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Abstract
In this work, a novel calcium (Ca) doped ferrihydrite adsorbent was evaluated for the enhanced
adsorption of �uoride (F) from the aqueous phase. The adsorbent properties, adsorption behavior, and
mechanism were systematically evaluated. The synthesized adsorbent exhibited tremendous
performance in a broad range of temperature and pH. Interestingly, the presence of co-existing anions
such as NO3

-, SO4
2-, Cl-, and natural organic matter (NOM) have no considerable effect on the adsorption

of �uoride from water. The adsorption process was best �tted to the pseudo-second order kinetic model
and the Langmuir isotherm. The prepared adsorbent exhibited a maximum adsorption capacity of 53.21
mg/g for the uptake of �uoride from water. The regeneration results con�rmed that adsorbent could
retain their original adsorption capacity after �ve regeneration cycles. Results from the current study
suggested that Ca-doped ferrihydrite has the application potential for the enhanced adsorption of �uoride
from the water phase.

Introduction
Fluoride is an essential element for the growth of the skeleton and teeth in the human body (Pillai et al.
2020; Tao et al. 2020). However, it can also cause various health problems, if used in excessive amounts.
Likewise, �uoride is also an important element for �ora and fauna; however, its presence in high
concentration can adversely affect the various biological process in plants (Gao et al. 2020). In recent
years, the occurrence of �uoride in the aqueous environment has raised serious environmental and public
health concerns, due to their toxic adverse effects on the biological and ecological environment
(Thompson et al. 2007; Ali et al. 2019). In our geological environment �uoride is widely distributed (Amini
et al. 2008). Globally around two hundred million people are living in regions with elevated �uoride
concentrations in drinking water (Amini et al. 2008; Gao et al. 2020). The primary sources of �uoride are
�uoride-rich rocks. As per WHO guidelines, the permissible level of �uoride content in drinking water is 1.5
mg/L (santé et al. 2004).

The concentration of �uoride in water has a direct relation to the magnitude of leaching/dissolution of
�uoride-rich rock by water and rock interaction. Generally, the process of dissolution of �uoride rick rocks
is slow (Banks et al. 1995; Jadhav et al. 2015). Fluoride concentration and occurrence in water resources
depends on many factors (Karthikeyan and Shunmugasundarraj 2000; Subba Rao 2003). In groundwater,
it depends upon total dissolved solids, pH, hardness, alkalinity, and geochemical con�guration of the
water table (Ra�que et al. 2008; Abdelgawad et al. 2009). Apart from the entrance of �uoride in water
through the natural process, in many countries over the globe elevated concentration of �uoride in water
is just because of different industry wastewater which contains �uorine. Such kind of wastewater are
generally produced by ceramic and glass manufacturing process (Ponsot et al. 2013), fertilizers industry
(Mourad et al. 2009), zinc, and aluminum smelters (Blagojević et al. 2002; Shen et al. 2003), oil
re�neries(Khatibikamal et al. 2010), coal-�red power stations, uranium enrichment facilities, beryllium
extraction plants, steel production, waste incineration plants, semiconductors production (Hu et al. 2005;
Warmadewanthi and Liu 2009; Bhatnagar et al. 2011), photovoltaic solar cell industry (Drouiche et al.
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2013), �uorinated textiles, and through the decomposition of CaF2 in waste sludge (Habuda-Stanić et al.
2014).

