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1. Introduction

Fluoride is a ubiquitous anion present in natural waters. Higher
amounts of fluorides in drinking water sources have been reported
in many Asian and African countries. including Sri Lanka. India.
China and Ghana (Ci!e! .md Thyue. 2004). The beneficial and
detrimental effects of fluoride on human health are already well
known, Even though fluoride is an indispensable micro-nutrient
which expended on strengthening of bones and tooth, an exorbi-
tant amount of fluoride is harmful, and could cause fluorosis
(dental, skeletal and crippling), osteoporosis, arthritis, brittle
bones, cancer, infertility, brain damage, Alzheimer syndrome. and
thyroid disorder (Nairn <'I "I., 20: :,'), Even though the World Health
Organization marks the general upper limit of fluoride ions in
drinking water as 1.5 mgjl, the generally recommended maximum
fluoride concentration is 1.0 mg/L for tropical countries, due to
higher consumption of water when compared to other countries
(Yu cr al.. 2015a). Fluoride levels in surface water have been
increased during the last few decades in many water resources
across the globe. to the point where immediate attention is needed
in order to minimize the fluoride contamination and to introduce
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efficient fluoride removing techniques to the public. Weathering of
fluoride containing minerals and industrial discharges are the
major reasons for the fluoride hikes in surface water (Vvci et <1L,
2015).

Numerous attempts have been reported on implementing
economical and efficient new technologies, for the removal of
excess fluoride from drinking-water resources. Adsorption
(Bhatnag,}! ct al., )011; Dong and Wang. 201(:;: Noorjahan ct cl.,
2(15). ion exchange (Yu et ,;I" 201511), chemical precipitation
(Co);oi et al.. 20:5), membrane filtration (Choi et al.. 2001: Oshima
<.'[ al., 19<)G). reverse osmosis (Sehn, 20(8) and electrodialysis
(Ergun ct al., 2008) are the most commonly used methods in the
current process of water purification. The method of adsorption has
been identified as the most promising due to its simplicity in
application and economic feasibility, Adsorption based fluoride
removers have utilized many fluoride adsorbents such as ion (Yu
et al., 20bi)), aluminum (Rafique et al.. 2(13), calcium Crume!
et al., 20(5). clay (Tor, 200G), activated carbon and alumina
(Daifullah el. al., 2007: Raliquc ct al.. 2012), and agricultural and
industrial waste (Ca\ et al., 2015; Canvir and Das, 2011; Prcbhu and
Mecnakslu, )015). However, the low efficiency of these adsorbates
still is the main problem.

Recent developments of the relevant studies have focused on
adsorbents containing rare earth metals such as La, Ce and Zr that
possess an inherent strong affinity toward fluoride (Prabhu and
\kcn;;iz,hi. 201S), In addition to that, some studies have demon-
strated that metal composites with rare earth metals such as Fe-AI-
Ce (Chen et al., 20(9). Fe-Zr (Bis\va5 ct aI" 2(07). Mg-La-Ce (w«
et al., 2016), Fe-Mg-La (Yu ('t al., 20]');1), Ca-AI-La (Xidng ct al.,
)014), and Fe-Mg-AI (Ma cr al, 2(11) would maintain a high fluo-
ride adsorption capacity at a lower cost. However, systematic
studies of selecting proper metal combinations and compositions
have not been reported so far.

This study highlights a systematic way of selecting and formu-
lating a novel tri-metal composite for fluoride removal and elabo-
rates experimental evidence for the ability of fluoride-metal
complexation, Metal and metal hydroxides with high affinity to-
ward fluoride ions were selected from related literature (Bhatnagar
C( al., 2011) and tri-metal combinations were tested for their ab-
sorption capacity, This study discusses the' preparation,
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characterization and efficiency of fluoride ion removal of the Fe-La-
Ce tri-rnetal composite as an effective remedy for the removal of
excess fluoride in aqueous media. Tri-metal composite was syn-
thesized, following the one step co-precipitation method reported
(Yu ct al.. 20ba). The batch adsorption experiments were carried
out to study and investigate adsorption kinetics and adsorption
isotherms.

2. Methodology

2.1. Materials

All chemicals and reagents (LaCI3·7H20, FeS047H20, Ce
(S0412-4H20, NaOH and NaF) were obtained from analytical grade
and were purchased from Sigma Aldrich. 10000 mgjL standard
fluoride solution was purchased from WTW. Working fluoride so-
lutions were prepared freshly by diluting 10000 mgjL stock solu-
tion with deionized water. Nylon membrane (0.45 urn) and
Whatman 41 filter papers were used for filtration purposes.

