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Abstract In this study, trimetal Mg/Ce/Mn oxide-modified diatomaceous earth (DE) was
synthesized at optimal conditions. Comparison of the SEM images and the results of EDX
analyses of the raw and the modified DE confirmed the surface modification of the raw DE
with the trimetal oxide. Groundwater fluoride removal capacity of the sorbent was evaluated
by batch method at various defluoridation conditions. At a sorbent dosage of 0.6 g/100 mL
(contact time: 60 min, mixing speed of 200 rpm and temperature: 297 K), the fluoride
removal was > 93% for solutions containing initial fluoride concentration of 10 mg/L - 60
mg/L. Sorbent’s optimum fluoride uptake capacity was 12.63 mg/g at the initial fluoride
concentration of 100 mg/L. Fluoride removal was > 91% for solutions with initial pH range
of ~ 4 to 11 (initial fluoride concentration: 9 mg/L, sorbent dosage: 0.6 g/100 mL). Appraisal
of the effect of co-existing anions on fluoride removal showed that COs* would reduce the
amount of fluoride removed from solution, while other anions such.as PO;¥, NO3 and SO4*
had no observable effect. K,SO, solution was found to be most Suitable for regeneration of
spent Mg/Ce/Mn oxide-modified DE compared to Na,CO3z and NaOH. The mechanism of
fluoride removal at pH > 5.45 (pHpzc = 5.45) occurred by exchange of hydroxyl groups on
surface of sorbent with fluoride ions from solution. Sorption data fitted better to Langmuir
isotherm and pseudo-second-order model. External diffusion was observed to be the sorption
rate limiting factor.

Keywords: synthesis; trimetal oxide-modified diatomaceous earth; defluoridation,

groundwater



1. Introduction

Human need for clean water cannot be overemphasized. The total body water of an average
young adult male for example is 50 to 70% of the body weight (Altman, 1961). Potable water
IS however scarce since clean water does not occur in nature (Gambhir et al., 2012). Water
from natural sources contains different dissolved salts apart from suspended particles.
Primarily, the salts and minerals in surface and groundwater originate from the soil and rock
with which it is in contact.

In developing countries, including South Africa, the right drinking-water for rural
communities where there is no pipe-borne water is groundwater (Ncube and Schutte, 2005).
Most of the surface waters in the rural communities are susceptible to pollution by human
and animal faeces (Obi et al., 2002), thereby exposing direct consumers to health risk.
Therefore, reliance on groundwater as alternative drinking-water becomes germane.

Though the consumption of groundwater reduced cases of water-borne diseases, there
are new problems arising from its consumption (Daw, 2004). Fluoride is important for the
development of healthy teeth if it is present in groundwater (drinking-water) at appropriate
concentrations. But if drinking-water contains fluoride at concentrations above the World
Health Organization (WHO) guideline of 1.5 mg/L (WHO, 2011), diseases known as dental
and skeletal fluorosis could arise. The severity of either fluorosis is much dependent on the
concentration of fluoride and the period of exposure (Jenkins, 1978; Teri, 1982;
Abdulrahmani, 1996). It is important to reduce the fluoride in drinking water to an acceptable
level for drinking. The techniques that have been employed for this purpose include
adsorption, ion-exchange, precipitation/coagulation, and membrane processes (Hichour et al.,
2000; Amor et al., 2001). Adsorption technique has gained more prominence over other
techniques majorly because of its simplicity and low cost (Mjengera and Mkongo, 2003).

Diatomaceous earth (DE) has found variety of uses industrially because of some of its
advantageous physical and chemical properties which include high porosity (80-90% void),
large surface area, high liquid absorption capacity, low thermal conductivity and chemical
inertness (Lemonas, 1997; Antonides, 1998). The use of DE in adsorption technology for
water treatment received much consideration in recent times essentially because of its high
porosity which is an advantage for metal oxide infusion for metal and non-metal removal
from water and industrial effluents (Khraisheh et al., 2004a, 2004b; Oladoja and Helmreich,
2014).



Binary metal Al/Fe oxide-modified DE was earlier reported by lzuagie et al. (2016) to
be a more effective sorbent than either Al or Fe oxide-modified DE for groundwater
defluoridation. The synergy of the two metals in Al/Fe oxide-modified DE towards increase
in fluoride removal was a motivation for the synthesis and appraisal of defluoridation
capacity of a trimetal oxide-modified DE with a specific interest in the oxides of magnesium
(Mg), cerium (Ce) and manganese (Mn) in the sorbent composite. It was important to
evaluate whether the number of metals in a sorbent was a consistent determinant of enhanced
fluoride adsorption.

