
bacteria and fluoride. The highest adsorption capacity (83.33 mg/g) was
found at a Ca/Ce molar ratio of 1:3 showing synergistic effect. The
Freundlich isotherm best described the adsorption process. Tao et al.
[140] selected oxalic acid as an effective modifier to study the
defluoridation performance of Ce-AlOOH. The adsorption capacity
could be improved with the addition of cerium (62.80 mg/g). Specially,
the oxalic acid modification significantly promoted the adsorption ca
pacity to 90 mg/g. These adsorption behaviors were in accordance with
the Freundlich model and pseudo-second-order model.

2.4.2. Binary metal
Zr(IV), La(III), Ce(IV), oxides have been reported to remove fluoride
with high adsorption. However, the above metals are expensive, in order
to reduce the cost and keep high fluoride adsorption capacity, some
cheaper metals are mixed with them to form hybrid oxides.
Zirconium-based materials had high affinity with electronegative
fluorides, widely used in fluoride removal. Zhu et al. [128] prepared Al
(III)-Zr (IV) binary oxide (Al2O3-ZrO2) through precipitation combined
with calcination method. The synthesized adsorbent combined the ad
vantages of Al2O3 and ZrO2. The adsorption isotherm was well described
by the linear Langmuir model, and a maximum adsorption capacity was
114.54 mg/g. Shang et al. [129] anchored the dual-metal hydroxide
(Zr-La) to the pomelo peel, forming the Zr-La/PP composites. The
Zr-La/PP composites exhibited a promising fluoride adsorption capacity
(32.50 mg/g at 308 K) with a significantly excellent stability, and still
more than 90 % of recovery capacity was retained after five cycles of
column adsorption-desorption. Yu et al. [130] synthesized a novel (201)
TiO2-ZrO2 composite. The results in competitive adsorption, regenera
tion, and application evidenced that the TiO2-ZrO2 composite was a
promising adsorbent for simultaneous As and fluoride removal. Batch
adsorption experiments showed that the fluoride adsorption followed
the pseudo-second order kinetics with the Langmuir adsorption capacity
at 13.10 mg/g. Raj et al. [131] reported a simple method to fabricate

2.4.3. Ternary metal
Some researchers also combine three metals to form composite ma
terials for fluoride removal from aqueous solutions. The commonly used
metals are Mg, Al, Fe, Zr, La and Ce. Chi et al. [141] prepared Mg-Al-Ce
trimetallic composites as an adsorbent for defluoridation. The
as-prepared composites exhibited good adsorption properties for fluo
ride. The maximum adsorption capacity was up to 124.89 mg/g. The
isotherm process obeyed the Langmuir isotherm model and the
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adsorption process matched the both pseudo-first-order and
pseudo-second-order kinetic model. Wang et al. [142] synthesized
Mg-Al-Zr triple-metal composite with a defluoridation capacity of
22.90 mg/g. The adsorption isotherm could be better described by
Langmuir and Freundlich isotherm model, and the adsorption kinetics
followed the pseudo-second-order model. Interesting, Wang et al. [143]
embedded Mg-Al-Zr mixed oxides into millimetre-sized calcium alginate
beads. The maximum adsorption capacity of the adsorbent was
31.72 mg/g. The adsorption data were well fitted by the Freundlich
isotherm and the pseudo second order kinetic. Kabir et al. [144] pre
pared Mg-Al-Fe nanocomposite for the removal of fluoride. They studied
the effect of molar ratio of bivalent to trivalent metals and calcination
temperature on adsorption capacity, and found that the adsorbent with
bivalent to trivalent metal molar ratio of 5 and calcined at 400 ◦ C
exhibited maximum adsorption capacity of 90.68 mg/g. Gao et al. [145]
synthesized a novel 3D hierarchical flower-like zinc-magnesium-alu
minum ternary metal oxide (CZMA) microspheres. The experimental
data were fitted well with the Langmuir model and the maximum
adsorption capacity reached up to 84.24 mg/g at 298 K under neutral
conditions.
Rare earth metals (La and Ce) are commonly used to improve the
adsorption capacity of fluoride. Dhillon and Kumar [146] developed a
new crystalline and hybrid Fe-Ce-Ni nanoporous adsorbent. Notably,
fluoride adsorption capacity was 285.7 mg/g. The adsorption isotherm
data were fitted rationally well to both Freundlich and
Dubinin-Radushkevich (D-R) isotherm models. Furthermore, adsorbent
can easily regenerate to 95 % in alkaline solution. Markeb et al. [147]
synthesized magnetic core-shell Ce-Ti@Fe3O4 nanoparticles. The
adsorption capacity of fluoride was 91.04 mg/g. By applying Ce-Ti@
Fe3O4 to actual wastewater, the residual concentration of fluoride could
be reduced to less than 1.5 mg/L. The Fe-La-Ce tri-metal composite
synthesized by Thathsara et al. [148] exhibited significantly high
adsorption capacity. The maximum adsorption capacity was
303.03 mg/g obtained at pH 4.0. The Fluoride adsorption process onto
the tri-metal had shown a pseudo-second order type adsorption kinetics
and obeyed Langmuir type monolayer adsorption behavior. Wang et al.
[149] prepared a flaky Mg-Fe-La trimetal composite to improve the
fluoride adsorption. The experimental results showed that the adsorbent
with a Mg/Fe/La molar ratio of 25:1:4, synthesized at 25 ◦ C and
calcined at 400 ◦ C, obtained the largest adsorption capacity of
112.17 mg/g for fluoride. The adsorption process was fitted well with
the Langmuir isotherm and pseudo-second-order kinetic model. Yu et al.
[150] prepared a Fe-Mg-La triple-metal composite by a co-precipitation
method. The maximum adsorption capacity was as high as 270.30 mg/g.
The adsorption kinetics experiment indicated that the adsorption equi
librium was reached within 5 h; about 75 % of equilibrium adsorption
capacity can be achieved in the first 1 h. Zhou et al. [151] prepared
layered Zr-Al-La tri-metal composite for fluoride removal. The results
showed that the as-prepared composite had a layered structure with a
maximum adsorption capacity of 90.48 mg/g at 308 K from the Lang
muir isotherm model.
Compared with the expensive rare earth metals, zirconium has high
binding affinities towards fluoride through Lewis acid-base interaction.
Therefore, zirconium-based composites have attracted much more in
terests in recent investigations. Dhillon et al. [152] synthesized a hy
drous hybrid Fe-Ca-Zr oxide nanoadsorbent with a high capacity of
250 mg/g. Additionally, the advantage of nanoadsorbent in treating real
water samples with drinking water pH and no leach out effect made it
more attractive towards fluoride uptake. Dhongde et al. [153] prepared
a new crystalline Zr-Al-Ca nanohybrid adsorbent, which showed the
noticeable fluoride removal efficiency up to 99 % under the near neutral
and acidic conditions. The maximum adsorption capacity was
43.02 mg/g. The isotherm data were fitted best to the Freundlich model.
Zhang et al. [154] synthesized microsized layered Fe-Mg-Zr tri-metal
hydroxide particles for defluoridation of the groundwater. The experi
mental data were fitted well with the Langmuir model and the pseudo

second-order kinetic model. The composite had a maximum adsorption
capacity of 88.55 mg/g.
2.5. Polymers and resins for fluoride removal
Polymers and resins are an important class of adsorbents used to
remove anionic and cationic pollutants from water and wastewater.
Their irregular, macromolecular and three-dimensional framework
structure of hydrocarbon chain network makes them become good
fluoride removal materials.
2.5.1. Polymers
Polymers can be modified their surface properties to improve the
adsorption affinity of fluoride. In recent years, more and more researchers
have concerned about the application of polymers in adsorption because
of its changeable surface properties, high surface activity, relatively low
cost and useful properties for adsorbent synthesis. Hence, the application
of polymers for fluoride removal in aqueous solutions has attracted much
attention. Li et al. [155] synthesized a conjugated microporous polymer
(BCMP-3) from triarylboron by carbon-carbon coupling reaction. The
BET specific surface area of the new three-dimensional conjugated
framework can reach 950 m2/g. The maximum adsorption capacity was
up to 24 mg/g at equilibrium fluoride concentrations of 16 mg/L and a
temperature of 298 K. Raghav and Kumar [156] loaded the Fe-Al-Ni
tri-metal oxides on two biopolymers, pectin and alginic, respectively.
According to Langmuir isotherm, the maximum adsorption capacity of
Fe-Al-Ni/pectin and Fe-Al-Ni/alginate was 285 and 200 mg/g respec
tively, which indicated that the pectin had higher adsorption capacity.
Valdez-Alegria et al. [157] synthesized four biopolymers based on
chitosan-polyvinyl alcohol (Ch-PVA) cross-linked with sodium tripoly
phosphate pentabasic (TPP), ethylene glycol diglycidyl ether (EGDE) and
measured their ability to remove fluoride from water. Results showed that
the Ch-PVA-NaOH-TPP exhibited best performence in contact tests for
defluoridation. The adsorption equilibrium data were adjusted to the
Freundlich adsorption isotherm, showing a maximum fluoride adsorption
capacity of 12.64 mg/g. Wang et al. [158] reported a detailed study on
fluoride uptake by using linked carboxymethyl cellulose microspheres
loaded with lanthanum (III) (linked-CMC-La). The results showed that the
linked-CMC-La had a higher decomposition temperature (200 ◦ C) than
CMC-La (190 ◦ C) and a better resistance to acid and alkali compared with
CMC-La. The maximum removal efficiencies of CMC-La and
linked-CMC-La were about 98.85 % and 99.31 %, respectively, at pH 4.0.
Wu et al. [159] synthetized a novel dual functional microsphere adsor
bent of alginate/carboxymethyl cellulose sodium composite loaded with
calcium and aluminum (SA/CMC-Ca-Al). The maximum adsorption
amount for fluoride was 35.98 mg/g at pH 2.0, 298.15 K. The results
showed that Ca (II) and Al (III) were loaded on SA/CMC through
ion-exchange of sodium of SA/CMC. The coordination reaction and
ion-exchange happened during the adsorption process between
SA/CMC-Ca-Al and fluoride. Chen et al. [160] studied the fluoride
removal by PPy/TiO2 composite. The characterization results showed
that the composites had suitable specific surface area and abundant
positive charge nitrogen atoms. Experimental data were fitted to Lang
muir isotherm with the fluoride maximum adsorption capacity of
33.18 mg/g. Parashar et al. [161] investigated the defluoridation ca
pacity of hydrous TiO2/polypyrrole hybrid nanocomposite. The syner
gistic effect between PPy and HTiO2 rapidly enhanced the adsorption
capacity of fluoride. The Langmuir model best described the isotherm
data with a maximum adsorption capacity of 31.93 mg/g. Then, they
investigated the defluoridation performance of a polypyrrole coated hy
drous tin oxide nanocomposite (PPy/HSnO NC 1, 2, 3, 4 and 5) [162].
PPy/HSnO NC 3 exhibited best defluoridation performance and the
maximum adsorption capacity was evaluated as (28.98 ± 0.37) mg/g at
328 K. The regeneration of the fluoride laden PPy/HSnO NC3 showed a
high desorption efficiency of 95.81 % up to 3 cycles. Wang et al. [163]
prepared a superparamagnetic electrochemically regenerable
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Fe3O4/polypyrrole core-shell nanocomposite, which had a high adsorp
tion capacity after 20 adsorption-regeneration cycles. Further, Aigbe et al.
[164] demonstrated that the removal of fluoride ion in aqueous solution
by PPy/Fe3O4 was improved under the action of rotating magnetic field.
The removal rate of fluoride (10 mg/L) in aqueous solution was
improved, with a maximum removal rate of 78.2 %. Chigondo et al. [165]
fabricated hydrous CeO2-Fe3O4 decorated polyaniline fibers nano
composite for effective defluoridation of drinking water. Fluoride
adsorption followed Langmuir isotherm, and the maximum capacity was
93.46–117.64 mg/g in a wide pH range of 3− 10. Wang et al. [166] pre
pared branched polyethyleneimine (bPEI) modified hydrous zirconium
oxide (HZO)/polyacrylonitrile(PAN) nanofibers (NFs) by immobilizing
bPEI-HZO into PAN nanofibers via electrospinning. In terms of structure,
electrospinning overcomed the shortcomings of easy agglomeration and
difficult separation of nano-adsorbents. The as-synthesized bPEI-HZO/
PAN-NFs had a good adsorption capacity of 67.51 mg/g for fluoride.
Mukherjee et al. [167] synthesized cellulose nanofiber-polyaniline
(PANI)-templated ferrihydrite nanocomposite (CNPFH) for defluor
idation. Doped PANI and FeOOH acted as synergistic adsorption sites for
fluoride removal which resulted in an enhanced uptake capacity. Lang
muir isotherm model gave a maximum adsorption capacity of 50.80 mg/g
for CNPFH. Sarkar et al. [168] synthesized an efficient, three-dimensional
and porous alumino-silicate geopolymeric adsorbents using the steel
plant LD (Linz-Donawitz) slag for effective removal of fluoride via
adsorption from an aqueous solution. The LD slag geopolymeric adsor
bent (LDSGP) was modified by bivalent metal ions Ni2+ and Zn2+,
respectively. The results of batch adsorption showed that the adsorption
performance of Zn-LDSGP was better than that of Ni-LDSGP and LDSGP
(Qe,
Zn-LDSGP = 60 mg/g > Qe,
Ni-LDSGP = 55.40 mg/g > Qe,
LDSGP = 50.60 mg/g). Chen et al. [169] modified the slag with Fe2O3
and prepared Fe2O3-modified porous geopolymer microspheres com
posites (Fe2O3@PGMs). The addition of the Fe2O3 as a modifier signifi
cantly improved the corrosion resistance and adsorption capacity towards
fluoride of pristine PGMs. 0.2Fe2O3@PGMs delivered outstanding
adsorption capacity (59.55 mg/g) and faster reaction kinetic
(k2 = 98.11 × 10− 4 g mg− 1 min− 1) for fluoride. Sharma et al. [170]
modified the synthesized poly(amidoxime) with iron metal. The study
indicated that pectin-g-poly(amidoxime)-Fe complex had selectivity for
fluoride ions even though the adsorption capacity (3.20 mg/g) was low.
Robshaw et al. [171] synthesized hydrophilic hypercrosslinked porous
polymer networks by 2,2-biphenol (HHCP1) and bisphenol A (HHCP2)
monomers. Then, the polymer was metallized to prepare a novel hybrid
calcium loaded adsorbent. Both networks were the effective defluor
idating media, with Ca-loaded HHCP1 exhibiting a high capacity
(267 ± 34 mg/g) while HHCP2-Ca showing faster uptake kinetics.