2.2. Preparation of tri-metallic composite

Metal solutions with 1: 1:1 mole ratios were prepared using
0.10 mol dm-3 individual metal (LaCl3'7H20, FeS047H20 and
Ce(S04)r4H20) stock solutions. The co-precipitation of metal
mixtures was achieved by adjusting pH to 8.5 using a 6 mol dm-3
NaOH solution while stirring continuously. Precipitates were
filtered and washed with deionized water until the pH of the filtrate
reached 6.5 ± 0.2. Oven dried precipitates were sieved using
500 urn sieves.

2.3. Characterization of tri-metallic composite

Fourier Transform Infrared spectroscopy (FTIR) was used to
characterize Fe-La-Ce adsorbate before and after having been
exposed to fluoride ions. Optical grade KBr pellet was used for
background corrections. FTIRmeasurements were carried out using
Nicolet IS 10 instrument from 500 to 4000 cm"" wavenumber
range.

Further characterization of the Fe-La-Ce tri-metal composite
was done through the powder X-ray diffraction technique. XRD
peak analysis of a mixture of metal compounds is a challenging
task. In order to surmount that, XRD patterns of the starting ma-
terials were also obtained and compared with the XRD peak posi-
tions of the metal compounds in the composite sample. The XRD
measurements were carried out using (Rigaku, Ultima IV instru-
ment) Cu KIXradiation ()..= 1.54 A) over 28 range of2° to 70° with a
step size of 0.02° for above samples.

The elemental compositions of above tri-rnetal composites were
studied using a HORlBA Scientific XGT-5200 X-ray Fluorescence
(XRF)instrument and corresponding peak analysis were done using
the HORRlBAX-ray analytical microscope software.

Surface morphology of pristine adsorbate and adsorbate treated
with fluoride ions were studied using Hitachi SU6600 SEM with an
acceleration voltage of 15.0 kV. Observations were conducted in the
secondary electron mode.

The point of zero charge (PZC) was calculated using a procedure
reported by Yu al. [20b",). 0.01 M NaN03 solution (50 ml.) was
added to a known weight of tri-rnetallic composite and the mixture
was shaken for 24 h. Then the pH of the suspension was adjusted to
various pH values using 0.1 M NaOH and HN03. The suspension was
stirred further for 60 rnin until equilibrium was attained. Then the
initial pH of the solution was measured using a pH meter (OHAUS
starter 3000). Finally, 1.5 g of NaN03 was added to the suspension
and stirred for 3 h and final pH of the sample was measured. The

PZC was calculated by plotting t..pH (final pH - initial pH) against
final pH. The PZCis the pH at which t..pH = 0 (C·; ,,1kiin Zl ai, 2() 11).

2.4. Adsorption studies

2.4.1. Effect of contact time
All adsorption experiments were conducted in 100 rnl volume of

test solutions and the mass of the sorbent used in each study was
0.01 g. A known weight (0.01 g) of Fe-La-Ce tri-metallic composite
was added into 250 ml polypropylene plastic bottle containing
100 mL ofl0 mgjL fluoride solution. Above mixture was placed on a
shaker (Clifton shaker) for different time intervals at a constant
speed (200 rprn) at 300 K. A known volume (1 mL) of fluoride so-
lution was withdrawn from the above mixture every 60 min. The
withdraw solutions were filtered using 0.45 urn nylon filter and the
residual fluoride concentration of the filtrate were measured using
a fluoride selective electrode (WTW F800) connected to a multi-ion
meter (WTW pHjion·340i). Calibration of the instrument was done
according to the instructions provided by the instrument manu-
facturer using a WTW 140100 TISAB solution. The weight of the
fluoride ions adsorbed per unit weight of adsorbent (mgjg) was
calculated according to equation I Ii.

(Co-Ce) Vq; = x
m

(1)

Co - CeRemoval efficiency % = ~ x 100 (2)

where, rn is the weight of the adsorbent in grams, qe (mgjg) is the
amount of fluoride adsorbed per unit weight of the adsorbent, Co
(mgjL) is the initial concentration of fluoride ions, C; (mgjL) is the
final concentration of fluoride ions, V (L) is the volume of the
solution.