The fluoride removal effectiveness of Mg, Ce or Mn oxides individually or in
combination with other metal oxides from water has been widely reported (Wu et
al., 2007; Wang et al., 2015). Therefore, in this study, there was optimized synthesis of
Mg/Ce/Mn trimetal oxide-modified DE, characterization and evaluation of the fluoride
uptake capacity of the sorbent at optimized conditions.

2.  Materials and methods
2.1. Sample preparation

Some diatomaceous earth (DE) obtained from natural deposits at Kariandusi in Gilgil
District, Nakuru County, Kenya was crushed in the mortar and dispersed in a large amount of
Milli-Q water (18.2 MQ cm @ 25 °C) in a liter glass beaker. The suspension was stirred for
some time to release trapped sand and silt from the DE. Floating debris and dirt were
removed from the surface of suspension with spatula while the basal sand and silt were
removed through repeated process of water addition and decantation of suspension. The sand
and silt-free suspension was centrifuged to discard the supernatant.

The clean DE was then scooped into some fresh Milli-Q water in a liter flask, stirred
and the pH adjusted to 11 using 0.1 M NaOH solution. The bottle was corked and shaken on
Stuart reciprocating shaker at 200 rpm for 30 min. After equilibration, the mixture was
centrifuged at 5000 rpm to recover the solid to remove the supernatant. The NaOH-treated
DE was acidified with 0.1 M HCI to pH 2 and also shaken in a corked liter flask at 200 rpm
for 30 min. After equilibration, the mixture was centrifuged and the solid washed with a large
volume of Milli-Q water. The washed solid was dried in the oven at 110 °C for 8 h, cooled in

the desiccator and then stored in corked plastic bottles for subsequent use.

2.2. Solution preparation



The salt solutions for DE modification as well as different fluoride solutions were prepared
from analytical grade chemicals which included sodium fluoride (NaF), magnesium
tetraoxosulphate (VI) (MgSO,), cerium (Il1) chloride heptahydrate (CeCls;.7H,O) and
manganese (I1) chloride tetrahydrate (MnCl,.4H,0). All the chemicals were supplied by
Rochelle Chemicals, South Africa.

For the optimized modification of diatomaceous earth with Mg/Ce/Mn oxide, 50 mL
of 0.25 M MgSO,, 50 mL of 0.25 M CeCl3.7H,0 and 100 mL of 0.25 M MnCl,.4H,0
solutions were prepared by dissolving 1.5046 g, 4.6573 g and 4.9478 g of the respective salts
in Milli-Q water in appropriate volumetric flasks and then raising the volume to the etched
mark by adding more Milli-Q water. The flasks were stoppered and shaken to attain
homogeneity.

2.3. Synthesis and optimization of Mg/Ce/Mn oxide-modified diatomaceous earth

It was important to first evaluate the defluoridation potentials of Ce oxide-modified DE (Ce-
DE) and Mn oxide-modified DE (Mn-DE) in order to estimate the contribution of each metal
oxide to the overall defluoridation properties of the binary Ce/Mn oxide-modified DE (Ce-
Mn-DE). To achieve this aim, one gram each of DE was weighed into 15 mL of 0.25 M Ce*'
and 15 mL of 0.25 M Mn*" in separate 250 mL plastic bottles. The mixtures were swirled for
about 1 min and shaken at 100 rpm on a reciprocating shaker for 20 min to soak. The pH of
each mixture was adjusted to 8.25 with the addition of 2 M NaOH to precipitate the metal
hydroxides. The bottles were corked and shaken at 100 rpm for 30 min. The mixture
containing Ce was centrifuged after 1 h while the one containing Mn was left exposed to air
for 10 h for oxidation of Mn®* to Mn** before centrifuging. Each mixture was washed with
100 mL of Milli-Q water, centrifuged, the solid dried at 110 °C for 8 h and then cooled in a
desiccator.

Ce-Mn-DE was obtained by modifying also 1 g of DE with combined 7.5 mL of 0.25 M
Ce* and 7.5 mL of 0.25 M Mn?* following the same procedure as Ce-DE and Mn-DE
modifications.