beads, the fluoride concentration decreased from 6.27 mg/L to
1.26 mg/L, which was lower than the WHO drinking water standard
(1.5 mg/L). A new type of ligand exchanged adsorbent was prepared by
adding the commercially available chelating resin Purolite®S950+ to
lanthanum ions [175]. The equilibrium fluoride absorption behavior of
the resin was studied by using NaF solution and a simulant leachate of
spent potlining waste. The maximum fluoride removal capacity of the
resin in NaF solution was 187 ± 15 mg/g, and the maximum fluoride
removal capacity in leachate was 126 ± 10 mg/g. Li et al. [176] used
modified chelating resin containing sulphonated monophosphonic acid
bifunctional groups (S9570-Fe(III)) to remove fluoride from water
phase. Compared with the commonly used resins with monofunctional
groups, S9570-Fe(III) resin with both monophosphonic-sulfonic acid
bifunctional groups performed best for the fluoride removal from the
aqueous solution. The study proved the effect of phosphoricsulfonic acid
bifunctional group chelating resin on fluoride removal, which provided
a new method for the removal of fluoride.
2.6. MOFs for fluoride removal
Metal Organic Frameworks, abbreviated to MOFs, are the coordi
nation network with organic ligands containing potential voids [177].
The alignment of organic ligands and metal ions or clusters in MOFs
have obvious orientation, which can form different framework pore
structures and show excellent adsorption properties [178]. MOFs ma
terials have three main characteristics: porous and large specific surface
area, structural and functional diversity and unsaturated metal sites.
Currently, MOFs have been widely used to adsorb and remove toxic dyes
[179], drugs [180], nitrogen compounds [181], sulfur compounds [182]
and heavy metal ions [183]. In recent years, some researchers have used
MOFs to absorb excessive fluoride ions from water, so that the concen
tration of fluoride in water can be reduced to a safe range. The mech
anism study shows that the fluoride substitutes hydroxyl group on the
metal-node in the structure of MOFs through the anion exchange
behavior [184]. Hence, the pH of the solution is important to the
removal of fluoride, which infuences the surface charge of the
adsorbents.
2.6.1. Fumarate-based MOFs
Aluminium fumarate (AlFu) MOFs were synthetized under hydro
thermal conditions by Karmakar et al. [185] AlFu MOFs MOF was found
to be micro-porous with surface area of 1156 m2/g and average pore size
of 17 Å. The adsorption capacity was around 100 % in the pH range 2–7
and it decreased slightly after pH 8. Experimental data indicated that
Freundlich isotherm gave a better fit than that of Langmuir at all the
temperatures. And the maximum adsorption capacity of the AlFu MOFs
was 600 mg/g at 293 K. Ke et al. [186] reported a series of non-toxic
iron(III)-based MOFs (MIL-88A, MIL-53, MIL-100, MIL-101;
MIL = Materials of Institut Lavoisier) for defluoridation. MIL-88A was
a three-dimensional porous network composed of octahedral iron and
oxygen center dimer connected by fumaric acid ligand [187]. The
fluoride adsorption was faster when the fluoride concentration was
higher, which demonstrated the favorable adsorption at high fluoride
concentration. From Langmuir adsorption model, the maximum
adsorption capacity of MIL-88A was calculated to be 40.42 mg/g at
298 K. There was no significant influence on fluoride removal by
MIL-88A in the presence of coexisting anions (Cl− , NO−3 , HCO−3 , SO2−
4 ,
PO2−
3 ). However, the effect of pH on the removal of fluoride by MIL-88A
was not mentioned. Ke’s group [184] also reported two fumarate-based
MOFs (MOF-801 and CaFu) for the removal of fluoride from brick tea
infusion. The capacity of fluoride adsorption was 38.60 and 45.72 mg/g
at 308 and 318 K, respectively. For MOF-801, the adsorption was higher
at a lower pH and dropped drastically after pH 5. Further, homologous
nontoxic calcium fumarate (CaFu) MOFs were also synthesized and used
to remove fluoride from brick tea infusion. The isotherm data were fitted
to the Langmuir model well, the maximum fluoride uptake capacity was

2.5.2. Resins
Resins are also often used as adsorbents for fluoride removal due to
good stability, high adsorption capacity and good flexibility in working
conditions. Kotatha et al. [172] prepared chemically modified ground
tire rubber that can work as base anion exchange resin. Compared with
the commercial resin, the modified ground tire rubber could remove
fluoride with a higher rate constant. The maximum defluoridation ca
pacity of the modified ground tire rubber was calculated to be
0.86 mg/g for the microwave heating, and 0.83 mg/g for the conven
tional heating. Zhang et al. [173] encapsulated zirconia hydrate nano
particles in super-crosslinked polystyrene anion exchanger with tertiary
amine group (HZO@HCA) and crosslinked polystyrene anion exchanger
with ammonium group (HZO@D201). HZO@HCA featured with abun
dant micropores instead of meso-/macropores of HZO@D201 and the
tertiary amine groups of HCA favored an efficient desorption of the
slightly loaded NOM from HZO@HCA. Phillips et al. [174] explored the
effectiveness of Haix-Fe-Zr and Haix-Zr resin beads in the removal of
fluoride. The results showed that Haix-Fe-Zr resin beads were more
effective in removing fluoride from the spiked groundwater compared to
Haix-Zr resin beads. After 15 min of shaking with Haix-Fe-Zr resin
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calculated to be 166.11 mg/g at 373 K. Zhu et al. [188] also studied the
adsorption of fluoride by MOF-801. Fluoride adsorption capacity with
MOF-801 was almost constant in the range of pH 2− 10. The fluoride
adsorption on MOF-801 followed Langmuir equation with an adsorption
capacity of 40 mg/g.

outstanding uptake capacity towards fluoride as high as 295 mg/g.
However, the defluoridation process was greatly affected by pH. The
maximum defluoridation efficiency occurred between pH 5 and 7, and
then the defluoridation efficiency decreased significantly with the in
crease of pH.

2.6.2. UiO-66 and UiO-66-NH2
UiO-66, is a zirconium-containing MOF. Lin et al. [189] inserted a
primary amine group on UiO-66’s ligand to form UiO-66-NH2. The
fluoride adsorption capacity of UiO-66-NH2 was found to decrease when
pH > 7. The maximal adsorption capacity of UiO-66-NH2 and UiO-66
was calculated to be 55.70 mg/g and 44.92 mg/g at 303 K using the
Langmuir isotherm model. By comparing the adsorption capacity of
UiO-66-NH2 and UiO-66, the authors speculated that the adsorption of
fluoride on UiO-66-NH2 was mainly through the strong interaction be
tween fluoride ions and metal site. Moreover, Massoudinejad et al. [190]
optimized the adsorption process of fluoride on UiO-66 and UiO-66-NH2
using a central composite design. Optimum pH value for maximum
fluoride adsorption was 7. The results showed that the maximum
adsorption capacity of UiO-66 and UiO-66-NH2 was 31.09 mg/g and
41.50 mg/g, respectively. The adsorption data of UiO-66 and
UiO-66-NH2 were fitted with Langmuir adsorption isotherm and
pseudo-second order well. Xie et al. [191] anchored the uniformly
dispersed UiO-66 particles on the three-dimensional porous carbon
foams (CF) and achieved highly efficient defluoridation. The integrated
UiO-66/CF hybrid monolith exhibited fast adsorption kinetics and

2.6.3. Other MOFs
He et al. [192] prepared both zirconium metal-organic frameworks
(Zr-MOFs) adsorbent and membrane with large specific surface area of
740.28 m2/g used for fluoride removal for the first time as shown in
Fig. 3. The maximum uptake of 102.40 mg/g occurred at pH 7.0 when
the initial fluoride concentration was 200 mg/L. The fluoride removal
capability of Zr-MOFs membrane depended on flow rate and initial
concentration of fluoride. The fluoride removal abilities of Zr-MOFs
membrane with 20 μm thickness could reach 5510, 5173, and
4664 L/m2 when fluoride concentrations were 5, 8 and 10 mg/L,
respectively. Zhao et al. [193] synthesized a novel type of metal organic
framework, Ce-1,1′ -biphenyl-4,4′ -dicarboxylic acid (Ce-bpdc), to
remove excessive fluoride from water. The maximum adsorption ca
pacity calculated from Langmuir model was as high as 45.50 mg/g at
298 K and the removal efficiency was greater than 80 %. Ma et al. [194]
reported the adsorption characteristics of fluoride onto two new
lanthanide-based metalorganic frameworks ([Ce(L1)0.5(NO3)(H2O)2]⋅
2DM) (1) and [Eu3(L2)2(OH)(DMF)0.22(H2O)5.78]⋅guest (2) (H4L1 = 2,
5-di(3′ ,5′ -dicarboxylphenyl)benzene and H4L2 = 3,5-bis(isophthalic
acid)-1H-1,2,4-triazole). Both MOFs were tested for their adsorption

Fig. 3. (a) SEM and (b) TEM images of the as-synthesized Zr-MOFs adsorbents. (c, d) Schematic of the Zr-MOFs membrane supported by alumina ceramic substrate
and experimental setup for fluoride removal.
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capacity for fluoride from contaminated water at different uptake time.
The results showed that 1 displayed a much higher adsorption capacity
(103.95 mg/g) and faster uptake rate (1.79 g mg− 1 min− 1) for fluoride
ion than that of 2. Wang et al. [195] studied the defluoridation char
acteristics of MIL-96 (Al) with the granular structure of rice. The
adsorption isotherm could be described by the Langmuir model, and the
theoretical fluoride adsorption capacity of MIL-96(Al) was up to
42.19 mg/g at 298 K, which was much higher than that of the
commonly used activated alumina. Zhang et al. [196] prepared a novel
SiO2@HKUST-1 adsorbent by coating SiO2 spheres on Cu-MOFs material
and used it for selective removal of fluoride. The pore diameter of
HKUST-1 was 0.52 nm, and the size of hydrated fluoride ion was
0.289 nm. However, the size of the hydrated SiF2−
6 ion was 0.652 nm.
Therefore, when pH was equal to 4, the hydrated fluoride ions can react
with SiO2 through the MOFs layer to form SiF2−
6 ions, which cannot pass
through the MOFs layer due to its large size. When the pH of the solution
−
was adjusted to 8, SiF2−
6 ions interacted with OH ions to release fluoride
ions and SiO2 into the solution as shown in Fig. 4. Thus, the
adsorption-desorption cycle of the adsorbent was successfully realized
by adjusting the pH of the solution. Regeneration experiments showed
that the removal performance of fluoride did not decrease significantly
after 7 cycles. Moreover, the pore diameter of HKUST-1 was 0.52 nm,
which was smaller than the radius of common hydrated anion, so it had
a good selectivity for fluoride.