2.4.2. Effect of pH
Fluoride solution with initial concentration of 10 mgjL was used

to determine the effect of pH on fluoride ions adsorption. Adsor-
bent dose of 0.1 gjL was used to carry out this experiment. HN03
and NaOH were added to adjust the pH of the medium during the
fluoride ions adsorption process. Medium pH was measured using a
pH meter (OHAUS starter 3000). At the end of each sorption pro-
cess, the samples were filtered through 0.45 urn nylon filter. Fluo-
ride concentrations were determined using a fluoride meter as
described above. The amount of fluoride ions adsorbed per unit
weight of adsorbent (mgjg) was calculated using the same pro-
cedure mentioned in section 24.1.

2.4.3. Effect of initial concentration
Series of 10-100 mgjL of fluoride solutions were prepared at pH

7.00 ± 0.01. These, fluoride concentration series were treated using
tri-rnetallic composite at 300 K (Favu-r C! <1L. 2()16). After 2 h, the
residual fluoride concentration was measured. Finally, the amount
of fluoride ion adsorbed per unit weight of adsorbent (mgjg) was
calculated using the same procedure mentioned in section 2.4.1.

2.4.4. Effect of competitive factors
Different concentrations (0.100 M, 0.010 M and 0.001 M) ofNaCl,

Na2S04 and NaHC03 solutions were introduced into the 10 mgjL of
standardized fluoride solution. All solutions were kept at 300 K in
pH 7 for 2 h while moving at a speed of 200 rprn. Then fluoride
adsorption capacities of tri-metal composites were analyzed using
the fluoride selective electrode method described previously in
section 2A.L
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Fig. 1. FTIR spectra for (a) before and (b) after fluoride adsorb onto the Fe-La-Ce tri-
metallic composite.
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Fig. 2. XRD patterns of (a) Fe-La-Ce tri-rnetal composite. (b) la(OH),. (c) FeO(OH) and
(d) Ce(OH),.

2.4.5. Adsorption isotherms
Concentration series of 10-100 mg/L of fluoride solutions were

prepared at pH 4.00 ± 0.01 and 7.00 ± 0.01. This experiment was
conducted at different temperatures (300 K, 310 K. 320 ]( and
330 K).A known weight (X g) of trimetal adsorbent was introduced
into the fluoride solutions. After 2 h, residual fluoride concentra-
tions were calculated using the method mentioned in section 2A.L
Collected data were fitted to Langmuir and Freundlich adsorption
isotherms.

2.4.6. Adsorption kinetics
Standard fluoride solutions having concentrations in between

10 rngjl, to 50 mg/l, were treated with 0.1 g/L of tri-metal adsorbent
while shaking at a constant speed of 200 rpm. Treated solutions
were filtered using 0.45 urn nylon filters and the remaining fluoride
concentrations were determined using a fluoride meter as a func-
tion of contact time. Resulting data were analyzed using pseudo-
first order and pseudo-second order rate laws.
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Fig. 3. XRD spectra of (a) virgin tri-rnerat composite and (b) fluoride treated tri-metal
composite.

Table 1
The XRF analysis of metal compositions of tri-rnetal adsorbent before and after
fluoride adsorbed onto Fe-La-Ce tri-metallic composite.

Element Mole % of Metals

Pristine adsorbent After fluoride
adsorbed onto Fe-La-Ce composite

Fe
La
Ce

33.21 ± 0.21
29.88 ± 0.41
28.01 ± 0.41

28.98 ± 0.16
28.10 ± 0.32
30.04 ± 0.35

45 2.4.7. Regeneration study
A known weight of adsorbent (0.10 g) was added into 100.00 mL

of 10.00 mgjl, sodium fluoride solution and gently shaken for 2 h
using a Clifton Shaker at 200 rpm. Then the adsorbent was sepa-
rated from the solution by filtration and dried at 28°C. These
collected dried adsorbent was added into 100.00 mL of 0.1 M NaOH
solution while stirring for 2 h to remove the adsorbed fluoride from
the tri-rnetal composite. The concentration of the desorbed fluoride
was calculated using the method mentioned in section 2.4.1. Then
the de-fluoridated adsorbent was collected and washed using
deionized water until pH of the filtrate reached 7.00 ± 0.5. It was
dried at 300 ]( for 5 h.