A mass of 0.4 g of each modified species was contacted with 50 mL of 10 mg/L
fluoride solution at 200 rpm for 30 min. The equilibrium pH of each mixture was measured to
evaluate the pH status of treated water. While the equilibrium pH of treated water was
circum-neutral with the use of Mn-DE, the water treated with Ce-DE was acidic (Table 1).
After the equilibrium pH measurement, the mixtures were centrifuged and the supernatants

analyzed for residual fluoride.



Addition of Mg(OH), to the composite of Ce and Mn oxide-modified DE was
contemplated to increase the pH of treated water to circum-neutral level. It was therefore
necessary to add the solutions of the three metal salts together at different proportions in
order to evaluate a modified product which would not only have a very high fluoride removal
capability but also yield treated water with circum-neutral pH. The three salt solutions
prepared for the modification of DE (subsection 2.2) were added together in a 250 mL plastic
bottle at different proportions. The total volume of each solution mixture was 20 mL (Table
2).

A mass of 3 g of DE was weighed into each solution and shaken for 20 min at 100 rpm,
for proper soaking. The pH of the suspensions was adjusted to 8.2 by adding 2 M NaOH with
vigorous mixing. After the pH adjustment, the bottles were corked and the suspensions
shaken on a Stuart reciprocating shaker at 150 rpm for 30 min. Each content was then
exposed to air for 10 h for possible oxidation of Mn** to Mn**. The modified DE was
separated from the mixture by centrifuging. Each solid was then washed with 100 mL of
Milli-Q water followed by centrifuging to remove the supernatant. The clean solids were
dried in the oven at 110 °C for 8 h and then cooled in a desiccator. The samples were crushed
in the mortar, passed through 250 um test sieve and finally stored in corked plastic bottles to

prevent moisture.
2.4. Batch defluoridation with Mg/Ce/Mn oxide-modified diatomaceous earth

The performance of Mg/Ce/Mn oxide-modified DE in fluoride removal from water was
evaluated by batch adsorption method. Known masses of sorbent were weighed into 100 mL
of fluoride concentrations in 250 mL plastic bottles. The bottles were corked and shaken
inside-Daihan LabTech Model LSB-015S reciprocating shaker at 200 rpm for 60 min or at
different times where evaluation of effect of contact time was necessary. After equilibration,
the mixtures were centrifuged at 5000 rpm for 5 min. Total lonic Strength Adjustment Buffer
11 (TISAB I11) was added to the supernatants and fluoride standards at volume ratio 1:10 and
mixed thoroughly. The TISAB Ill-added supernatants stood for 40 min before fluoride
analysis using four-standard calibrated ORION VERSASTAR Advanced Electrochemistry
meter fluoride ion-selective electrode. TISAB 11l served to decomplex the metal-fluoride
complex, maintain a constant ionic strength and adjust the pH to around 5.3 to prevent

formation of HF or HF,” which cannot penetrate the electrode’s membrane for measurement.



2.5. Pertinent computational equations

The percent fluoride removal was computed from the sorption data using Equation (1) given
as:

% F~ removal = 2% x 100 (1)
0

Co (mg/L) and C, (mg/L) are the initial and equilibrium fluoride concentrations respectively.
The adsorption capacity, ge (mg/g) was computed using Equation (2):

Adsorption capacity = (C"m;c"’) XV (2)

m (g) is the mass of adsorbent while V (L) is the volume of fluoride solution.
2.6. Scanning electron microscopy-energy dispersion X-ray (SEM-EDX) analysis

For the purpose of evaluating the extent of change at the DE’s surface after the trimetal oxide
coating, the trimetal oxide, the raw and the modified DE were scanned at the National Centre
for Nano-Structured materials, Council for Scientific and Industrial Research (CSIR), South
Africa using JEOL - JSM 7500F Scanning Electron Microscope. The elemental analysis was
done using energy dispersion X-ray (EDX).

2.7. Surface area and pore volume analyses

The surface area, pore area and pore volume of the trimetal oxide-modified DE were
analyzed at the National Centre for Nano-Structured materials, Council for Scientific and
Industrial Research (CSIR), South Africa, using a combined Brunauer—Emmett—Teller (BET)
and Barrett-Joyner-Halenda (BJH) methods. The instrument for analysis was Micromeritics

TriStar I1'Surface Area and porosity.
2.8. X-ray diffraction analysis

The X-ray diffraction analysis of the trimetal oxide-modified DE was carried out at the XRD & XRF
Facility, Faculty of Natural & Agricultural Sciences, Department of Geology, University of Pretoria,
South Africa using PANalytical X Pert Pro powder diffractometer with X’Celerator detector and
variable divergence- and fixed receiving slits with Fe filtered Co-Ka radiation. The phases were

identified using X Pert Highscore plus software.