Conventional treatment technologies employed for the elimination of �uoride from water include
chemical precipitation (Amini et al. 2008), ion exchange (Cai et al. 2015), coagulation and
electrocoagulation (Khatibikamal et al. 2010), membrane �ltration (Jadhav et al. 2015), electrodialysis
(Subba Rao 2003), and adsorption (Abdelgawad et al. 2009). Among the commonly used technologies,
adsorption is considered a promising and widely used treatment technology for the enhanced removal of
various pollutants from water, due to their process simplicity, high e�ciency, and cost-effectiveness
(Ra�que et al. 2008; Naushad 2014; Ihsanullah et al. 2015, 2016a, b; Aamir et al. 2016; Asmaly et al.
2016; Khalid et al. 2018; Balasubramani et al. 2020; Ihsanullah 2020; Zubair et al. 2020). A variety of
adsorbents are being employed for the removal of �uoride including cow and �shbone char (Brunson and
Sabatini 2009), goethite (Tang et al. 2010), aluminum hydroxide (Parmar et al. 2006), magnetic cationic
hydrogel (Dong and Wang 2016), hydroxyapatite (He et al. 2016), CeO2 (Kang et al. 2017), and HCl-
activated red mud (Çengeloğlu et al. 2002). However, several technical drawbacks hindered the
widespread use and applications of the synthesized adsorbents for the enhanced removal of �uoride
from feedwater. Therefore, the currently used treatment techniques for the uptake of �uoride from water
often considered being ine�cient because of their high requirements on engineering expertise and
supporting infrastructure, thereby precluding their uses and applications around the world.

Recently, ferrihydrite-based adsorbents have gained considerable attention due to exceptional removal
performance toward both anions and cations (Rout et al. 2012; Gomez et al. 2013; Liu et al. 2020; Van
Eynde et al. 2020), but the adsorption capacity of ferrihydrite for �uoride is not signi�cant (Kumar et al.
2009; Nur et al. 2014). Calcium-based adsorbents have been emerging as novel contenders for the
enhanced uptake of �uoride from source water (Turner et al. 2005; Islam and Patel 2007; Jain and
Jayaram 2009). Therefore, it is important to fabricate a novel adsorbent for the enhanced removal of
pollutants from feedwater in the presence of other co-existing ions.

The aim of this study was to assess the performance of the novel Ca-doped ferrihydrite for the adsorption
of �uoride and to investigate the effect of co-existing ions on the removal process. The proposed
research was therefore designed and conducted with �ve speci�c objectives: (1) to synthesize Ca-doped
ferrihydrite composite adsorbent by co-precipitation method, (2) to determine the characteristics,
adsorption behavior, and mechanism of the as-synthesized adsorbent by using extensive characterization
methods, (3) to assess the effects of experimental factors affecting the adsorption process, (4) to study
the adsorption process by employing the kinetics and isotherm models, and (5) to assess the
regeneration ability of Ca-doped ferrihydrite after the removal of �uoride from the water. The �ndings of
the current study provide important insights into the synthesis of the novel adsorbent for the enhanced
removal of �uoride from water.

Experimental
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Materials and chemicals

Ferric nitrate nonahydrate (Fe(NO3)3.9H2O) and calcium chloride (CaCl2) were used for the synthesis of
the Ca-doped ferrihydrite. The stock solution for �uoride was prepared by using sodium �uoride (NaF). All
the adsorption experiments were performed using ultrapure water, obtained with a Milli-Q system (EPOD,
France). The NOM solution was prepared by Suwanee River NOM (SRNOM, batch number 2R101N) and
was obtained from the International Humic Substances Society (St. Paul, MN). All other chemicals,
including co-existing anions and cations, were bought fro Aladdin Industrial Corporation,
Shanghai, China.

Synthesis of Ca-doped ferrihydrite

Ca-doped ferrihydrite was prepared by using a facile co-precipitation approach. Initially 50 mL mixed
solution containing 1 M (Fe (NO3)3.9H2O) and 0.19 M of CaCl2 was prepared. To obtain the desired pH of
7, a dropwise 1 M NaOH was used with constant stirring. The solution was stirred vigorously during the
pH maintenance process. A gel-like precipitate was obtained, and the �nal volume of that slurry was �xed
to 200 mL. The obtained suspension was then stored at room temperature for 24 hours. After that, the
precipitates were washed thoroughly with distilled water by using G-4 frit crucible. The remaining material
was dried in an air oven for 12 hours at 100 °C. Finally, the obtained material was grinded by using mortar
and pestle and stored for further use. Fig. 1 shows the detailed �ve-step synthesis process of Ca-doped
ferrihydrite used in the study.