anions of coordination compounds. Due to the excellent anion exchange
performance, LDHs have been widely used to remove anions from
polluted water, including fluoride.
In a recent development, Mg-Al LDHs had been studied for fluoride
removal by most researchers. Huang et al. [197] synthesized
three-dimensional layered flower-like Mg-Al LDHs with Cl− and CO2−
3 as
interlayer anions by a solvothermal method without any surfactant.
When applied to remove fluoride ion from polluted water, the hierar
chical Mg-Al LDHs showed maximum capacity of 28.60 mg/g. Kameda
et al. [198] also prepared Mg-Al LDHs intercalated with NO−3 and Cl− .
The values obtained for the maximum adsorption were respectively
3.3 mmol/g with intercalated NO−3 and 3.2 mmol/g with intercalated
Cl− . Notably, fluoride was desorbed from the F⋅Mg-Al LDHs using
NaNO3 or NaCl solutions, the regenerated NO3⋅Mg-Al and Cl⋅Mg-Al
LDHs thus obtained could be used once more to capture aqueous fluo
ride. Moriyama et al. [199] demonstrated that Mg-Al LDHs by
freezing-dry method were more effective for fluoride adsorption. The
BET specific surface areas of the freeze-dried LDHs were at least 3.5
times greater than those of the LDHs dried at 100 ◦ C. Liu et al. [200]
studied the removal of fluoride onto starch stabilized Mg-Al LDHs. They
pointed out that the removal rate of fluoride could be improved obvi
ously by adding a small amount of starch to the layered double hy
droxide. Luo et al. [201] demonstrated that doping La3+ in Mg-Al LDHs
could change its surface and structure, and improved its adsorption
capacity for fluoride. The products of calcined Mg/Al LDHs (Mg/Al
LDOs) and Mg/Al/La LDOs were obtained by further calcination at
450 ◦ C for 24 h. The maximum adsorption capacity of Mg/Al/La LDOs
for fluoride was 42.81 mg/g. Gao et al. [202] prepared Mg-Al LDHs with
NO−3 and OH− as interlayer anions. After calcination, the lamellar
structure changed and was compounded with calcium alginate pellets to
form a biological adsorbent named Mg-Al LDH/Alginate as shown in
Fig. 5. During the fluoride adsorption process, the fluoride ions entered
the lamellar layer and exchanged with NO−3 and OH− to form the layered
structure again. The adsorption capacity could reach 32.40 mg/g, which
was much higher than similar materials.

2.7. LDHs for fluoride removal
Layered double hydroxides (LDHs) are a general term for hydro
talcite and hydrotalcite-like compounds. A series of supramolecular
materials assembled by the intercalation of these compounds are called
hydrotalcite-like intercalation materials. LDHs are composed of posi
tively charged main laminates and interlayer anions through the inter
action of non-covalent bonds. The structural characteristics of LDHs
enable interlayer anions to exchange with various anions, including
inorganic ions, organic ions, homologous ions, heteropoly acid ions and

Fig. 4. (a) The schematic diagram of adsorption-desorption cycle of SiO2@HKUST-1 composite adsorbent for fluoride. (b) Calculated values of relevant hydration
anion radius. (c) the results of fluoride adsorption-desorption cycles.
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Fig. 5. (a, b) Optical and SEM images of the Mg-Al LDH/Alginate adsorbents. (c, d)The fluoride adsorption isotherms and effect of humic acid on fluoride removal
efficiency. (e)The fluoride adsorption mechanism of the Mg-Al LDH/Alginate adsorbents.

Li-Al LDHs were impregnated in commercial polystyrene anion
exchanger D201 to obtain a new LDH-based hybrid adsorbent,
LALDH@201. After impregnation, the chemical and mechanical stabil
ity of the LALDH were significantly improved, and were beneficial to the
application under the wide pH range (3.5–12). Compared to D201 and
activated alumina, LALDH@201 exhibited higher fluoride removal
performance [203]. Subsequently, Cai et al. [204] added a small amount
of La to the above-mentioned adsorbent, obtained a novel nano
composite bead LaLiAl-LDH@201. The results showed that the insertion
of La into Li-Al LDHs enlarged the interlayer distance and increased the
absorption of fluoride. As far as fluoride removal capacity was con
cerned, La-doped Li-Al LDHs were twice as much as that of Li-Al LDHs
[205]. The capacity of La doped Li-Al LDHs could be regenerated by
alkaline solution (pH = 12) for recycling.
Some other metal LDHs also have been studied. Ghosal and Gupta
[206] studied the adsorption behaviour of calcined Ca-Al-(NO3) LDHs.
The interaction between temperature and other important process pa
rameters (i.e. pH, initial fluoride concentration and adsorbent dose) was
evaluated by response surface method. The adsorption was almost un
affected by the pH of the solution. Mg-Fe LDHs containing nitrate were
successfully prepared and the calcination product (Mg-Fe LDHO) was
applied to remove fluoride from aqueous solution [207]. The optimum
reaction conditions were determined by operating under the experi
mental conditions of different calcination temperature, adsorbent
dosage, fluoride concentration, initial pH, contact time, adsorption
temperature and common anionic ions. The effect of coexisting anions
2−
2−
−
on adsorption capacity followed the order: PO3−
4 > CO3 > SO4 > NO3
> Cl− . Zhao et al. [208] studied the effect of molar ratio of Co and Al in
Co-Al LDHs on the physicochemical properties of samples. Moreover,
they studied the adsorption process by as-prepared Co-Al LDHs in
comparison with the calcined product. The results showed that the
calcined cobalt aluminum sample with a cobalt content of 10 % had the
highest specific surface area, and the fluoride removal efficiency of
calcined samples was higher than that of non-calcined samples. Dore
and Frau [209] studied the defluoridation ability of uncalcined and
calcined carbonate layered double hydroxides (LDHs) with different
cation composition (M2+ = Mg2+, Zn2+; M3+ = Al3+, Fe3+) and
M2+/M3+ molar ratio (2, 3, 4). The 3MgAlFe-cal phase obtained from
the calcination of hydrotalcite like compounds with the composition of
Mg/(Al + Fe) = 3/(0.5 + 0.5) had the strongest defluoridation ability
and could absorb up to 92.30 mg/g.

2.8. Biomaterials for fluoride removal
In view of low cost and environmental friendliness, a large number of
natural biomaterials and modified biomaterials had been applied to
remove fluoride from water environment, like tea waste [210], algae
[211], leaf [212], husk [213], etc. Babu et al. [214] focused on fluoride
removal by exhausted coffee grounds from the synthetic contaminated
water and confirmed the potential of the exhausted coffee ground as
successful biosorbent. The adsorption ability was found to be 9.05 mg/g
for fluoride and removed 90 % of fluoride from wastewater. Stem of
Tecomella undulata was used as an adsorbent by Brahman et al. [215].
The researchers studied the effect of pH, biomass dosage, analytes
concentration, time, temperature and determined an optimum reaction
condition with the maximum adsorption capacity of 6.16 mg/g. Kazi
et al. [216] conducted defluoridation in the presence of As ions of water
using Cucumis pubescens. No significant influence on the removal of
fluoride by the biosorbent was observed in the presence of Na+, K+,
−
−
Ca2+, Mg2+, Fe3+, Se4+, Cl− , SO2−
4 , Br , and NO3 . Manna et al. [217]
selected grafted jute as a potential adsorbent for defluoridation. The
fluoride accumulation of grafted jute powder was significantly higher
than that of untreated jute powder. Infrared spectroscopy and X-ray
photoelectron spectroscopy showed that hydrogen bonds, protons and
carbon-fluoride bonds were the main causes of fluoride accumulation on
grafted jute. Salomon-Negrete et al. [218] reported the synthesis of
novel adsorbents for fluoride removal from water using avocado kernel
seeds. Results showed that the adsorbent obtained via pyrolysis had the
highest adsorption properties, while its counterpart obtained with CO2
activation decreased its defluoridation performance where the carbon
ization temperature was the main synthesis variable. Mei et al. [219]
prepared a new type of high-efficiency adsorbent by treating tea dregs
with extrusion method. Extruded tea waste increased the surface pore
size, which could provide more loading sites for zirconium, improved
the adsorption efficiency of tea-based biosorbents for removing fluoride
in drinking water.
Natural materials when modified with some metal could further in
crease the fluoride uptake capacity. Fluoride removal using Al/Fe
oxides-modified tea waste from drinking water was investigated by Cai
et al. [220]. The biosorbent could reduce the concentration of fluoride in
drinking water below 1.5 mg/L specified by the World Health Organi
zation. The maximum fluoride adsorption capacity for the original tea,
Tea-Fe, Tea-Al and Tea-Al-Fe biosorbents was 3.83, 10.47, 13.79 and
18.52 mg/g, respectively. Furthermore, they also investigated the
14

J. He et al.

Journal of Environmental Chemical Engineering 8 (2020) 104516

removal of fluoride onto Zr(IV) ball-milled loaded ultra-fine tea powder
(UTP-Zr) [221]. Batch adsorption studies were conducted and it was
found that the UTP-Zr biosorbent followed the Langmuir model with a
maximum adsorption capacity of 12.43 mg/g. Natural cellulose
impregnated with lanthanum chloride was applied to remove fluoride
by Nagaraj et al. [222] Thermodynamic parameters showed that the
adsorption process was spontaneous and feasible. Zhang and Huang
[223] loaded tetravalent zirconium ions into grape pomace for
defluoridation in wastewater. Interestingly, even at pH values near 10,
at which traditional adsorbents usually do not function for defluor
idation, the removal efficiency of fluoride was still more than 90 %. Xu
et al. [224] developed porous starch (PS) loaded with common metal
ions (Zr, Al, Fe and La) as a potential adsorbent for defluoridation. The
results indicated that PS-Zr had better fluoride removal capacity. San
kararamakrishnan et al. [225] extracted cellulose nanofibers from
bagasse, and prepared Zerovalent-iron (ZVI)/Zirconium (IV)
(Zr)/ZVI-Zr doped cellulose nanofibers. The Langmuir adsorption ca
pacity of ZrZVICNF was 35.70 mg/g, much higher than various com
mercial adsorbents. Mwakabona et al. [226] prepared two Fe
(III)-loaded plant biomass, Fe (III)-activated sisal fibre (Fe (III)-ASF) and
post-alkalized Fe (III)-ASF (PA-Fe (III)-ASF). The results showed that
PA-Fe (III)-ASF had higher chemical stability with removal efficiency
increasing under acidic conditions, which provided a method for
obtaining Fe (III)-loaded biosorbents with specific fluoride properties.
The mechanism study indicated that PA-Fe (III)-ASF removed fluoride
by electrostatic action, while Fe (III)-ASF by ligand exchange. Nehra
et al. [227] extracted an effective biomaterial from Luffa (LC), con
taining many active sites and combined with a nano form of cerium
oxide to form a robust, biocompatible, highly porous, and reusable
LC-Ce adsorbent. The maximum monolayer adsorption capacity was
found to be 212 mg/g determined by the Langmuir model.