3. Results and discussion

3.1. Characterization

3.1.1. Fourier Transform Infrared spectroscopy (FTIR)
Fig. 1 shows the FTIRspectra of virgin and fluoride adsorbed tri-

metal adsorbents. The peaks around 3477 crn"" and 1637 cm-1 are
due to stretching and bending vibration of adsorbed. H20 on the
surface of Fe-La-Ce tri-metallic composite (Zhang er al., :!('-w»). The
intense narrow peak at 1489 ern" t indicates the presence of car-
bonate groups due to the adsorption of atmospheric carbon dioxide
during the synthesize of tri-rnetal composite (Xidng et aI., 2(14).
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Fig. 4. SEM images of Fe-La-Ce tri-metal adsorbent a) before fluoride adsorption and b) after fluoride adsorption.
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Fig. S. The effect of contact time for fluoride ions adsorption onto Fe-La-Ce tri-metallic
composite at 300 K. Adsorbent dose of 0.1 g/L and 10 mg/L of initial fluoride con-
centration were used at pH 7.0.

The absorption band around 1118 cm-I is attributed to sulphate
groups (Top;;!i;m ct al., 2013). The broad peaks around 3335 cm-1

and 1118 cm-1 demonstrated the presence of hydroxyl and sul-
phate groups in the newly synthesized tri-rnetal composite adsor-
bent (Dolt et al.. 20\1). The broad peaks of virgin adsorbent around
3335.26 ern"! and 1118.49 crn " were shifted to 3247.84 cm-1 and
1124.61 ern"! respectively upon fluoride adsorption onto the tri-
metallic composite. In addition, after fluoride adsorbed onto the
adsorbate, intensities of the peaks around 3335.26 cm-1,
1489.25 cm-1 and 1118.49 ern"! have shown a significant decrease.
By comparing the FfIR spectra, it can be concluded that hydroxides,
carbonates, and sulphates were mainly contributing to the fluoride
adsorption of the novel composite.

3.12. X-ray diffraction (XRD)
During the co-precipitation at basic pH conditions, all three

metals were precipitated as their hydroxides. X-ray diffraction was
carried out to confirm their presence in the tri-metal composite. X-
ray peak analysis of a mixture of metal compounds is a challenging
task. In addition, starting materials of tri-rnetal composite were not
in pristine crystalline form. In order to overcome those challenges
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Fig. 6. The effect of initial fluoride concentration for fluoride ions adsorption process
at 300 K. Adsorbent dose of 0.1 g/L was used at pH 7.0 for different fluoride
concentrations.

120

100

80
';)

'"E 60~
0-

40

20

·0

I
I T

I T

~ T

I
o

Naf
0.1 0.01 0.001 0.1 0.01 0.001 0.1 0.01 0.001

NaCI Na,SO, NaHCO,

Concentration of competitive factors (mol dm+)

Fig. 7. Fluoride adsorption capacity of Fe-La-Ce tri-metal adsorbent in the presence of
interfering anions at 300 K. Adsorbent dose of 0.1 g/L and 10.76 mg/L of initial fluoride
concentration were used at pH 7.0.

during the characterization, XRD patterns of the individual metal
hydroxides were separately obtained and compared those with the
XRD peak positions of the metal compounds in the composite
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Concentration of interfering ions/mol dm 3 % interference from Chlorides

Table 2
Percent interference from chloride. sulphate and bicarbonate ions for the fluoride adsorption capacity of the tri-rnetal composite at 300 K and pH 7.0.

% interference from bicarbonate% interference from Sulphates

0.100
0.010
0.001

12.51
8.24
2.86

Table 3
Fluoride removal efficiency of Fe-Ce-La tri-rnetal composite in natural water samples.

47.25
30.63
22.64

74.64
51.51
38.13

Sample no. Fluoride concentration (mg/L) pH Conductivity (uscm ') qe (mg/g)

1
2
3
4
5

10.06
9.89
10.13
9.87
10.08

6.4
6.9
7.0
5.5
7.2

31.1
37.8
37.7
80.9
113.0

64.4
53.6
64.8
65.1
57.4

sample. Comparison of XRD patterns of the individual metal com-
pounds and the tri-rnetal composites are shown in Fig. 2. Most of
the X-ray diffraction lines observed for the tri-metal composites are
corresponding to the diffraction lines of the individual metal hy-
droxides. which confirms that the individual metals are in their
hydroxide forms in the composite sample.