Characterization of the adsorbent

Several characterization techniques for Ca-doped ferrihydrite adsorbent were carried out. Functional
groups of the as-synthesized Ca-doped ferrihydrite adsorbent were analyzed by Fourier to transform
infrared spectroscopy (FTIR) (Nexus670, Nicolet, USA) before and after the adsorption experiment. The
morphology and nanostructure of Ca-doped ferrihydrite were investigated by scanning electron
microscope (SEM) (HITACHI S-4800). Besides, the crystalline structure of the adsorbent was measured
using the X-ray diffraction (XRD) analyzer, D8-Advance, Brucker, Germany). To determine the surface
charges of the absorbent, the zeta potential of the Ca-doped ferrihydrite was carried out using the laser
Doppler velocimetry technique (Nano-Brook 90 Plus-PALS, Brookhaven, US) in liquid suspension at
various pH levels. The pore volume and speci�c surface area of Ca-doped ferrihydrite were determined by
the nitrogen adsorption isotherm method on an Autosorb-iQ2-C (Quantachrome Instruments, USA). Ion
chromatography (IC) and atomic �uorescence spectrophotometry (AFS) were used to quantify the
�uoride in the water samples.

Adsorption experiments

A 100-ppm stock solution of �uoride was prepared by adding 0.221 mg of sodium �uoride (analytical
grade) in distilled water. The desired solution for �uoride was obtained by further diluting the stock
solution. The pH of the feed solution was adjusted by adding acid (0.1 N HCl) or base (0.1 M NaOH)
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solution. All the batch experiments were carried out with 50 mL of water samples at 25 ± 2 ºC while
shaking at 160 revolutions per minute. The effects of different control parameters were studied by using
different amounts of adsorbates and adsorbent. After the adsorption experiments, water samples were
then �ltered immediately by a 0.45 μm �lter to separate adsorbent particles in the samples. To investigate
the effects of different parameters, the operation conditions varied over time while others were kept
constant.

Besides, salts such as NaNO3, NaCl, Na2SO4, NaHCO3, Na3PO4, CaCl2, MgCl2 and Na2CO3, were added into
the solution to determine the effects of co-existing ions on the adsorption of �uoride from water. The
concentration of the co-existing ions in the solution was adjusted between 10 mg/L to 200 mg/L. The
adsorption experiments were performed at pH 5.75, adsorbent dose 300mg/L, and shaking at 160 rpm.
The initial concertation of �uoride in the solution was adjusted to 5 mg/L. The �nal concentration of
�uoride was measured after equilibrium time. The adsorption experiments were performed at a different
initial period to study adsorption isotherms. The time was varied from 30 to 700 minutes.

The removal e�ciency of the as-synthesized adsorbent was determined using eq. (1).

where Ci and Cf are the initial and �nal concentration of �uoride, respectively. All adsorption experiments
were performed in replicate runs to avoid experimental errors in the results. The relative errors in the
calculated data were below 5 % on average.

Regeneration studies

For the regeneration, Ca-doped ferrihydrite from the solution was collected and soaked in 0.1 M NaOH
solution for a set time. Besides, the effects of time on desorption were investigated, and the concentration
�uoride was measured at different time intervals. Desorption e�ciency with time was calculated by the
total amount of �uoride and the percentage of desorbed �uoride. After the desorption experiment, the
adsorbent was collected, activated, and rinsed with ultrapure water, and dried. The obtained adsorbent
was used again to study the regeneration of adsorbent. The performance of the regenerated adsorbent
was evaluated in �ve adsorption and desorption cycles.

Results And Discussion
Characterization of the adsorbent

The structural morphology and elemental constituents of the as-synthesized Ca-doped ferrihydrite were
evaluated by SEM-EDX analysis Fig. 2(a, b). The EDX analysis illustrated that the adsorbent contains Ca
and Fe, which con�rmed successful doping of calcium onto the ferrihydrite Fig. 2a. According to the EDX
results, the elemental peaks of Ca and Fe emerged at the energy value of about 3.6 Kev and 7.1 Kev
respectively. The elemental percentage of Ca was 0.03%, and Fe was 38.63% which represents the
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presence of Ca and Fe on the surface of Ca-doped ferrihydrite. Besides, the SEM results of Ca-doped
ferrihydrite adsorbent illustrated that a large microplates type of products was acquired after synthesis
Fig. 2b. The surface of these large microplates was coarse and connected, that formed a large aggregate.