adsorption studies respectively, onto various adsorbents were shown in
Tables 2 and 3. As we can see, in most studies, the fluoride adsorption by
various adsorbents had been found to fit well by Freundlich and/or
Langmuir isotherm models, meanwhile, the fluoride adsorption kinetic
model was found to fit well with the pseudo-second-order kinetic model.
3. Conclusions and future perspectives
This review had attempted to cover a wide range of adsorbents which
had been used for the removal of fluoride from water environment.
Based on the literature reviewed, both advantages and disadvantages
were existed for various adsorbents.
Carbon materials had large specific surface area, controllable pore
structure and surface chemical properties. The common activated car
bon was cheap, but the adsorption capacity of fluoride was poor. It was
necessary to improve its adsorption by chemically modifying the surface
of carbon. Special carbon materials, such as carbon nanotubes and
graphene, showed high fluoride removal efficiency, but their cost was
relatively high, not suitable for large-scale applications. Moreover,
nanoparticles were rather difficult to collect after adsorption and
remained in treated water.
Natural minerals played unique roles in the field of pollution control
and environmental remediation because of their obvious advantages in
the scale, cost, operation and effect of pollution control. Though these
materials had low fluoride adsorption capacity, they were cost-effective
and therefore could potentially be used in developing countries where
cost of operation was a major factor in the choice of adsorbents. The
removal efficiency of fluoride can be improved by controlling the
morphology of minerals via hydrothermal process, or by metal ion
modification, alkali activation and thermal activation.
Chitosan and chitosan modified materials were used to remove
fluoride in contaminated solution, which had the advantages of harm
less to human. However, cross-linked chitosan derivatives were gener
ally insoluble in acidic and alkaline solutions, resulted in a decrease in
the fluoride adsorption capacity as amino functional groups involved in
crosslinking were not available for ionic exchange with fluoride ions.
Metal materials had fast adsorption rate, high adsorption capacity,
and strong affinity to anion. The multi-groups (hydroxyl, carbonate and
sulfate radical) modified on metal materials could all exchange with
fluoride, and resulted in anti-competitive adsorption processes, which
solved the problem of poor pH resistance in hydroxyl exchange
adsorption. However, the content of metal elements in nature was
limited, and the cost was high for rare earth metal-based adsorbents.
Moreover, several metal nanomaterials may have adverse effects on the
environment and human health. The future research should be focused
on reducing their potential toxicity to environment and human health.
Polymers and resins were important class of adsorbents used to
remove anionic and cationic pollutants from water. Their irregular,
macro-molecular and three-dimensional framework structure of hydro
carbon chain network made them become excellent fluoride removal
materials. However, the adsorption capacity of virgin polymers and
resins was relatively low, which needed to be combined with metal
materials and organic functional groups to improve its defluoridation
performance. Moreover, these adsorbents were relatively expensive and
therefore were useful only for water treatment in industrial.
MOFs materials had three main characteristics: porous and large
specific surface area, structural and functional diversity and unsaturated
metal sites. The ionic sieve effect based on size selection of MOFs
ensured efficient and selective removal of fluoride ions. However, the
adsorption of fluoride by MOFs may be affected by the pH of the solu
tion. Moreover, the lack of stability usually existed for most MOFs ma
terials, resulting in the leaching of effective constituent.
LDHs materials were composed of positively charged brucite-like
sheets that compensated by a large number of exchangeable chargebalancing anions in the hydrated interlayer regions, which had very
high fluoride adsorption capacity after calcined. During the fluoride

2.9. Industrial by-products for fluoride removal
Many industrial by-products are wastes that need to be disposed of.
Their rational use can save disposal costs, prevent pollution of the
environment by the disposal site, and divert the disposal site to other
uses. Several types of industrial by-products have been used for the
adsorptive removal of pollutants including fluoride from water and
exhibited excellent defluoridation performance.
Kang et al. [228] studied the fluoride removal performance of flue
gas desulfurization gypsum (FGD). FGD removed 93.31 % of fluoride
from 109 to 7.3 mg/L. Kinetics analysis indicated that the theoretical
fluoride capacity at 1 g/L FGD gypsum was 96.90 mg/g. Ye et al. [229]
used fly ash cenospheres modified with paper mill lime mud as com
posite adsorbent for fluoride removal from aqueous solution. The
adsorption process of fluoride was a monolayer adsorption with the
maximum adsorption capacity of 7.37 mg/g. Chrome-tanned leather, a
biomass waste that contained numerous functional groups, was a po
tential adsorbent. Deng et al. [230] prepared ferric modified chromium
(III)-fibrous protein (Fe-CrFP) adsorbent from tanning leather waste
through crosslinking reaction. Langmuir equation could describe
adsorption of fluoride with the maximum adsorption capacity of
14.12 mg/g. He et al. [231] synthesized a phenolic-functionalized hol
low sponge-like adsorbent (HSLW) from leather waste via hydrothermal
carbonization in the presence of tannin. The maximum adsorption ca
pacity of the absorbent reached 200.10 mg/g. The adsorption process
was fitted well with the linear Freundlich isotherm model and
pseudo-second-order model. Zhou et al. [232] prepared a novel bime
tallic adsorbent by activation using zirconium immobilized alkali-active
chrome-tanned leather particles (ZACLP). The adsorption of fluoride on
ZACLP was well described by the Langmuir equation with the fluoride
removal capacity of 30.49 mg/g.
A summary of adsorption capacity by various adsorbents for fluoride
removal from water under various experimental conditions was pre
sented in Table 1. The applicable isotherm and kinetic models of fluoride
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Table 1
A summary of adsorption capacity of various adsorbents for fluoride removal from water under various experimental conditions.
S.
No.

Adsorbent

Adsorption capacity

Concentration
range

Contact time

pH

Reference

1

lanthanum oxyhydroxides anchored commercial granular activated
carbon (GAC-La)
La/Mg/Si-loaded palm shell-based activated carbon (LMSAC)
magnesium silicate (MgSiO3) modified palm shell activated carbon
powder (MPSAC)
calcium-impregnated activated charcoal (Ca-AC)
zirconium impregnated activated carbon (Zr-AC)
Mg-Mn-Zr impregnated activated carbon (AC-Mg-Mn-Zr)
alumina impregnated activated carbon
polypyrrole-grafted granular peanut shell biological carbon (PPy/BC)
populus alba tree activated carbon (PAAC)
lanthanum-loaded pomelo peel biochar(PPBC-La)
lanthanum-modified carbon rooted in Sargassum sp.
Ti (IV)-modified Musa paradisiaca (plantain pseudo-stem) carbons
(TiMPC)
alpha-Fe2O3 and Fe3O4 dispersed on Douglas fir biochar
boron-doped biochar/Al2O3
magnesium oxide impregnated biochar
zirconium-impregnated Camellia seed biochar
FeCl2-modified yak dung biochar
ipomoea carnea stem carbon coated with aluminum oxyhydroxide
nanoparticles
aluminum–doped bone chars
acid washed bone chars Al-doped bone chars

9.98 mg/g

1− 80 mg/L

40 min

7 ± 0.2

[19]

285.7 mg/g
150 mg/g

100 mg/L
5− 125 mg/L

120 min
120 min

7
5

[20]
[21]

46.32 mg/g
5.4 mg/g
26.27 mg/g
2.86 mg/g
17.15 mg/g
77.12 mg/g
19.86 mg/g
94.34 mg/g
17.20 mg/g

50 mg/L
2.5− 20 mg/L
5− 30 mg/L
10 mg/L
4.6− 87.8 mg/L
10 mg/L
10− 300 mg/L
20 mg/L
2.1− 15.8 mg/L

40 min
180 min
3h
3h
6h
100 min
24 h
24 h
60 mim

low pH
4
4
6.1
8
6
6.5
3~9
2.04

[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

9 mg/g
196.1 mg/g
83.05 mg/g
11.04 mg/g
3.93 mg/g
46.55–53.71 mg/g

1− 60 ppm
20 mg/L
50 mg/L
5− 70 mg/L
5− 40 mg/L
10− 300 mg/L

5 min
_
400 min
180 min
24 h
120 min

2~9
3~8
8
3~10
5~6
6~9

[31]
[32]
[33]
[34]
[35]
[36]

31 mg/g
6.2 ± 0.5 mg/g
6.4 ± 0.3 mg/g
1.65 mg/g
14 mg/g
150 mg/g
19.65 mg/g
50− 150 mg/g
2.40 and 2.83 mg/g
30.22 mg/g
_
17.67 mg/g
19.82 mg/g
44.07 mg/g
29.06 mg/g
190.61 mg/g

10− 100 mg/L
10 mg/L

6h
60 h

[37]
[38]

5− 50 mg/L
10 mg/L
10 mg/L
2− 60 mg/L
100 mg/L
1 and 4 mg/L
3− 50 mg/L
4 mg/L
10− 250 mg/L
10− 150 mg/L
50 mg/L
13.42 mg/L
5− 60 mg/L

72 h
24 h
24 h
10 days
45 min
30 min
3h
60 mim
60 min
60 min
25 min
45 min
180 min

7
7.7 ± 0.2
6.4 ± 0.3
_
12
6.1
5
6
acidic pH
3~8
3
2.1~10.4
2~10
3~7
3~11
3 and 7

342 mg/g
44.14 mg/g
62.2 mg/g
1.18 mg/g
3.35 mg/g
77.12 mg/g
16.05 mg/g
1.30 mg/g
53.66 mg/g
2.91 mg/g
2.4 mg/g
10.17 mg/g
25.44 mg/g
4.38–7.24 mg/g
161 mg/g
6.3− 12.4 mg/g
40.65 mg/g
93.84 mg/g
1.49 mg/g
28.3 mg/g
11.05 mg/g
16.7 mg/g
29.82 mg/g
50.01 mg/g
231.5 mg/g
1.1 mg/g
0.035 mg/g
5.26 mg/g
5.79 mg/g
7.63 mg/g
1.67 mg/g
19.85 mg/g
17.96 mg/g
370.4 mg/g

10− 150 mg/L
35 mg/L
10− 300 mg/L
5 mg/L
5 mg/L
9.88 mg/L
2 mg/L
4.89 mg/L
20− 120 mg/L
10 ppm
5 mg/L
10− 100 mg/L
_
_
1.05− 51.7 mg/L
10− 210 mg/L
200 mg/L
200 mg/L
10 mg/L
2− 100 mg/L
15 mg/L
30 mg/L
10− 100 mg/L
10 mg/L
5− 50 mg/L
0.526 mM
1.5 mg/L
10 mg/L
8 mg/L
10− 100 mg/L
10 mg/L
_
_
50 mg/L

60 mim
5 min
10 min
120 min
120 min
24 h
30 min
600 min
60 min
30 min
30 min
40 min
_
_
30 min
24 h
24 h
24 h
3h
2h
300 min
30 min
9 min
4h
30 min
3h
3h
72 h
30 min
50− 60 min
180 min
_
240 min
45 min

6
_
7
3.0~7.0
4
7 ± 0.1
3~6
6
acidic pH
2~10
8
4~11
_
_
2
6
7
7
7
3.0~10.0
6
5
4~8
3~12
3.0~10.0
neutral pH
acidic pH
7.3
2
2.51~8.12
6.7
_
3
3

[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

Ag-doped commercial bone char
carbonized bone meal
chemically treated carbonized bone meal
pleco fish (Pterygoplichthys spp.) bone char
single-walled carbon nanotubes (SWCNTs)
SWCNTs and MWCNTs
hydroxyapatite-multi-walled carbon nanotubes (HA-MWCNTs)
nano- alumina coated on MWCNTs
akaganeite anchored graphene oxide (beta-FeOOH@GO)
FeOOH-Graphene Oxide nanocomposites
GOs-nHAp
zirconium-chitosan/graphene oxide (Zr-CTS/GO)
Ce (IV)-incorporated hydrous Fe (III) oxide modified graphene oxide
(GO-CIHFO)
TiO2/Graphene
ZrO(OH)(1.33)Cl-0.66-reduced graphene oxide
(ZrO2-Al2O3)/GO
amorphous alumina-modified expanded graphite (Al2O3/EG)
Al2O3-Fe3O4-expanded graphite nano-sandwich adsorbent
γ-Fe2O3-graphite-La
Tunisian raw clays
lanthanum and aluminum modified clay
cationic surfactant/H2O2 modified organic matter-rich clay
Fe3+-modified bentonite clay
MnO2 coated Na-bentonite
ceramsite adsorbent
nano sodalite zeolite (SNSZ)
magnetic X zeolites
hierarchy Flowerlike Zeolite
protonated clinoptilolite
hydroxyapatite nanowires
Al(OH)3 nanoparticles modified hydroxyapatite (Al-HAP)
hydroxyapatite nanorods
sulfate-doped hydroxyapatite hierarchical hollow microspheres
hydroxyapatite decorated with carbon nanotube composite (CNT-HAP)
hydroxyapatite montmorillonite (HAP-MMT)
Hierarchical hollow hydroxyapatite microspheres (HHHMs)
well-dispersed monetite bundles inlaid in chitosan beads (MONs@CS)
petal-like brushite nanosheets
phosphoric acid-enhanced limestone
alcium carbonate
surface modified limestone
diatomaceous earth
Al/Fe oxide-modified diatomaceous earth
aluminum hydroxide modified diatomaceous earth (diatomite)
lanthanum modified mesoporous silica
cerium modified mesoporous silica
CeO2@SiO2

[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]

(continued on next page)
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Table 1 (continued )
S.
No.