Comparison of XRD patterns of trimetal composites before and
after exposed to fluoride solution for 2 h are shown in rig. 3. XRD
patterns of the virgin tri-rnetal composite and the tri-rnetals
treated with fluorides have identical diffraction patterns. which
indicate that the fluoride adsorption had minimal effect on the
mode of assembly of metals in the tri-rnetallic composite. This
confirms the potential of using the tri-rnetal composites as a fluo-
ride removing agent with minimal interference from the medium
and fluoride adsorbed onto adsorbate is a physisorption process
that involves electro statistic attraction coupled with possible ion
exchanges.

3.1.3. X-ray fluorescence
The resulting peak characteristics of X-ray fluorescence are

given in T"hk L The XRF analysis has confirmed that the synthe-
sized composite contains all three metals in almost equal molecular
compositions as expected from the co-precipitation procedure. The
tri-rnetal adsorbents that were exposed to fluoride solutions were
also characterized with XRF. In this study. these tri-rnetal adsor-
bents were introduced into the aqueous fluoride solution and
stirred vigorously. Resulting metal compositions were almost
identical to that of the pristine absorbent. Minute changes in the
metal compositions in adsorbent before and after exposing to
aqueous medium are due to the inherent composition variations in
the co-precipitation method. These results substantiated the
steadiness of the tri-metal adsorbent against dissolving in the
aqueous environment. The pertinent peak analysis is given in
Table 1.

3.1.4. Scanning electron microscopic images
Scanning electron micrographs of the Fe-La-Ce tri-rnetal

adsorbent before and after fluoride adsorption are shown in fig. 4.
There are significant transformations in the surface morphology of
the adsorbent before and after adsorption of fluorides ions. The
granular shaped assemblies on the adsorbent surface had been
transformed into sharped edged structures after soaked in fluoride
solution. However. no composition changes were observed from
XRFand XRD studies.

3.1.5. Effect of contact time
According to the experimental results shown in Flg. 5. the
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Fig. 8. l.angmuir adsorption isotherm for the fluoride adsorption onto adsorbate at a)
301 K. b). 310 K. c). 320 K and d). 330 K.

Table 4
The summary of adsorbent isotherms.

pH Temperature/K Langmuir isotherm Freundlich isotherm

Parameters

Qlll<1X R2 KL Kr (l/n) R2

303.03 0.99 0.25 97.96 0.28 0.88
161.29 0.99 0.11 30.76 0.46 0.82
250.00 0.97 0.10 49.77 0.37 0.96
476.19 0.96 0.05 45.19 0.52 0.98
555.55 0.93 0.04 50.51 0.53 0.99

4.00 301
7.00 301
7.00 310
7.00 320
7.00 330

adsorption capacity was rapidly increased during the first hour due
to the high amount of active sites available in the surface of the
adsorbent. and then the increments were gradual because the
adsorption process reaches to equilibrium. Even-though the
adsorption capacity increases slowly with increasing contact time.
longer contact times are not favorable for practical purposes. It was
assumed that the equilibrium between adsorption processes has
been reached within two hours of contact time. Therefore. the
optimum contact time was regarded as two (02) hours ..

3.1.6. Effect of pH
It was observed that the adsorption capacity of the tri-rnetal

adsorbent is significantly influenced by the pH of the medium
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Table 5
The summery of Dimensionless index at different temperatures and pH 7.00.

Table 6
Fluoride adsorption capacities at different adsorbents.

40 45

Co (mg/L) RL Adsorbent

301 K 310 K 320 K 330 K Fe-AI-Ce

0.66 0.71
Fe-Mg-La

10 0.47 0.50
20 0.31 0.33 0.50 0.55

Mg-La-CeSO 0.15 0.16 0.28 0.29 Fe-Zr
Ca-AI-La
Fe-Mg-AI
Fe-La-Ce

where fluoride adsorption capacity decreases considerably with
increasing alkalinity of the medium as shown in F;g. la in the
supporting information. The highest adsorption capacity of
305.81 mg/g was achieved at pH of 4.0. The point of zero charge
(pHpzc) in this experiment was 7.27. The medium pH was lower
than pHpzc, and hence the adsorbent was in its protonated form.