The XRD analysis of the Ca-doped ferrihydrite was employed to determine the crystalline structure of the
as-synthesized adsorbent used in this study. Figure 3a shows strong diffraction peaks at the angles (2θ)
of 38°, 44° and 64°, which are respectively attributed to the planes of (110), (200), and (115) of 6-line
ferrihydrite JCPDS (card no: 29–0712). The XRD results further con�rmed that the sample is poorly
crystalline or amorphous. The results obtained in this study are in good agreement with the published
literature and con�rmed that the Ca-doped ferrihydrite was 6 line ferrihydrite (Mohapatra et al. 2012).

In addition, the FTIR spectra of Ca-doped ferrihydrite before and after �uoride adsorption is presented in
Fig. 3b. The peak at 3357 cm− 1 is corresponding to the stretching of surface OH groups of ferrihydrite
and the peak at 1614 cm− 1 is therefore associated with the vibration of the water molecule and
ferrihydrite. The absorption band at 1383 cm− 1 is attributed to carbonates, which might be owing to the
poorly crystalline structure and amorphous capture of CO2 from the air (Su and Suarez 1997). The band
at 1354 and 431 are assigned to hydroxyl bridges of Fe-(OH)2-Fe, and Fe-O bonds, respectively.

Figure 4a displays the pore size distribution and the N2 adsorption-desorption isotherms of the as-
synthesized Ca-doped ferrihydrite. The BET surface area of the Ca-doped ferrihydrite was determined to
be 82.44 m2/g. The pore volume (0.088 cm3/g) and the average pore size (3.515 nm) of the Ca-doped
ferrihydrite were calculated by the BJH method. The increased surface area, as well as pore volume and
decrease pore size, was observed due to the doping of ferrihydrite with calcium. The high surface area
provided more adsorption sites and played a signi�cant role in the adoption of �uoride from the aqueous
phase.

Zeta potential measurement was employed to determine the surface charge on the Ca-doped ferrihydrite.
The negative zeta potential of adsorbent increased with an increasing the pH level of the Ca-doped
ferrihydrite suspension Fig. 4b. The point of zero charge (pHzc) of the adsorbent was found to be 6.14,
which means that below this pH level, the surface of the as-synthesized adsorbent was positively
charged. Likewise, at pH 6.14 and higher, the surface of the synthesized adsorbent was negatively
charged.
Adsorption experiment

Effect of initial pH

The effect of pH on the removal of �uoride is presented in Fig. 5a. The solution pH was varied from 3 to
11. At pH 3, the removal of Ca-doped ferrihydrite for �uoride was 90.6%, while increasing the pH to 5, the
removal of �uoride increased to 97.79%. However, increasing pH from 5 to 11, the removal of �uoride
gradually reduced to 89% Fig. 5a. This behavior can be explained on the basis of surface charge of the
adsorbent and ionic chemistry of the solution.
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The value of point of zero charge of Ca-doped ferrihydrite in this study was reported about 6.14. The
maximum adsorption of �uoride in this study is reported at pH 5 that might be attributed to the strong
electrostatic interaction between the �uoride ions and positively charged adsorbent surface. The
comparative less removal of �uoride at lower pH 3 is because of less availability of free �uoride ions due
to HF formation. The decrease in the �uoride removal percentage at higher pH (≥ 7) is attributed to the
competition between hydroxyl ions and �uoride to cover the limited adsorption sites on the surface of Ca-
doped ferrihydrite adsorbent (Mohapatra et al. 2010, 2011).

Hence, these results suggest that electrostatic attraction is not the main reason for the removal of �uoride
from water. The removal of �uoride occurs through surface coordination of Fe-OH groups. Hence
adsorption of �uoride in Ca-doped ferrihydrite is happened due to ion exchange.