Adsorbent

Adsorption capacity

Concentration
range

Contact time

pH

Reference

68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

three-dimensional feather like bayerite/boehmite nanocomposites
2-line ferrihydrite/bayerite composites (LFBC)
shale collected from different coal mines
cationic surfactant modified vermiculite
lanthanum-aluminum loaded hydrothermal palygorskite(La-Al-HP)
nepheline
natroalunite microtubes
natroalunite nanostructures
sepiolite
Fe-impregnated chitosan (Fe-CTS)
magnetic iron oxide fabricated hydrotalcite/chitosan (Fe3O4HTCS)
magnetic iron oxide encrusted hydrocalumite-chitosan (Fe3O4@HCCS)
zirconium immobilized cross-linked chitosan (Zr-CCS)
hydrous zirconium oxide-impregnated chitosan beads
Sn(IV) chloride impregnated chitosan
La3+ modified synthetic resin@chitosan (CS@La-IDAMP)
aluminum and lanthanum binary oxyhydroxides on chitosan template
(CS@ALMOH)
Zr4+ loaded polyamidoamine grafted chitosan beads (Zr-PAAGCB)
dicarboxylic acids mediated chitosan-polyaniline/zirconium
biopolymeric complex
La3+ and mixe D-R are earth magnetic chitosan beads
iron nano-impregnated adsorbent
iron oxide
granular matrix supported nano magnesium oxide
micro-nano hierarchical structured flower-like MgO/MgCO3(MHSMgO/MgCO3)
hierarchical MgO microspheres
hierarchically meso-/macroporous MgO
porous MgO nanostructures
CeO2
uniform-sized CeCO3OH nanosphere
β-cyclodextrin modified hydrous zirconium oxide
ZrO2 mesoporous fibers
ZrP nanoflake
manganese carbonate (MnCO3)
amorphous aluminum hydroxide
activated alumina
Al2O3 nanoparticles
hydroxyl aluminum oxalate (HAO)
sulfuric-activated alumina
acid activated alumina
nitric acid activated alumina
hollow tubular alumina
Al (III)-Zr (IV) binary oxide
Zr-La dual-metal hydroxides/pomelo peel
TiO2-ZrO2
zirconium-loaded copolymer coated Al plate
Cr (III)-incorporated Zr (IV) bimetallic oxide
Al-humic acid-La aerogel composites
granular TiO2-La
Fe3O4@alginate-La particles
Mg-La bimetal oxide nanocomposites
CeO2-ZrO2 nanocages
hydrous cerium-magnesium oxides
Ca-Ce nanocomposite
Ce-AlOOH
Mg-Al-Ce triple-metal composites
Mg-Al-Zr triple-metal composite
Mg-Al-Zr mixed oxides embedd millimetre-sized calcium alginate
beads
Mg-Al-Fe tri-metal nanocomposite
3D hierarchical flower-like Zn-Mg-Al ternary metal oxide microspheres
Fe-Ce-Ni nanoporous adsorbent
magnetic core-shell Ce-Ti@Fe3O4
Fe-La-Ce tri-metallic composite
Mg-Fe-La trimetal composite
Fe-Mg-La triple-metal composite
layered Al-Zr-La tri-metal hydroxide
Fe-Ca-Zr hybrid metal oxide nanomaterial
crystalline Zr-Al-Ca nanohybrid adsorbent
Fe-Mg-Zr tri-metal hydroxide
triarylboron-linked conjugated microporous polymers (BCMP-3)
pectin based Fe-Al-Ni trimetallic oxide
alginic based Fe-Al-Ni trimetallic oxide

56.8 mg/g
123.03 mg/g
_
2.36 mg/g
1.30 mg/g
183 mg/g
85.84 mg/g
88.58 mg/g
169.95 mg/g
1.97 mg/g
5.03 mg/g
6.8 mg/g
48.26 mg/g
22.1 mg/g
17. 63 mg/g
17.5 mg/g
49.54 mg/g

10− 100 mg/L
10− 200 mg/L
100 mg/L
8 mg/L
4.89 mg/L
0.05− 0.1 mol/L
5− 200 mg/L
5− 150 mg/L
50− 1500 mg/L
10 mg/L
10 mg/L
20 mg/L
20− 200 mg/L
9.7− 369.2 mg/L
5− 100 mg/L
20− 30 mg/L
50 mg/L

300 min
50 min
24 h
70 min
540 min
90− 180 min
20 min
24 h
24 h
6h
20 min
30 min
40 min
160 h
30 min
12 min
15 min

7
7
3
4
7.2
6~8
7
7
6
_
5
3
6
5
6
neutral pH
3~9

[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]
[94]
[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]

17.47 mg/g
8.71 mg/g

20 mg/L
10 mg/L

80 min
24 min

7
3~7

[104]
[105]

20.53 and 22.35 mg/g
1.44 mg/g
62.3 mg/g
9.03 mg/g
300 mg/g

5− 25 mg/L
4.0 mg/L
5− 500 mg/L
2.5− 30 mg/L
10− 30 mg/L

120 min
25 min
2 min
_
4h

5
7
3.5~10.3
5~9
7

[106]
[107]
[108]
[109]
[110]

115.5 mg/g
290.67 mg/g
29,131 mg/g
71.5 mg/g
45 mg/g
31.45 mg/g
297.7 mg/g
55.8 mg/g
46.80 mg/g
63.94 mg/g
_
9.16 mg/g
400 mg/g
_
69.52 mg/g
45.75 mg/g
84.25 mg/g
114.54 mg/g
32.5 mg/g
13.1 mg/g
4.95 mg/g
90.67 mg/g
50 mg/g
78.4 mg/g
45.23 mg/g
63.11 mg/g
175 mg/g
80 mg/g
83.3 mg/g
90 mg/g
124.89 mg/g
22.9 mg/g
31.72 mg/g

20 mg/L
_
10 mg/L
5− 150 mg/L
10− 30 mg/L
10 mg/L
5− 300 mg/L
10 mg/L
5− 200 mg/L
5− 200 mg/L
2− 20 mg/L
0− 30 mg/L
20 mg/L
10 mg/L
10− 60 mg/L
40 mg/L
10− 100 mg/L
50− 150 mg/L
2− 50 mg/L
5 mg/L
10 mg/L
10.5 mg/L
20− 100 mg/L
2.0 mg/L
40− 120 mg/L
1− 300 mg/L
0.1− 30 mg/L
10 mg/L
5− 50 mg/L
100 mg/L
50− 120 mg/L
10− 105 mg/L
10− 200 mg/L

60 min
30 min
5 min
12 h
4h
2h
150 min
5 min
50 min
10 min
24 h
60 mim
239 min
_
3h
3h
8h
240 min
500 min
5h
30 min
360 min
40 min
_
15 h
5h
24 h
20 min
_
120 min
180 min
360 min
30 h

2~10
2~10
7
3.5
7
5.5
3
1~3
7
7
6~8
5.4
6.5
_
6.5
3.5
3
2~2.6
3
5
7
5~7
5~11
3~9
4
4~6
3.5~4.5
2~8.5
6~10
1~3
3.0~10.0
3.0~10.0
4~10

[111]
[112]
[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]
[130]
[131]
[132]
[133]
[134]
[135]
[136]
[137]
[138]
[139]
[140]
[141]
[142]
[143]

90.68 mg/g
84.24 mg/g
285.7 mg/g
91.04 mg/g
303.03 mg/g
112.17 mg/g
270.3 mg/g
90.48 mg/g
250 mg/g
43.02 mg/g
88.55 mg/g
24 mg/g
285 mg/g
200 mg/g

10 mg/L
10− 100 mg/L
5− 45 mg/L
1− 500 mg/L
10− 100 mg/L
10− 150 mg/L
1− 100 mg/L
20− 200 mg/L
5− 45 mg/L
10− 60 mg/L
21.47 mg/L
30 mg/L
20− 100 mg/L
20− 100 mg/L

4h
20 min
30 min
<15 min
2h
240 min
5h
400 min
40 min
90 min
60 mim
0.5 h
40 min
50 min

_
4~9
5~7
5~11
4
neutral pH
4
3
7 ± 0.1
2~6
3
_
2~10
2~10

[144]
[145]
[146]
[147]
[148]
[149]
[150]
[151]
[152]
[153]
[154]
[155]
[156]
[156]

85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

(continued on next page)

17

J. He et al.

Journal of Environmental Chemical Engineering 8 (2020) 104516

Table 1 (continued )
S.
No.

Adsorbent

Adsorption capacity

Concentration
range

Contact time

pH

Reference

139
140
141

Ch-PVA-NaOH-TPP
linked lanthanum carboxymethylcellulose microsphere
calcium and aluminum loaded alginate/carboxymethyl cellulose
sodium composite (SA/CMC-Ca-Al)
polypyrrole/TiO2
hydrous TiO2@polypyrrole hybrid nanocomposite
polypyrrole/hydrous tin oxide nanocomposites
Fe3O4@polypyrrole nanocomposites
polypyrrole magnetic nanocomposite
hydrous CeO2-Fe3O4 decorated polyaniline fibers nanocomposite
branched polyethyleneimine modified hydrous zirconium oxide/
polyacrylonitrile nanofibers
cellulose nanofiber-polyaniline (PANI)-templated ferrihydrite
nanocomposite
Zn2+ modified alumino-silicate geopolymeric adsorbents
Ni2+ modified alumino-silicate geopolymeric adsorbents
slag-based Fe2O3-modified porous geopolymer microspheres
(Fe2O3@PGMs)
Fe-impregnated poly(amidoxime)
Ca-loaded hydrophilic hypercrosslinked porous polymer networks
(HHCP1)
Ca-loaded hydrophilic hypercrosslinked porous polymer networks
(HHCP2)
chemically modified ground tire rubber
hydrous zirconium oxide nanoparticles encapsulated hypercrosslinked
polystyrene anion exchanger (HZO@HCA)
HaixFe-Zr resin beads
La-loaded chelating resin
S9570-Fe (III)
aluminium fumarate MOFs
Fe-based porous MOFs (MIL-88A)
calcium fumarate MOFs
zirconium fumarate MOFs (MOF-801)
UiO-66-NH2
UiO-66-amine
integrated UiO-66/CF hybrid
Zr-MOFs
Ce-1,1 biphenyl-4,4 dicarboxylic acid
lanthanide-based MOFs
MIL-96 (Al)
hierarchical MgAl-LDHs with Cl− and CO23 as interlayer anions
NO3•Mg-Al LDH
•
Cl Mg-Al LDH
freeze-dried Mg-Al LDHs
starch stabilized Mg-Al LDHs
La-doped Mg/Al LDHs
Mg-Al LDHs with NO−3 and OH− as interlayer anions
LALDH-201
LaLiAl-LDH@201
calcined Ca-Al(NO3) LDHs
Mg-Fe LDHs
Co-Al LDHs
3MgAlFe-cal phase
exhausted coffee grounds based bio-sorbent
the stem of Tecomella undulate
cucumis pubescens
jute fibers grafted with fatty acyl chain
avocado-based adsorbents
zirconium loaded extruded tea waste (EXT-Zr)
Al/Fe oxides loaded tea waste
Zr loaded ultrafine tea powder (UTP-Zr)
lanthanum chloride impregnated cellulose
tetravalent zirconium ions loaded grape pomace
Zr loaded porous starch
zerovalent-iron/zirconium (IV) doped cellulose nanofibers (ZrZVICNF)
Fe (III)-loaded sisal fibre
Ce-modified Luffa cylindrica (LC-Ce)
flue gas desulfurization gypsum
paper mill lime mud modified fly ash cenospheres
ferric modified chromium (III)-fibrous protein (Fe-CrFP)
phenolic-functionalizedhollow sponge-like adsorbent (HSLW)
zirconium immobilized alkali-activechrome-tanned leather particles
(ZACLP)

12.64 mg/g
42.66 mg/g
35.98 mg/g

10 mg/L
40 mg/L
100 mg/L

1.5 h
120 min
4h

5
acidic pH
2

[157]
[158]
[159]

33.18 mg/g
31.93 mg/g
28.99 mg/g
_
6.02–24.70 mg/g
117.64 mg/g
67.51 mg/g

10− 200 mg/L
5− 20 mg/L
5− 20 mg/L
5− 100 mg/L
20− 100 mg/L
5− 100 mg/L
10− 80 mg/L

30 min
5–30 min
45 min
20 min
10 min
40 min
120 min

5~10
3.5~8.5
3.5~8.5
neutral pH
6
3.0~10.0
2~8

[160]
[161]
[162]
[163]
[164]
[165]
[166]