At pH < pHpzc two processes are possible. First, the active sites of
the adsorbent (specially OH ions) (Hiswas ct ,11..20(9) can be pro-
tonated leading to a better interaction between negatively charged
fluoride ions with the positively charged Fe-La-Ce tri-metallic
adsorbent. On the other hand, fluoride ions get protonated to
produce HF (pKa 2.95) (Monapatra et ,11.. 2(12) under strongly
acidic conditions. The mode of interaction between the adsorbent
or protonated adsorbent and the fluoride ions (F-) could be
different to that of hydrofluoric acid (HF). In any case, the

pH q",,, (mg/g)

7.0 2.22
7.0 185.2
4.0 270.3
7.0 37.43
6.8 8.21
6.8 29.30
6.0 14.92
7.0 161.29
4.0 303.03

(\Vu et ~!; ?Olf.))
ph"·;,, ct ;\1.. ',;(;07)
(Xi.JnQ;-t <11..A>1 1)
(M",:l'" :'(,11)
Present work

Reference

(Chen ct ;c\.. ?OU~')
(vu \'t J1., :~015cl)

adsorption capacity is better in the acidic media.
At the medium pH higher than the point of zero charge

(pHpzc = 7.27), tri-metallic composite has an overall negative
charge. The adsorption capacity of trimetal composites decreases at
pH > pHpzc due to electro statistic repulsion between tri-metallic
composite to negatively charged fluoride ions. Also, hydroxide
ions out-compete fluoride ions for active sites on the adsorbent.
Even though a considerably small amount of fluoride ions were
adsorbed at high alkaline medium due to ion-exchange mechanism
and non-specific electro-statistic attractions (Y,DR et ,11, 2011 ).

3.1.7. Effect of initial concentration
The adsorption capacity increased until the initial fluoride
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Fig. 10. Fluoride adsorption data fitted to intra-particle diffusion model.

concentration was reached to 40 mg/L at 300 I<for 0.1 g/L adsorbent
dose and thereafter, the adsorption capacity remained fairly con-
stant while increasing fluoride concentration as shown in rig. ii.
According to the given experimental conditions it could be
assumed that the most efficient fluoride removal capacity can be
achieved when the initial fluoride concentration of the test solu-
tions is 40 rngjl, or above for 0.1 g/L of tri-metal composite.

3.1.8. The effect of competition of interfering anions
The effect of competition of interfering anions that are

commonly present in natural waters for the fluoride adsorption by
Fe-La-Ce tri-rnetal was studied. Fig. 7 shows the fluoride adsorption
capacity of tri-rnetal composite in the presence of chloride, sul-
phate and bicarbonate ions at different initial concentrations. The
minimal interference for the fluoride adsorption was observed
from chloride ions and a significant interference was observed from
bicarbonate ions (Plarikanov er ,d., 2le!). Interference from sulfates
to removal of fluoride ions is at a moderate level. Percentage in-
terferences from these inferring anions to the fluoride adsorption
process were calculated using equation [0\ i. Tabulated percentage
interferences are tabulated in Table 2.

Interference % = qwo - qw x 100%
qwo

qwo = fluoride adsorption capacity of the composite in the absence
interfering ions

qw = fluoride adsorption capacity of the composite in the
presence interfering ions

3.1.8.1. Applicability of Fe-La-Ce tri-metal composite for treat natural
water samples. Applicability of Fe-Ce-La tri-metal composite was
tested using natural water samples collected from different
geographical regions (Polonnaruwa, Anuradhapura, I<andy, Ham-
bantota, Galle and Matara) of Sri Lanka. Since initial fluoride ion
concentrations of the aforementioned samples were in the range of
05-15 mg/L, 10 mg/g of final fluoride ion concentration was
maintained to check the efficiency of the tri-metal composite.
Collected natural water samples have shown different conductiv-
ities due to their total dissolved ionic species presence in water. The

summary of the removal behavior of fluoride ions in four natural
water samples are showi in Table :L These results have confirmed
that the above sample matrices have a minimal influence on fluo-
ride adsorption capacity ~f Fe-Ce-La tri-rnetal composite.

3.1.9. Adsorption isotherms of fluoride/tri-metal composite system
Adsorption between fluoride ions and adsorbate is governed by

the strength of the complexation of fluorides with metal ions. Such
adsorption can be best described by monolayer adsorption due to
better interactions between adsorbent and the adsorbate, over the
intermolecular interactions among fluoride ions. Therefore, the
adsorption behavior of fluorides to tri-metal composite was studied
using Langmuir and Freundlich adsorption isotherms. The Lang-
muir adsorption isotherm seemed valid only for monolayer
adsorption onto a finite number of identical active sites that con-
taining on adsorbent surface (Mohan arid 1<;lnhikcy,}n, 1(97). The
Langmuir adsorption isotherm equation is portrayed as;

r, 1 c,
-=---+--
qe KLqmax qmax

(4)

(3)

In the case of qe being the weight of fluoride ions adsorbed per
unit weight of adsorbent (in mg/g) at the equilibrium. Ce is the
equilibrium concentration of fluoride ions (in mg/L), KL is the
Langmuir constant, and qmax is the maximum adsorption capacity
of tri-metal for fluoride ions.