Effect of adsorbent dose
The removal of �uoride was signi�cantly increased up to 85 % by increasing the adsorbent dose to 200
mg/L (as presented in Fig. 5b. Further increase of the adsorbent dose from 200 mg/L to 300 mg/L
improved the removal of �uoride by 98% Fig. 5b. These results showed that there was an immediate and
remarkable increase in the percentage removal of �uoride when the dose range increased from 100 mg/L
to 300 mg/L. The enhanced removal of �uoride is owing to the increased number of active surface sites
available on adsorbent for the adsorption of �uoride ions (Bhaumik et al. 2011). Also, the removal % of
�uoride remained the same when the dose range was increased to 400, 600, 800, and 1000 mg/L. This is
most probably due to saturation of the active adsorption sites on the surface of the adsorbent. Therefore,
no further increase in the removal of �uoride was reported (Swain et al. 2012; Srivastav et al. 2013).

Effect of co-existing ions

The effects of co-existing ions on the removal of �uoride for the same adsorption sites were investigated.
Co-existing ions such as phosphate (PO4

2−), sulfate (SO4
2−), nitrate (NO3

−), chloride (Cl−), carbonate ions

(CO3
2−) and bicarbonate (HCO3

−), and cations such as calcium (Ca2+) and magnesium (Mg2+) were
added to the feed solution before the adsorption experiment. Besides, the concentration of co-existing
ions was varied in the range from 10 mg/L to 200 mg/L. The presence of SO4

2−, NO3
− and Cl− exhibited

no detrimental effects on the removal of �uoride from water; however, the removal of �uoride slightly
reduced when the concentration of SO4

2−, NO3
− and Cl− ions reaches up to 200 mg/L Fig. 6a. The same

results were also reported by authors in the past for different adsorbents (Zhu et al. 2015; Zhang et al.
2016). Higher concentrations of PO4

2−, HCO3
− and CO3

2− have signi�cant effects on the adsorption rate
of �uoride. At lower concentrations, these ions have no considerable effects on the �uoride removal by
Ca-doped ferrihydrite. The results suggest that the low or almost none removal of �uoride at high
concentration of PO4

2−, HCO3
− and CO3

2− is because of the competitions of these ions with �uoride on
the same adsorption sites by Ca-doped ferrihydrite, which forms complexes with the hydroxyl group of
the adsorbent and prevent any possible interaction of �uoride ions with the as-synthesized adsorbent.
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Increased removal of �uoride was obtained when the feed solution contained cations such as Mg2+ and
Ca2+ ions (as observed in Fig. 6b. The enhanced removal is accredited to the formation of insoluble CaF2

and MgF2 (Chen et al. 2010). Similar effects of these cations on the removal �uoride through the
adsorption process are also reported in previous studies (Kagne et al. 2008; Maliyekkal et al. 2010).

Effect of NOM

The presence of NOM in water in�uence the removal e�ciency of �uoride during adsorption. Therefore,
the in�uence of NOM on the removal of �uoride is indeed important for large scale applications of the as-
synthesized Ca-doped ferrihydrite for water treatment. The presence of NOM in all the studied
concentrations ranged from 5 mg/L to 25 mg/L. It can be seen in Fig. 7a, the Ca-doped ferrihydrite
removed about 95% of �uoride from the aqueous solution in the presence of 5 mg/L of NOM. A gradual
decline (i.e. about 5 %) in the removal of �uoride was seen by increasing the NOM concentration to 25 mg
/L Fig. 7a. In addition, the in�uence of contact time of NOM on the removal of �uoride was investigated
from 1 hour to 12 hours. The removal of �uoride in the �rst 1 hour was about 90%, while after 2 hours of
contact time the removal of �uoride by Ca-doped ferrihydrite suddenly increased to 94% Fig. 7b. After two
hours, the removal percentage of �uoride by Ca-doped ferrihydrite was remained constant at about 95%
until 12 hours Fig. 7b. Overall, the results demonstrate that the contact time has no substantial effects on
the removal of �uoride in the presence of NOM by Ca-doped ferrihydrite. A Ca-doped ferrihydrite is a form
of iron base adsorbents, and the removal e�ciency of Ca-doped ferrihydrite is not signi�cantly affecting
by the presence of organic matter (Tang et al. 2014). Therefore, the results suggest that NOM did not
complete with �uoride during the adsorption process by the Ca-doped ferrihydrite, and the novel
adsorbent has the application potential in real water treatment.