50.8 mg/g

10 mg/L

3h

3~4

[167]

60 mg/g
55.4 mg/g
59.55 mg/g

10− 80 mg/L
10− 80 mg/L
30 mg/L

120 min
120 min
30 min

5
5
2

[168]
[168]
[169]

30.76 mg/g
267 ± 34 mg/g

10 mg/L
50− 2000 mg/L

24 h
6h

5
3~7

[170]
[171]

96.2 ± 10 mg/g

50− 2000 mg/L

6h

3~7

[171]

0.86 mg/g
20.9 ± 0.3 mg/g

_
_

360 min
24 h

_
5~9

[172]
[173]

_
187 ± 15 mg/g
_
600 mg/g
40.42 mg/g
166.11 mg/g
40 mg/g
55.70 mg/g
41.5 mg/g
295 mg/g
102.40 mg/g
45.5 mg/g
103.95 mg/g
42.19 mg/g
28.6 mg/g
3.3 mmol/g
3.2 mmol/g
4.1–4.3 mM/g
21.72 mg/g
42.81 mg/g
32.4 mg/g
62.5 mg/g
75.7 mg/g
59.6 mg/g
28.65 mg/g
14.8 mg/g
92.3 mg/g
9.05 mg/g
6.16 mg/g
2.95 mg/g
4.8 mg/g
1.25− 3.59 mg/g
20.56 mg/g
18.52 mg/g
12.43 mg/g
2.81 mg/g
7.54 mg/g
25.41 mg/g
35.7 mg/g
_
212 mg/g
96.9 mg/g
7.37 mg/g
14.12 mg/g
200.1 mg/g
30.49 mg/g

6.27 mg/L
1.5− 50 mg/L
10− 20 mg/L
1− 100 mg/L
5− 250 ppm
8− 256 mg/L
10− 120 mg/L
10− 70 mg/L
5− 20 mg/L
5− 200 mg/L
1− 200 mg/L
6− 60 mg/L
0− 200 ppm
5− 150 mg/L
10− 200 mg/L
100 mg/L
100 mg/L
0.96− 20.96 mM
10− 100 mg/L
0− 100 mg/L
2− 70 mg/L
20 mg/L
10− 50 mg/L
5− 35 mg/L
10− 200 mg/L
5− 50 mg/L
10− 50 mg/L
0− 16 mg/L
5− 35 mg/L
8− 24 mg/L
5− 20 mg/L
15− 200 mg/L
5− 400 mg/L
5− 200 mg/L
5− 200 mg/L
2− 10 mg/L
19.91 mg/L
5− 200 mg/L
10 mg/L
5− 15 mg/L
10− 30 mg/L
7.3− 109 mg/L
5− 50 mg/L
1 mmol/L
20 mg/L
50− 150 mg/L

15 min
_
450 min
24 h
10 min
5 min
2h
30 min
32.4 min
240 min
20 min
20 min
10 min
90 min
_
60 min
120 min
<30 min
150 min
24 h
48 h
150 min
400 min
_
2.5 h
300 min
6− 8 h
105 min
30 min
2h
120 min
24 h
90 min
120 min
120 min
60 min
60 mim
2h
3h
60 min
10− 60 min
600 s
_
3h
1080 min
9h

neutral pH
4~5
5.2
2~7
_
2~5
2~10
3~7
neutral pH
7
neutral pH
5~6
3~7
6~9
neutral pH
10~11
10~11
_
3~9
6
5
3.5~12
4~9
6~10
2~10
neutral pH
9.3~10.7
2~6
3~7
3~8
4~5
7
3~10
5~10
3~10
3~5
3
3~9
3~8
8
7
5~11
4~5
3~9
5
4

[174]
[175]
[176]
[185]
[186]
[187]
[188]
[189]
[190]
[191]
[192]
[193]
[194]
[195]
[197]
[198]
[198]
[199]
[200]
[201]
[202]
[203]
[204]
[206]
[207]
[208]
[209]
[214]
[215]
[216]
[217]
[218]
[219]
[220]
[221]
[222]
[223]
[224]
[225]
[226]
[227]
[228]
[229]
[230]
[231]
[232]

142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
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Table 2
Adsorption isotherm studies of fluoride removal from water by different
adsorbents.

Table 2 (continued )
S.
No.

S.
No.

Adsorbent

Applicable isotherm
model

Reference

1

lanthanum oxyhydroxides anchored
commercial granular activated
carbon (GAC-La)
La/Mg/Si-loaded palm shell-based
activated carbon (LMSAC)
magnesium silicate (MgSiO3)
modified palm shell activated
carbon powder (MPSAC)
calcium-impregnated activated
charcoal (Ca-AC)
zirconium impregnated activated
carbon (Zr-AC)
Mg-Mn-Zr impregnated activated
carbon (AC-Mg-Mn-Zr)
alumina impregnated activated
carbon
polypyrrole-grafted granular peanut
shell biological carbon (PPy/BC)
populus alba tree activated carbon
(PAAC)
lanthanum-loaded pomelo peel
biochar(PPBC-La)
lanthanum-modified carbon rooted
in Sargassum sp.
Ti (IV)-modified Musa paradisiaca
(plantain pseudo-stem) carbons
(TiMPC)
alpha-Fe2O3 and Fe3O4 dispersed on
Douglas fir biochar
boron-doped biochar/Al2O3
magnesium oxide impregnated
biochar
zirconium-impregnated Camellia
seed biochar
FeCl2-modified yak dung biochar

Langmuir

[19]

38

Langmuir and
Freundlich
Langmuir and
Freundlich

[20]

39
40

[21]

41

Langmuir

[22]

Langmuir

[23]

Langmuir

[24]

Dubinin-Radushkevich
and Temkin
Langmuir

[25]

Langmuir

[27]

Freundlich

[28]

52
53

Langmuir

[29]

54

Langmuir

[30]

Langmuir and
Freundlich
Freundlich
Langmuir

[31]

Langmuir

[34]

Langmuir and
Freundlich
Langmuir

[35]

Langmuir
Langmuir and
Freundlich
_
Freundlich
Langmuir

[37]
[38]

Langmuir

[42]

Langmuir

[43]

Freundlich
Langmuir and
Freundlich
Freundlich
Freundlich

[44]
[45]

Freundlich

[48]

Freundlich
Freundlich and Twosite Langmuir
Langmuir

[49]
[50]

Langmuir, Freundlich,
Dubinin
Radushkevich, and
Temkin
two-site Langmuir

[52]

Langmuir
Freundlich

[54]
[55]

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

35
36
37

ipomoea carnea stem carbon coated
with aluminum oxyhydroxide
nanoparticles
aluminum–doped bone chars
acid washed bone chars Al-doped
bone chars
Ag-doped commercial bone char
carbonized bone meal
chemically treated carbonized bone
meal
pleco fish (Pterygoplichthys spp.)
bone char
single-walled carbon nanotubes
(SWCNTs)
SWCNTs and MWCNTs
hydroxyapatite-multi-walled
carbon nanotubes (HA-MWCNTs)
nano- alumina coated on MWCNTs
akaganeite anchored graphene
oxide (beta-FeOOH@GO)
FeOOH-Graphene Oxide
nanocomposites
GOs-nHAp
zirconium-chitosan/graphene oxide
(Zr-CTS/GO)
Ce (IV)-incorporated hydrous Fe
(III) oxide modified graphene oxide
(GO-CIHFO)
TiO2/Graphene

ZrO(OH)(1.33)Cl-0.66-reduced
graphene oxide
(ZrO2-Al2O3)/GO

42
43
44
45
46
47
48
49
50
51

[26]

55
56

[32]
[33]

57
58
59
60
61
62
63

[36]

64

[39]
[40]
[41]

65
66
67
68
69
70
71

[46]
[47]

72
73
74
75
76
77

[51]

Adsorbent
amorphous alumina-modified
expanded graphite (Al2O3/EG)
Al2O3-Fe3O4-expanded graphite
nano-sandwich adsorbent
γ-Fe2O3-graphite-La
Tunisian raw clays
lanthanum and aluminum modified
clay
cationic surfactant/H2O2 modified
organic matter-rich clay
Fe3+-modified bentonite clay
MnO2 coated Na-bentonite
ceramsite adsorbent
nano sodalite zeolite (SNSZ)
magnetic X zeolites
hierarchy Flowerlike Zeolite
protonated clinoptilolite
hydroxyapatite nanowires
Al(OH)3 nanoparticles modified
hydroxyapatite (Al-HAP)
hydroxyapatite nanorods
sulfate-doped hydroxyapatite
hierarchical hollow microspheres
hydroxyapatite decorated with
carbon nanotube composite (CNTHAP)
hydroxyapatite montmorillonite
(HAP-MMT)
Hierarchical hollow hydroxyapatite
microspheres (HHHMs)
well-dispersed monetite bundles
inlaid in chitosan beads
(MONs@CS)
petal-like brushite nanosheets
phosphoric acid-enhanced
limestone
alcium carbonate
surface modified limestone
diatomaceous earth
Al/Fe oxide-modified diatomaceous
earth
aluminum hydroxide modified
diatomaceous earth (diatomite)
lanthanum modified mesoporous
silica
cerium modified mesoporous silica
CeO2@SiO2
three-dimensional feather like
bayerite/boehmite nanocomposites
2-line ferrihydrite/bayerite
composites (LFBC)
shale collected from different coal
mines
cationic surfactant modified
vermiculite
lanthanum-aluminum loaded
hydrothermal palygorskite(La-AlHP)
nepheline
natroalunite microtubes
natroalunite nanostructures
sepiolite
Fe-impregnated chitosan (Fe-CTS)

78

magnetic iron oxide fabricated
hydrotalcite/chitosan (Fe3O4HTCS)

79

magnetic iron oxide encrusted
hydrocalumite-chitosan
(Fe3O4@HCCS)
zirconium immobilized cross-linked
chitosan (Zr-CCS)

[53]
80
81

Applicable isotherm
model

Reference

Langmuir

[56]

Langmuir
Langmuir and
Freundlich
Langmuir

[57]
[58]

Langmuir

[60]

Langmuir
Langmuir
Freundlich
Langmuir
_
Freundlich
Langmuir
Freundlich
Freundlich

[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]

Freundlich
Freundlich

[70]
[71]

Freundlich

[72]

Langmuir, Freundlich,
Temkin and Dubinin
Radushkevich
Langmuir

[73]

Langmuir

[75]

Langmuir
_

[76]
[77]

Freundlich
Langmuir
Freundlich
Langmuir and
Freundlich
Freundlich

[78]
[79]
[80]
[81]

Langmuir

[83]

Langmuir
Langmuir
Langmuir

[84]
[85]
[86]

Langmuir

[87]

Freundlich

[88]

Freundlich

[89]

Langmuir

[90]

Langmuir
Langmuir
Langmuir
Langmuir
Langmuir and
Freundlich
Freundlich, Langmuir
and DubininRadushkevich
Langmuir and
Freundlich

[91]
[92]
[93]
[94]
[96]

Langmuir
Langmuir

[59]

[74]

[82]

[97]
[98]
[99]
[100]

(continued on next page)
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Table 2 (continued )
S.
No.