Adsorption data of fluoridejtri-rnetal system were quantified
from the fluoride ion sensitive electrode method as described
previously and measurements were triplicated. The resulting data
were fitted to equation (4) and the corresponding regressions as a
function of temperature are shown in Fig. 8. Linear regressions
were observed with R2 values over 0.99, which substantiate the
hypothesis of monolayer formation of Fluoride ions on Fe-La-Ce tri-
metal surface. At relatively higher temperatures. KL shifted to lower
values by forming incomplete monolayers on tri-rnetal surface
under the provided concentration conditions. This confirms that
the physisorption process and the reversibility of the fluoride
adsorption process. Relevant qmax and KL for different temperatures
are summarized in Table 4.

Fluoride adsorption data of the tri-rnetal composites were also
analyzed according to the Freundlich adsorption isotherm (Dada
et al.. 2012). which is shown in equation (5). In the Freundlich
model KF represents the adsorption capacity and l/n is the
adsorption intensity. Data were modeled to the Freundlich
isotherm and are shown in FIg. 9. At 301 K, data were poorly
behaved according to the model. However, statistics of the
regression lines were improved for the data at elevated tempera-
tures. As shown in Table 4, adsorption intensities (1/n) obtained for
fluoride adsorption data are varying in between 0.2 and 05 for
different temperatures. This confirms the heterogeneous nature of
the fluoride adsorption sites on the tri-metal surface, where more
than one metal is involved in the fluoride chelating process.

1
In qe = -In C; + InKF

n
(5)

The feasibility of the interaction was explained using dimen-
sionless adsorption intensity (Rd. which is shown in equation i (it
Considering the RL values (Ca)'i!lli et al.. 2017: \Vdxr and
Chakravorti, 1974), Rl > 1 for unfavorable, Rl = 1 for linear and
Rl < 1 for favorable for fluoride ions adsorbed onto adsorbate and
reversible reaction possible when Rl < 1.

(6)
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Table 7
The summery of fluoride adsorption kinetic data at 300 K and pH 7.00.

Kinetic model Kinetic parameters

10 mg/L 50 mg/L

C, (mg/L)

Pseudo-first-order rate model q, = 1.15 rngjg
K, = 6.90 X 10-4 Illin-'
R2 = 0.5767
q, = 95.42 mg/g
K2 = 1.30 X 10-3 g/mg min
R2 = 0.9998
kid = 1.48 mg g-' min-'/2
C = 70.03 mg g ,
R2 = 0.7162

Pseudo-second-order rate model

Intra particle diffusion model

20 mgjl,

q, = 1.35 Illg/g
1(, = 1.61 X 10-3 min-'
R2 = 0.7995
q, = 153.85 mgjg
K2 = 2.60 x 10-4 gjrng min
R2 = 0.9995
kid = 4.47 mg a' min-1/2

C = 69.69 mg g ,
R2 = 0.9282

q, = 1.19 mgjg
K, = 1.61 X 10-4 min-'
R2 = 0.6534
q, = 205.76 mg/g
K2 = 2.40 x 10-4 g/mg min
R2 = 0.9993
k,d = 5.90 mg g-' min-'/2
C = 100.39 mg g 1

R2 = 0.8179

Table 8
Summery of regeneration ability for removal of fluoride ions at pH 10.

Number of regeneration cycle Adsorption capacity (mg/g) Percentage of desorption (%)Desorption capacity (mg/g)

1
2
3

87.45
79.42
70.51

96.13
92.54
89.59

84.07
73.50
63.17

In equation (6;, Co is the initial concentration (mgjL) of fluoride
ions and KL is Langmuir constant. These adsorption intensity data
are shown in lab'e :i.

According to the above data, the value of RLdecreased when the
concentration of fluoride solutions was increased. In addition, they
were increased slowly when temperature increased but did not go
above 1. Therefore, it indicates that the Langmuir isotherm is
favorable for fluoride ions adsorbed onto Fe-La-Ce tri-metallic
composite. Low values of RLdescribes that fluoride ions adsorption
onto Fe-La-Ce tri-rnetallic composite is a physical and reversible
process.