Effect of temperature
The effects of temperature on the removal of �uoride by Ca-doped ferrihydrite was investigated. The
adsorption experiments were out at different pre-de�ned temperatures such as 20, 25, 30, 40, and 45°C,
as depicted in Fig. 8a. A small increase in temperature from 20°C to 25°C has resulted in an increase in
the removal of �uoride from 90–94%. However, a slight increase from 94–98% in the removal of �uoride
was observed while increasing the temperature from 25°C to 45°C. The increase in the removal e�ciency
of �uoride by Ca-doped ferrihydrite with temperature is accredited to the increase in the kinetic energy of
the �uoride molecules. The similar nature of �uoride adsorption was also reported for iron-mixed oxides
particles (Biswas et al. 2009). The �ndings from this study suggest that the adsorption process of
�uoride by Ca-doped ferrihydrite was endothermic.

Adsorption isotherms and kinetics studies

The adsorption kinetics of �uoride onto the as-synthesized adsorbent is of great interest for its
application in water treatment. The adsorption of �uoride was carried out at a range of contact time from
30 mins to 12 hours Fig. 8b. In addition, the adsorption of �uoride in the �rst 30 minutes was 85% and
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then dramatically increased to about 98% after 2 hours of contact time of the adsorbent. However, the
removal of �uoride remained at 98 % for the rest of the contact time (as shown in Fig. 8b.

The following equations (2–3) represents the Langmuir, and Freundlich isotherm and (4–5) represents
the pseudo-�rst order (McKay and McConvey, I.F. 1981; Ho and Mckay 1998) and second order (Ho and
McKay 1999) kinetic models, respectively.

  (2)

  (3)

  (4)

  (5)

where qe and qmax are the equilibrium and maximum adsorption capacity of the Ca-doped ferrihydrite
(mg/g), respectively, while Ce denotes the concentration of �uoride in the solution (mg/L) at equilibrium,
and KL is constant. Furthermore, Kf denotes the Freundlich isotherm model constant that is an indication
of the extent of adsorption and 1/n shows the intensity of adsorption. Furthermore, qe (mg/g) and qt

(mg/g) are the adsorption capacity of Ca-doped ferrihydrite at equilibrium and time t (min), respectively,
and k2 (g/mg/min) is a rate constant of the pseudo-second-order.
The underlying mechanism of the as-synthesized adsorbent and the rate of �uoride adsorption on the
surface of the Ca-doped ferrihydrite was studied using the pseudo-second order kinetic model. The
pseudo-second kinetic model assumes that the adsorption mechanism for contaminants is
chemisorption and involves the exchange of electrons between the adsorbent and �uoride ions (Ali et al.
2018; Mohammed et al. 2019).

Adsorption isotherms

Modelling the adsorption data is essential for the optimization of adsorbent utilization and explaining the
interactive nature, adsorption mechanisms, and performance of the adsorbent. The most frequently used
isotherm models are the Langmuir and Freundlich isotherms (Mohammed et al. 2019). Langmuir model
(1918) has characterized the homogeneous, monolayer, and identical energies over a speci�c number of
adsorption sites. In this study, two of the isotherms, Freundlich and Langmuir, have been employed to the
adsorption input to inspect its reliability. Factors for the Langmuir model are estimated from the plot for
Ce/qe versus Ce, and the Freundlich model is calculated from the plot log of qe versus log Ce (as shown in
Fig. 9 (a, b). Based on the correlation coe�cient values, experimental data for the adsorption of �uoride
best �tted to the Langmuir Model (R2 = 0.99) compared to the Freundlich isotherm model (R2 = 0.97). The
relative parameters corresponding to the �tting results of Langmuir isotherm and Freundlich isotherm
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models are shown in Table 1. Langmuir model shows single layer adsorption having an R2 value of 0.99
while comparing the Freundlich isotherm with a deprived R2 value of 0.97 follows multilayer adsorption.
From these results, we can conclude that the reaction was chemisorption and suited better to the
Langmuir model. Therefore, the possible mechanism was the exchange of ions on the active surface
sites of the as-synthesized adsorbent.