2.9. Fourier Transform Infra-Red (FTIR) Spectroscopy

The FTIR spectroscopic analyses of Mg/Ce/Mn oxide, Mg/Ce/Mn oxide-modified DE and

fluoride-loaded modified DE were run to identify the functional groups in the materials as
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well as evaluate likely changes in the functional groups of the modified sorbent on contact
with fluoride solution. The spectra of the trimetal oxide-modified and the fluoride-loaded
form are characteristically different from that of the pure Mg/Ce/Mn oxide. For the two, the
fingerprints of the silica bands are distinct. It could therefore be readily observed from the
spectrum of Mg/Ce/Mn oxide that the material has no silica component.

2.10. Major and trace elements analyses

The X-ray fluorescence (XRF) analysis of the major elements in Mg/Ce/Mn oxide-modified
DE was carried out at the ICP-MS and XRF Laboratory, Central Analytical Facilities,
Stellenbosch University, South Africa, using PANalytical equipped with Rh tube. The full
suit trace elements analysis was carried out using laser ablation ICP-MS on fusion disk.

2.11. Optimization of adsorption conditions

The effect of contact time on fluoride removal was evaluated using three adsorbent dosages
(0.1 9g,0.2gand 0.3 g). Amass of 0.1 g of adsorbent was weighed into aliquots of 100 mL of
10 mg/L fluoride solution in 250 mL plastic bottles at 297 K and agitated for 2, 5, 10, 20, 30,
40, 50, 60 and 70 min at a shaking rate of 200 rpm. The mixtures were then centrifuged with
the supernatants analyzed for fluoride following the procedure explained in subsection 2.4,
The experiment was repeated using sorbent dosages of 0.2 g and 0.3 g.

The effect of sorbent dosage on fluoride sorption was evaluated at 297 K using different
masses of the adsorbent (0.1, 0.2, 0.3, 0.4, 0.6, 0.8 and 1 g) agitated in aliquots of 100 mL of
10 mg/L fluoride solution.

Evaluation of the effect of initial fluoride concentration on the extent of fluoride
sorption onto the trimetal oxide-modified DE was evaluated at temperatures 297 K, 310 K
and 326 K. At each temperature, 0.6 g each of sorbent was contacted with 10, 20, 30, 40, 50,
60, 80 and 100 mg/L fluoride in 250 mL plastic bottles for 60 min.

Fluoride sorption is broadly reported to be highly dependent on the pH of solution
(Tripathy et al., 2006; Yadav et al., 2006; Kamble et al., 2009). Therefore, the effect of
solution pH on fluoride sorption on Mg/Ce/Mn oxide-modifide DE was evaluated at initial
pH 2 to 12 using 0.6 g/100 mL of sorbent while the initial fluoride concentration was 9 mg/L.

The effect of temperature on fluoride sorption onto Mg/Ce/Mn oxide-modified DE was
evaluated at 297 K, 310 K and 326 K following the procedure for evaluating the effect of

initial fluoride concentration. The choice of temperatures took into account the fact that at



least ten-degree rise in temperature, ordinarily, would cause the rate constant to double or
triple in homogeneous thermal reactions (Upadhyay, 2006).

2.12. Effect of co-existing anions

Commonly, fluoride is not the only anion in groundwater. During defluoridation of
groundwater using adsorption technique, anions other than fluoride could possibly interfere in
the defluoridation process. NOs,, COs*, SO,* and PO, are reported to have an effect on
fluoride removal (Chen et al., 2011). The effect of each of the anions on fluoride removal was
studied separately.