Adsorbent

88

hydrous zirconium oxideimpregnated chitosan beads
Sn(IV) chloride impregnated
chitosan
La3+ modified synthetic
resin@chitosan (CS@La-IDAMP)
aluminum and lanthanum binary
oxyhydroxides on chitosan template
(CS@ALMOH)
Zr4+ loaded polyamidoamine
grafted chitosan beads (ZrPAAGCB)
dicarboxylic acids mediated
chitosan-polyaniline/zirconium
biopolymeric complex
La3+ and mixe D-R are earth
magnetic chitosan beads
iron nano-impregnated adsorbent

89

iron oxide

90

granular matrix supported nano
magnesium oxide
micro-nano hierarchical structured
flower-like MgO/MgCO3(MHSMgO/MgCO3)
hierarchical MgO microspheres
hierarchically meso-/macroporous
MgO
porous MgO nanostructures
CeO2
uniform-sized CeCO3OH
nanosphere
β-cyclodextrin modified hydrous
zirconium oxide
ZrO2 mesoporous fibers
ZrP nanoflake
manganese carbonate (MnCO3)
amorphous aluminum hydroxide
activated alumina
Al2O3 nanoparticles
hydroxyl aluminum oxalate (HAO)
sulfuric-activated alumina
acid activated alumina
nitric acid activated alumina
hollow tubular alumina
Al (III)-Zr (IV) binary oxide
Zr-La dual-metal hydroxides/
pomelo peel
TiO2-ZrO2
zirconium-loaded copolymer coated
Al plate
Cr (III)-incorporated Zr (IV)
bimetallic oxide
Al-humic acid-La aerogel
composites
granular TiO2-La
Fe3O4@alginate-La particles
Mg-La bimetal oxide
nanocomposites
CeO2-ZrO2 nanocages
hydrous cerium-magnesium oxides
Ca-Ce nanocomposite
Ce-AlOOH
Mg-Al-Ce triple-metal composites
Mg-Al-Zr triple-metal composite

82
83
84
85
86
87

91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127

Mg-Al-Zr mixed oxides embedd
millimetre-sized calcium alginate
beads
Mg-Al-Fe tri-metal nanocomposite
3D hierarchical flower-like Zn-MgAl ternary metal oxide microspheres
Fe-Ce-Ni nanoporous adsorbent

Table 2 (continued )
Applicable isotherm
model

Reference

Freundlich

[101]

Freundlich

[102]

Freundlich, Langmuir
and Dubinin
Radushkevich
Langmuir and
Freundlich

[103]

S.
No.

Adsorbent

Applicable isotherm
model

Reference

128

magnetic core-shell Ce-Ti@Fe3O4

[147]

129
130
131
132

Freundlich and
Dubinin-Radushkevich
Langmuir, jovanovic,
Temkin and Freundlich
Langmuir
Langmuir

[152]

Freundlich

[156]

Langmuir and
Freundlich
Freundlich
Langmuir

[156]

Langmuir

[159]

Langmuir
Langmuir

[160]
[161]

Langmuir

[162]

Freundlich

[163]

Freudlich and Temkin

[164]

Langmuir

[165]

Langmuir

[166]

Langmuir

[167]

Freundlich

[168]

Freundlich

[168]

Langmuir

[169]

Freundlich
Langmuir, Freundlich,
Temkin and DubininRadushkevich
Langmuir, Temkin and
Dubinin-Radushkevich

[170]
[171]

_

[172]

Langmuir

[173]

158
159

Fe-La-Ce tri-metallic composite
Mg-Fe-La trimetal composite
Fe-Mg-La triple-metal composite
layered Al-Zr-La tri-metal
hydroxide
Fe-Ca-Zr hybrid metal oxide
nanomaterial
crystalline Zr-Al-Ca nanohybrid
adsorbent
Fe-Mg-Zr tri-metal hydroxide
triarylboron-linked conjugated
microporous polymers (BCMP-3)
pectin based Fe-Al-Ni trimetallic
oxide
alginic based Fe-Al-Ni trimetallic
oxide
Ch-PVA-NaOH-TPP
linked lanthanum
carboxymethylcellulose
microsphere
calcium and aluminum loaded
alginate/carboxymethyl cellulose
sodium composite (SA/CMC-Ca-Al)
polypyrrole/TiO2
hydrous TiO2@polypyrrole hybrid
nanocomposite
polypyrrole/hydrous tin oxide
nanocomposites
Fe3O4@polypyrrole
nanocomposites
polypyrrole magnetic
nanocomposite
hydrous CeO2-Fe3O4 decorated
polyaniline fibers nanocomposite
branched polyethyleneimine
modified hydrous zirconium oxide/
polyacrylonitrile nanofibers
cellulose nanofiber-polyaniline
(PANI)-templated ferrihydrite
nanocomposite
Zn2+ modified alumino-silicate
geopolymeric adsorbents
Ni2+ modified alumino-silicate
geopolymeric adsorbents
slag-based Fe2O3-modified porous
geopolymer microspheres
(Fe2O3@PGMs)
Fe-impregnated poly(amidoxime)
Ca-loaded hydrophilic
hypercrosslinked porous polymer
networks (HHCP1)
Ca-loaded hydrophilic
hypercrosslinked porous polymer
networks (HHCP2)
chemically modified ground tire
rubber
hydrous zirconium oxide
nanoparticles encapsulated
hypercrosslinked polystyrene anion
exchanger (HZO@HCA)
HaixFe-Zr resin beads
La-loaded chelating resin

Langmuir, Freundlich
and DubininRadushkevich
Langmuir
Langmuir
Langmuir
Langmuir

[174]
[175]

160

S9570-Fe (III)

161
162
163
164

aluminium fumarate MOFs
Fe-based porous MOFs (MIL-88A)
calcium fumarate MOFs
zirconium fumarate MOFs (MOF801)
UiO-66-NH2
UiO-66-amine

_
Langmuir and
Freundlich
Langmuir, Freundlich
and Temkin
Freundlich
Langmuir
Langmuir
Langmuir
Langmuir and Temkin
Langmuir

[189]
[190]

133

[104]

134

Langmuir

[105]

135
136

Langmuir and
Freundlich
Langmuir, Freundlich
and Temldn
Langmuir and
Freundlich
Freundlich

[106]

137

[107]

138

[108]

139
140

Freundlich

[110]

141

Freundlich
Freundlich

[111]
[112]

142
143

Langmuir
Langmuir
Langmuir

[113]
[114]
[115]

144

Langmuir

[116]

146

Freundlich
Langmuir
Langmuir
Langmuir
_
Langmuir
Langmuir
_
Freundlich
Freundlich
Freundlich
Langmuir
Langmuir

[117]
[118]
[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]

147

Langmuir
Freundlich

[130]
[131]

Freundlich and
Dubinin Radushkevich
Langmuir

[132]
[133]

155

Langmuir
Freundlich
Sips

[134]
[135]
[136]

156

Langmuir
Langmuir
Freundlich
Freundlich
Langmuir
Langmuir and
Freundlich
Freundlich

[137]
[138]
[139]
[140]
[141]
[142]

Langmuir
Langmuir

[144]
[145]

Freundlich and
Dubinin-Radushkevich

[146]

[109]

145

148
149
150
151
152
153
154

157

[143]

165
166

[148]
[149]
[150]
[151]

[153]
[154]
[155]

[157]
[158]

[171]

[176]
[185]
[186]
[187]
[188]

(continued on next page)
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Table 2 (continued )

Table 3
Adsorption kinetic studies of flfluoride removal from water by different
adsorbents.

S.
No.

Adsorbent

Applicable isotherm
model

Reference

167
168
169

integrated UiO-66/CF hybrid
Zr-MOFs
Ce-1,1 biphenyl-4,4 dicarboxylic
acid
lanthanide-based MOFs
MIL-96 (Al)
hierarchical MgAl-LDHs with Cl−
and CO2−
3 as interlayer anions
•
NO3Mg-Al LDH
•
Cl Mg-Al LDH
freeze-dried Mg-Al LDHs
starch stabilized Mg-Al LDHs
La-doped Mg/Al LDHs

Langmuir
Langmuir
Langmuir

[191]
[192]
[193]

Langmuir
Langmuir
Langmuir and
Freundlich
Langmuir
Langmuir
_
Langmuir
Langmuir and
Freundlich
Freundlich

[194]
[195]
[197]

[202]

6

Sips
Freundlich
Freundlich
Langmuir
Langmuir
Langmuir
Langmuir

[203]
[204]
[206]
[207]
[208]
[209]
[214]

7

Langmuir
Langmuir
Langmuir

[215]
[216]
[217]

11

Sips and Freundlich
Langmuir

[218]
[219]

Langmuir
Langmuir

[220]
[221]

Freundlich, Langmuir,
and Redlich-Peterson
Langmuir

[222]

Langmuir
Langmuir

[224]
[225]

18

Langmuir and
Freundlich
Langmuir and
Freundlich
_
Langmuir

[226]

19

[227]

20

[228]
[229]

21
22

Langmuir

[230]

23

Freundlich

[231]

24

Langmuir

[232]

25

170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203

Mg-Al LDHs with NO−3 and OH− as
interlayer anions
LALDH-201
LaLiAl-LDH@201
calcined Ca-Al(NO3) LDHs
Mg-Fe LDHs
Co-Al LDHs
3MgAlFe-cal phase
exhausted coffee grounds based biosorbent
the stem of Tecomella undulate
cucumis pubescens
jute fibers grafted with fatty acyl
chain
avocado-based adsorbents
zirconium loaded extruded tea
waste (EXT-Zr)
Al/Fe oxides loaded tea waste
Zr loaded ultrafine tea powder
(UTP-Zr)
lanthanum chloride impregnated
cellulose
tetravalent zirconium ions loaded
grape pomace
Zr loaded porous starch
zerovalent-iron/zirconium (IV)
doped cellulose nanofibers
(ZrZVICNF)
Fe (III)-loaded sisal fibre
Ce-modified Luffa cylindrica (LCCe)
flue gas desulfurization gypsum
paper mill lime mud modified fly
ash cenospheres
ferric modified chromium (III)fibrous protein (Fe-CrFP)
phenolic-functionalizedhollow
sponge-like adsorbent (HSLW)
zirconium immobilized alkaliactivechrome-tanned leather
particles (ZACLP)

S.
No.

Adsorbent

Applicable kinetic
model

Reference

1

lanthanum oxyhydroxides anchored
commercial granular activated carbon
(GAC-La)
La/Mg/Si-loaded palm shell-based
activated carbon (LMSAC)
magnesium silicate (MgSiO3) modified
palm shell activated carbon powder
(MPSAC)
calcium-impregnated activated
charcoal (Ca-AC)
zirconium impregnated activated
carbon (Zr-AC)
Mg-Mn-Zr impregnated activated
carbon (AC-Mg-Mn-Zr)
alumina impregnated activated carbon

pseudo-secondorder

[19]

pseudo-secondorder
pseudo-second
order

[20]

pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order

[22]

_

[31]

pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order

[32]

2
3

[198]
[198]
[199]
[200]
[201]

4
5

8

14

polypyrrole-grafted granular peanut
shell biological carbon (PPy/BC)
populus alba tree activated carbon
(PAAC)
lanthanum-loaded pomelo peel biochar
(PPBC-La)
lanthanum-modified carbon rooted in
Sargassum sp.
Ti (IV)-modified Musa paradisiaca
(plantain pseudo-stem) carbons
(TiMPC)
alpha-Fe2O3 and Fe3O4 dispersed on
Douglas fir biochar
boron-doped biochar/Al2O3

15

magnesium oxide impregnated biochar

16

zirconium-impregnated Camellia seed
biochar
FeCl2-modified yak dung biochar

9
10

12
13

[223]

17

26
27

adsorption process, the fluoride ions entered the lamellar layer and
exchanged with effective groups to form the layered structure again
based on structural memory effect.
Biomaterials and industrial by-products had the advantages of nontoxic, easy to obtain and low cost, but their adsorption capacity was
low, so it was necessary to use metal to modify them to improve their
fluoride removal performance. Metal modified biomaterial adsorbents
were gaining wide attention due to their environmental friendly and
economical advantages.
Despite the fact that various adsorbents showed good performance
on fluoride removal, more studies are needed to transfer the process to
industrial scale. Also, regeneration studies needed to be performed in
more extent to recover the adsorbent, enhancing the economic feasi
bility of the process. Meanwhile, most of the adsorbents that showed
high uptake of fluoride in the laboratory under batch conditions, may

28
29
30
31
32
33
34
35

ipomoea carnea stem carbon coated
with aluminum oxyhydroxide
nanoparticles
aluminum–doped bone chars
acid washed bone chars Al-doped bone
chars
Ag-doped commercial bone char
carbonized bone meal
chemically treated carbonized bone
meal
pleco fish (Pterygoplichthys spp.) bone
char
single-walled carbon nanotubes
(SWCNTs)
SWCNTs and MWCNTs
hydroxyapatite-multi-walled carbon
nanotubes (HA-MWCNTs)
nano- alumina coated on MWCNTs
akaganeite anchored graphene oxide
(beta-FeOOH@GO)
FeOOH-Graphene Oxide
nanocomposites
GOs-nHAp
zirconium-chitosan/graphene oxide
(Zr-CTS/GO)
Ce (IV)-incorporated hydrous Fe (III)
oxide modified graphene oxide (GOCIHFO)
TiO2/Graphene

[21]

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[33]
[34]
[35]
[36]

pseudo-second
order
pseudo-second
order
_
pseudo-second
order
_

[37]

_

[42]

pseudo-second
order
pseudo-second
order
pseudo-second
order
_
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-first-order

[43]

pseudo-second
order

[51]

pseudo-second
order

[52]

[38]
[39]
[40]
[41]

[44]
[45]
[46]
[47]
[48]
[49]
[50]

[53]
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Table 3 (continued )
S.
No.