Table 1
Adsorption isotherm parameters

Langmuir Freundlich

qm(mg /g) 53.21 1/n 0.503

KL(L/mol) 0.045 Kf(mg g− 1) (L mg− 1)1/n 6.87

R2 0.993 R2 0.975

Adsorption kinetics

To better understand the adsorption process and the underlying mechanisms, kinetic models such as the
pseudo-�rst and pseudo-second order were applied to illustrate the kinetics of the adsorption of �uoride.
In addition, the correlation coe�cients and kinetic parameters were determined from the linear log plots
such as (qe − qt) versus t and t/qt versus t, for the pseudo-�rst and pseudo-second order kinetics Fig. 10

(a, b). The pseudo-second order model well �tted with the adsorption results based on R2 values of 0.99,
indicating that the chemisorption of �uoride on the active surface sites of the as-synthesized adsorbent
occurred due to the exchange of ions. The calculated qe values were estimated from the pseudo-second
order was very close to the value obtained from the adsorption experiments Table 2. Thus, the pseudo-
second order kinetic model is an appropriate model to describe the adsorption of �uoride pollutants onto
Ca-doped ferrihydrite. This also con�rms that the removal of �uoride best �tted the Langmuir isotherm
model assumptions of the monolayer adsorption by the novel Ca-doped ferrihydrite. This clearly shows
that chemisorption is the dominant mechanism for the removal of �uoride by the Ca-doped ferrihydrite.

Table 2
Kinetic models parameters

Pseudo-�rst order kinetic model

C0(mg/l) qe, exp(mg/g) k1(min− 1) R2

7 12.34 6.909×10−3 0.7547

Pseudo-second order kinetic model

qe,cal(mg/g) R2 qe, exp(mg/g) C0(mg/L) k2(g mg− 1min− 1)

15.62 0.999 15.15 7 0.021



Page 12/26

Adsorption mechanism

The proposed adsorption mechanism of �uoride by the Ca-doped ferrihydrite is depicted in Fig. 11. The
major mechanisms involved in the adsorption of �uoride onto the surface of Ca-doped ferrihydrite are
electrostatic interaction, physical adsorption and π-π interactions. Electrostatic interactions are dominant
at pH below pHzc (6.14) due to attraction of F− ions towards the positively charged Ca-doped ferrihydrite
surface.
Regeneration of Ca-doped ferrihydrite

To determine the stability and reusability of adsorbent, fast, and effective regeneration after adsorption is
necessary, which makes the adsorption process more convenient, sustainable, and cost-effective (Biswas
et al. 2009). Therefore, the adsorption and desorption studies of �uoride for �ve consecutive cycles were
conducted to determine the regeneration capability of Ca-doped ferrihydrite Fig. 12. We used a 0.1 M
NaOH solution for the desorption of �uoride from the surface of Ca-doped ferrihydrite. The removal
e�ciency of Ca-doped ferrihydrite for �uoride was slightly declined with the regeneration of the
adsorbent, as shown in Fig. 12. After the �rst cycle of regeneration, the removal e�ciency of Ca-doped
ferrihydrite towards �uoride was 91%. After the �fth cycle, the removal percentage gradually declined to
80% Fig. 12, which is still promising for the removal of �uoride from the feed water. Therefore, these
results suggest that Ca-doped ferrihydrite can be used for the long-term adsorption of �uoride from
drinking water without any decrease in adsorption e�ciency.
Comparison of adsorption capacity with other adsorbents

Table 3 provides a comparative analysis of the various adsorbents for the adsorption of �uoride. As
evident from the table, the as-synthesized Ca-doped ferrihydrite adsorbent exhibited a higher adsorption
capacity for �uoride as compared to most of the adsorbents reported in the literature. This con�rms that
the novel Ca-doped ferrihydrite has a promising potential to be employed for the decontamination of
�uoride-containing water.
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Table 3
Comparison of adsorption capacities of various iron-based adsorbents for �uoride.