A comparison of the maximum adsorption capacities for
different literature reported metal composites are summarized in
Tablp 6.

3.1.10. Adsorption kinetics
Kinetics of fluoride adsorption onto Fe-La-Ce tri-metal adsor-

bent was followed to study the fluoride removing rates and po-
tential adsorption mechanism. In this respect, pseudo 1st and 2nd
order kinetics were followed, and the corresponding kinetic
equation are given in equations (7) and ,.8; respectively.

kl
log (qe - qt) = log(qe) - 2.303 t

t 1 1
-=--+-t
qt k2q~ qe

In above equations, q, is the amount of Fluoride ions removed at
time t (mgjg), qe is the adsorption capacity at the equilibrium (mgj
g), k/ and k2 are the pseudo-first and pseudo-second order rate
constants respectively.

Using equation (7), log (qe - qc) versus t was plotted to compare
adsorption kinetic with the pseudo-first order rate law (Rcddold
c , al.. 20(2). Subsequent data analysis has shown a poor agree-
ment of fluoride adsorption data to pseudo-first order kinetics as
shown in Fig. 2 in supporting information. Because experimental
qmax (161.29 mgjg) and calculated qmax (1.15 mgjg) didn't agreed
and also correlation coefficient was very poor (R2 = 0.5767) at pH
7.0 and 28 dc. Therefore. kinetic data were then analyzed to the
pseudo-second order rate lay by plotting tjqr vs t (I tu ,1I1d McKav.
1,!(I~)).As shown in hZ. 'J in supporting information, data are well

behaved (R2 of 0.99) with the pseudo-second-order rate model. The
Resulting pseudo-second order rate constants for different initial
fluoride concentrations differ very closely in the average of
0.0005 gjmg min.

The Intra particle diffusion rate model was used to predict the
mechanism of fluoride ions adsorption onto Fe-La-Ce tri-metallic
composites (Mckay ct .tl., 1(83). The Adsorption kinetic of the above
model was calculated using equation (9).

(9)

(7)

In equation ,9\ Kid remains the intra particle diffusion constant
(its units in mgjg min-I/2), C is a constant and it is important to
determine boundary layer effect. C = 0 indicates that adsorption
process is controlled only by the intra particle diffusion model. C *
o indicated that the adsorption process is complicated .. The
adsorption process does not only involve the intra particle diffusion
model but also other kinetic models are involved (Wang et elL,

:.~(I14).As shown in Fig. 10, two distinguished linear sections (a
and b) were identified. It causes due to external mass transfer and
the inter particle diffusion model (Ho et al., 20(0). Therefore.
fluoride ions adsorption is a complicated process (Fall et al., 2(12),
which is a combination of intra particle diffusion rate model and an
external mass transfer process. A summary of fluoride adsorption
kinetics data for above 3 models are given in Table 7.

(8)
3.1.11. Regeneration

Fluoride adsorb onto tri-rnetallic composite is highly dependent
on pH. Poor adsorption capacity shows at high pH values (more
than pH 10). Therefore, a regeneration study was carried out at pH
10 using 1 M NaOH. The cyclic process of adsorption and desorption
were studied and adsorption capacities were shown in Table S.
According to study, Fe-La-Ce tri-rnetallic composite exhibits
excellent regeneration and reusability.

Overall, the high fluoride removal capacity of trimetal complex
has been attributed to the reversible isomorphic substitution be-
tween F- and OH-. Therefore, pH is a crucial factor of deciding the
maximum adsorption capacity of the composite. Based on the
experimental results, fluoride removal from tri-rnetal composite is
mainly governed by the ion exchange mechanism and have shown
a better regeneration ability.

. .'.
';
J
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The Fe-La-Ce tri-metal composites have shown significantly
high adsorption capacities (qmax is 303.03 mgjg and 161.29 mgjg at
pH 4.00 and 7.00 respectively) towards the fluoride ions in aqueous
systems. The Fluoride adsorption process onto the tri-rnetal have
shown a pseudo-second order type adsorption kinetics and obeyed
Langmuir type monolayer adsorption behavior. The minimal
interference for the fluoride adsorption were observed from chlo-
ride ions and sulphate ions but significant interference was
observed from bicarbonate ions. Fe-La-Ce composites can be
introduced as a novel fluoride removing material, which efficiently
removes fluoride ions when the pH of the medium is less than 7
and exhibits excellent regeneration (desorption percentage 96.13%)
and reusability.
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Supplementary data related to this article can be found at
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