Applicable kinetic
model

ZrO(OH)(1.33)Cl-0.66-reduced
graphene oxide

pseudo-first-order
and pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-first-order
_
pseudo-second
order
pseudo-second
order
_
pseudo-second
order
pseudo-second
order
pseudo-second
order
_
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
_
_
pseudo-first-order
pseudo-second
order
pseudo-second
order
pseudo-second
order

36

(ZrO2-Al2O3)/GO

37

amorphous alumina-modified expanded
graphite (Al2O3/EG)
Al2O3-Fe3O4-expanded graphite nanosandwich adsorbent
γ-Fe2O3-graphite-La
Tunisian raw clays
lanthanum and aluminum modified clay

38
39
40
41
42
43
44

cationic surfactant/H2O2 modified
organic matter-rich clay
Fe3+-modified bentonite clay
MnO2 coated Na-bentonite

45

ceramsite adsorbent

46

nano sodalite zeolite (SNSZ)

47
48

magnetic X zeolites
hierarchy Flowerlike Zeolite

49

protonated clinoptilolite

50

hydroxyapatite nanowires

51

Al(OH)3 nanoparticles modified
hydroxyapatite (Al-HAP)
hydroxyapatite nanorods

52
53

58

sulfate-doped hydroxyapatite
hierarchical hollow microspheres
hydroxyapatite decorated with carbon
nanotube composite (CNT-HAP)
hydroxyapatite montmorillonite (HAPMMT)
Hierarchical hollow hydroxyapatite
microspheres (HHHMs)
well-dispersed monetite bundles inlaid
in chitosan beads (MONs@CS)
petal-like brushite nanosheets

59
60
61
62

phosphoric acid-enhanced limestone
alcium carbonate
surface modified limestone
diatomaceous earth

63

65
66

Al/Fe oxide-modified diatomaceous
earth
aluminum hydroxide modified
diatomaceous earth (diatomite)
lanthanum modified mesoporous silica
cerium modified mesoporous silica

67

CeO2@SiO2

68

three-dimensional feather like bayerite/
boehmite nanocomposites
2-line ferrihydrite/bayerite composites
(LFBC)

54
55
56
57

64

69
70
71
72

Table 3 (continued )

Adsorbent

shale collected from different coal
mines
cationic surfactant modified vermiculite

73

lanthanum-aluminum loaded
hydrothermal palygorskite(La-Al-HP)
nepheline

74

natroalunite microtubes

75

natroalunite nanostructures

pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-first-order
and pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
_

Reference

[54]
[55]

S.
No.

Adsorbent

Applicable kinetic
model

Reference

76

sepiolite

[94]

77

Fe-impregnated chitosan (Fe-CTS)

78

magnetic iron oxide fabricated
hydrotalcite/chitosan (Fe3O4HTCS)
magnetic iron oxide encrusted
hydrocalumite-chitosan (Fe3O4@HCCS)
zirconium immobilized cross-linked
chitosan (Zr-CCS)
hydrous zirconium oxide-impregnated
chitosan beads
Sn(IV) chloride impregnated chitosan

pseudo-second
order
pseudo-second
order
_
_

[98]

pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order

[99]

79

[56]

80

[57]
[58]
[59]

81
82

[60]

83

[61]
[62]

84

[63]

85

[64]

86

[65]
[66]

87

[67]
[68]

88
89

[69]

90

[70]

91

[71]
[72]
[73]
[74]
[75]
[76]

La3+ modified synthetic resin@chitosan
(CS@La-IDAMP)
aluminum and lanthanum binary
oxyhydroxides on chitosan template
(CS@ALMOH)
Zr4+ loaded polyamidoamine grafted
chitosan beads (Zr-PAAGCB)
dicarboxylic acids mediated chitosanpolyaniline/zirconium biopolymeric
complex
La3+ and mixe D-R are earth magnetic
chitosan beads
iron nano-impregnated adsorbent
iron oxide

92

granular matrix supported nano
magnesium oxide
micro-nano hierarchical structured
flower-like MgO/MgCO3(MHS-MgO/
MgCO3)
hierarchical MgO microspheres

93

hierarchically meso-/macroporous MgO

94

porous MgO nanostructures

95

CeO2

96

uniform-sized CeCO3OH nanosphere

97

[77]
[78]
[79]
[80]

98

β-cyclodextrin modified hydrous
zirconium oxide
ZrO2 mesoporous fibers

99

ZrP nanoflake

[81]

100

manganese carbonate (MnCO3)

[82]

101

amorphous aluminum hydroxide

[83]
[84]

102

activated alumina

103

Al2O3 nanoparticles

104

hydroxyl aluminum oxalate (HAO)

105
106

sulfuric-activated alumina
acid activated alumina

107

nitric acid activated alumina

108

hollow tubular alumina

109

Al (III)-Zr (IV) binary oxide

110

Zr-La dual-metal hydroxides/pomelo
peel
TiO2-ZrO2

[85]
[86]
[87]
[88]
[89]
[90]
[91]

111

[92]

112

[93]

zirconium-loaded copolymer coated Al
plate

[96]
[97]

[100]
[101]
[102]
[103]

pseudo-second
order
pseudo-second
order

[104]

pseudo-second
order
pseudo-first-order
pseudo-second
order
pseudo-first-order

[106]

pseudo-second
order

[110]

pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
_
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
_

[111]

pseudo-second
order
_

[130]

[105]

[107]
[108]
[109]

[112]
[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]
[122]
[123]
[124]
[125]
[126]
[127]
[128]
[129]

[131]
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Table 3 (continued )

Table 3 (continued )

S.
No.

Adsorbent

Applicable kinetic
model

Reference

S.
No.

Adsorbent

Applicable kinetic
model

Reference

113

150

[133]

151

granular TiO2-La

[134]

152

116

Fe3O4@alginate-La particles

pseudo-second
order
pseudo-second
order
pseudo-second
order

117

Mg-La bimetal oxide nanocomposites

Zn2+ modified alumino-silicate
geopolymeric adsorbents
Ni2+ modified alumino-silicate
geopolymeric adsorbents
slag-based Fe2O3-modified porous
geopolymer microspheres
(Fe2O3@PGMs)
Fe-impregnated poly(amidoxime)

[168]

115

118

CeO2-ZrO2 nanocages

119

hydrous cerium-magnesium oxides

120

Ca-Ce nanocomposite

121

Ce-AlOOH

122

Mg-Al-Ce triple-metal composites

123

Mg-Al-Zr triple-metal composite

124

127

Mg-Al-Zr mixed oxides embedd
millimetre-sized calcium alginate beads
Mg-Al-Fe tri-metal nanocomposite
3D hierarchical flower-like Zn-Mg-Al
ternary metal oxide microspheres
Fe-Ce-Ni nanoporous adsorbent

128
129

magnetic core-shell Ce-Ti@Fe3O4
Fe-La-Ce tri-metallic composite

130

Mg-Fe-La trimetal composite

131

Fe-Mg-La triple-metal composite

132

layered Al-Zr-La tri-metal hydroxide

133

Fe-Ca-Zr hybrid metal oxide
nanomaterial
crystalline Zr-Al-Ca nanohybrid
adsorbent
Fe-Mg-Zr tri-metal hydroxide

pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-first-order
and pseudo-second
order
pseudo-second
order
pseudo-second
order
_
pseudo-second
order
pseudo-second
order
_
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
Avarami kinetic
model
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order

[132]

114

Cr (III)-incorporated Zr (IV) bimetallic
oxide
Al-humic acid-La aerogel composites

pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order

[160]
[161]

125
126

134
135
136
137

triarylboron-linked conjugated
microporous polymers (BCMP-3)
pectin based Fe-Al-Ni trimetallic oxide

138

alginic based Fe-Al-Ni trimetallic oxide

139

Ch-PVA-NaOH-TPP

140

linked lanthanum
carboxymethylcellulose microsphere
calcium and aluminum loaded alginate/
carboxymethyl cellulose sodium
composite (SA/CMC-Ca-Al)
polypyrrole/TiO2

141
142
143

145

hydrous TiO2@polypyrrole hybrid
nanocomposite
polypyrrole/hydrous tin oxide
nanocomposites
Fe3O4@polypyrrole nanocomposites

146

polypyrrole magnetic nanocomposite

147

hydrous CeO2-Fe3O4 decorated
polyaniline fibers nanocomposite
branched polyethyleneimine modified
hydrous zirconium oxide/
polyacrylonitrile nanofibers
cellulose nanofiber-polyaniline (PANI)templated ferrihydrite nanocomposite

144

148
149

pseudo-first-order

[135]

153

[136]

154

[137]

155

[138]

156

[139]

157

Ca-loaded hydrophilic hypercrosslinked
porous polymer networks (HHCP1)
Ca-loaded hydrophilic hypercrosslinked
porous polymer networks (HHCP2)
chemically modified ground tire rubber

[142]

158
159
160

hydrous zirconium oxide nanoparticles
encapsulated hypercrosslinked
polystyrene anion exchanger
(HZO@HCA)
HaixFe-Zr resin beads
La-loaded chelating resin
S9570-Fe (III)

[143]

161

aluminium fumarate MOFs

[144]
[145]

162

Fe-based porous MOFs (MIL-88A)

163

calcium fumarate MOFs

164

zirconium fumarate MOFs (MOF-801)

165

UiO-66-NH2

[149]

166

UiO-66-amine

[150]

167

integrated UiO-66/CF hybrid

[151]

168

Zr-MOFs

[152]

169

Ce-1,1 biphenyl-4,4 dicarboxylic acid

[153]

170

lanthanide-based MOFs

[154]

171

MIL-96 (Al)

[155]

172

[156]

173

hierarchical MgAl-LDHs with Cl and
CO2−
3 as interlayer anions
•
NO3Mg-Al LDH

[156]

174

Cl Mg-Al LDH

[157]

175
176

freeze-dried Mg-Al LDHs
starch stabilized Mg-Al LDHs

177

La-doped Mg/Al LDHs

178
179

Mg-Al LDHs with NO−3 and OH− as
interlayer anions
LALDH-201

180

LaLiAl-LDH@201

[163]

181
182

calcined Ca-Al(NO3) LDHs
Mg-Fe LDHs

[164]

183

Co-Al LDHs

[165]

184

3MgAlFe-cal phase

[166]

185
186

exhausted coffee grounds based biosorbent
the stem of Tecomella undulate

187

cucumis pubescens

[140]
[141]

[146]
[147]
[148]

[158]
[159]

[162]

[167]

−

•

[168]
[169]

pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
_

[170]

pseudo-first-order
_
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
_

[174]
[175]
[176]

pseudo-second
order
pseudo-second
order
_
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-frst order
and pseudo-second
order
_
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order

[171]
[171]
[172]
[173]

[185]
[186]
[187]
[188]
[189]
[190]
[191]
[192]
[193]
[194]
[195]
[197]
[198]
[198]
[199]
[200]
[201]
[202]
[203]
[204]
[206]
[207]
[208]
[209]
[214]
[215]
[216]
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Table 3 (continued )
S.
No.

Adsorbent

188
189

jute fibers grafted with fatty acyl chain
avocado-based adsorbents

190
191

zirconium loaded extruded tea waste
(EXT-Zr)
Al/Fe oxides loaded tea waste

192

Zr loaded ultrafine tea powder (UTP-Zr)

193

lanthanum chloride impregnated
cellulose
tetravalent zirconium ions loaded grape
pomace
Zr loaded porous starch

194
195
196
197
198

zerovalent-iron/zirconium (IV) doped
cellulose nanofibers (ZrZVICNF)
Fe (III)-loaded sisal fibre
Ce-modified Luffa cylindrica (LC-Ce)

199

flue gas desulfurization gypsum

200

paper mill lime mud modified fly ash
cenospheres
ferric modified chromium (III)-fibrous
protein (Fe-CrFP)
phenolic-functionalizedhollow spongelike adsorbent (HSLW)
zirconium immobilized alkaliactivechrome-tanned leather particles
(ZACLP)

201
202
203

Applicable kinetic
model
pseudo-second
order
pseudo-frst order
pseudo-frst order
and pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-second
order
_
pseudo-second
order
pseudo-second
order
_
pseudo-second
order
pseudo-second
order
pseudo-second
order
pseudo-first-order
pseudo-second
order
pseudo-second
order

Reference

[217]
[218]
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