Adsorbents Adsorption
Capacity

(mg /g)

Reference

Ferric hydroxide 7.0 (Kumar et al. 2009)

Boehmite 2.06 (Jiménez-Becerril et al.
2012)

Neodymium-modi�ed chitosan 22.38 (Yao et al. 2009)

Activated quart 1.16 (Fan et al. 2003)

Sulfate-doped Fe3O4/Al2O3 70.4 (Chai et al. 2013)

Hydrous ferric oxide 16.5 (Dey et al. 2004)

PPy/Fe3O4 22.3 (Biswas et al. 2010)

2-Line ferrihydrite 23.89 (Mohammed et al. 2019)

Calcite 0.39 (Mohammed et al. 2019)

Iron(III)–tin(IV) mixed oxide 10.47 (Biswas et al. 2009)

CTAB assisted mixed iron oxide 40.4 (Mohapatra et al. 2011)

Hydrated Fe(III)–Al(III)–Cr(III) ternary mixed oxide 31.9 (Biswas et al. 2010)

Zinc-magnesium-aluminum ternary oxide
microspheres

84.24 (Gao et al. 2020)

Ce-AlOOH with oxalic acid 90 (Tao et al. 2020)

Ca-doped ferrihydrite 53.21 This study

Conclusion
A novel Ca-doped ferrihydrite adsorbent was successfully synthesized and evaluated under controlled
environmental conditions for the removal of �uoride from aqueous solution. The prepared adsorbent
exhibited tremendous adsorption potential for the uptake of �uoride from water. The effects of interfering
anions and natural organic matter was negligible at low concentrations, while the presence of cations
enhanced the removal of �uoride. The results obtained in this study con�rmed that the adsorption of
�uoride by Ca-doped ferrihydrite was endothermic in nature. The prepared adsorbent can be regenerated
easily and can be reused in multiple cycles for the uptake of �uoride from water. The novel Ca-doped
ferrihydrite adsorbent holds a tremendous practical application potential in wastewater treatment.
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Figure 1

Schematic process of Ca-doped ferrihydrite synthesis

Figure 2

SEM and EDX analysis of Ca-doped ferrihydrite, (a) EDX before adsorption, (b) EDX after adsorption.
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Figure 3

The XRD pattern (a) and the FT-IR spectra (b) of the as-synthesized Ca-doped ferrihydrite before and after
adsorption experiments.

Figure 4

The BET surface area (a) and the zeta potential (b) of Ca-doped ferrihydrite before and after adsorption
experiments.
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Figure 5

Effects of initial pH (a) and the adsorbent dose (b) on the adsorption of �uoride by Ca-doped ferrihydrite.

Figure 6

Effect of co-existing anions (a & c) and cations (b & d) on the removal of �uoride by Ca-doped ferrihydrite
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Figure 7

Effect of NOM dose (a) and time (b) on the removal e�ciency of �uoride by Ca-doped ferrihydrite.

Figure 8

Effect of temperature (a) and adsorption time (b) on the removal e�ciency of �uoride by Ca-doped
ferrihydrite.
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Figure 9

Adsorption isotherm models for �uoride adsorption, (a) Freundlich isotherm, (b) and the Langmuir
isotherm.

Figure 10

Kinetic models, (a) the Pseudo-�rst order kinetic plot, (b) and the pseudo-second order kinetic plot
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Figure 11

Proposed mechanism of �uoride adsorption onto Ca-doped ferrihydrite
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Figure 12

Regeneration of Ca-doped ferrihydrite with 0.1 M NaOH for the adsorption of �uoride.
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