Simulated groundwater was prepared by measuring 1 mL of 2000 mg/L fluoride and 50
mL of 10 mg/L of the anion being evaluated into 100 mL volumetric flask. Milli-Q water was
then added to the flask until the volume of solution was at the etched mark. The resultant
solution which contained 10 mg/L fluoride and 5 mg/L anion was shaken thoroughly and then
transferred into a 250 mL plastic bottle. In each determination, a mass of 0.6 g of adsorbent
was contacted with 100 mL of “groundwater” for 60 min. The supernatants obtained after

centrifuging were analyzed for fluoride as described in subsection 2.3.
2.13. Sorbent regeneration and reuse

Desorption study was carried out to evaluate the reusability of the spent sorbent. The
solutions used for sorbent regeneration included 0.01 M NaOH and 0.1 M K,SO, solutions.
In each case, the first process involved defluoridation of 100 mL of 10 mg/L fluoride solution
using 0.8 g of Mg/Ce/Mn oxide-modified DE. The mixtures were centrifuged and the
supernatants analyzed for residual fluoride according to subsection 2.3. The separated solid
was washed-with Milli-Q water, dried in the oven at 110 °C for 8 h and then cooled in the
desiccator. The dry solid was crushed and sieved with a 250 pum test sieve. The sieved, spent
sorbent was weighed and equilibrated with 100 mL of each of the regenerants for 60 min to
desorb fluoride. The process of centrifuging, washing of solid, desorbed fluoride
measurement and drying of solids was as done in other defluoridation experiments. A known
mass of dry, crushed and sieved sorbent was again contacted with 100 mL of 10 mg/L
fluoride solution.

The regeneration of spent sorbent and defluoridation with the regenerated sorbent

continued until the third cycle of defluoridation.

2.14. pH at Point-of-zero-charge (pHpzc)



The pH at point-of-zero charge of Mg/Ce/Mn oxide-modified DE was evaluated in 1 M, 0.1
M and 0.01 M KCI solutions in order to ascertain the consistency of result. The pH of
solutions was adjusted to desired values by adding 0.1 M HCI or 0.1 M NaOH. The new pH
therefore constituted the initial pH (pHo) of solutions. Aliquots of 25 mL of solutions were
pipetted into 50 mL plastic bottles. A mass of 0.2 g of adsorbent was then weighed into each
of the bottles. The bottles were corked and shaken inside a thermostated water bath shaker at
200 rpm for 24 h. After equilibration, the equilibrium pH (pH.) of each mixture was quickly

measured and recorded.
3. Results and discussion
3.1. Synthesis and optimization of Mg/Ce/Mn oxide-modified diatomaceous earth

The results of fluoride analysis defluoridation using Ce-DE, Mn-DE and Ce-Mn-DE as
discussed in subsection 2.3 are presented in Table 1. Table 1 shows that the percent fluoride
removal by Ce-DE was more than eight times higher than that recorded for Mn-DE.

The synthesis of Ce-Mn-DE required-half of the volume of Ce** solution used in the
synthesis of Ce-DE, thereby making the synthesis of the former to have a better cost

advantage in addition to removing more fluoride from solution.

Table 1 Fluoride removal by different samples of metal oxide-modified diatomaceous earth

Adsorbent pHo pHe Ce % F removal
(mg/L)

Ce-DE 3.46 3.42 0.787 92.1

Mn-DE 6.50 7.07 8.940 10.6

Ce-Mn-DE 4.36 4.22 0.333 96.7

3.2. Modification and evaluation of defluoridation efficiencies of trimetal oxide-modified

DE samples

Table 2 presents the various volumes of each modification solution added together to obtain a
total solution mixture of 20 mL used to modify DE. The mixture ratios of Mg:Ce:Mn were
consequently 1:1:6, 1:2:5, 2:1:5, 1:1:2, 4:1:3 and 2:1:1 respectively from the top down Table
2.

10



Table 2 Volumes of solutions of metal salts in mixtures

\olume of solution (mL)

Mg~* Ce™ Mn** Total volume
(mL)
2.5 2.5 15 20
2.5 5.0 12.5 20
5.0 2.5 12.5 20
5.0 5.0 10.0 20
10 2.5 7.5 20
10 5.0 5.0 20

The results of the fluoride removal by each trimetal oxide-modified sample are reported
in Table 3.

Comparatively, the highest fluoride removal of 71.2% occurred with the use of sorbent
from reagents mixture ratio 2:1:1. However, to enhance fluoride removal for the sorbent with
reagents mixture ratio 2:1:1, the concentration of each reagent was increased to 0.5 M. Thus,
the percent fluoride removal with increase in reagents’ concentrations was 94.7%. This shows

that DE has the capacity for higher concentrations of metal oxides.
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Table 3 Fluoride removal by trimetal oxide-modified diatomaceous earth samples

Trimetal oxide- pHo pPHe Ce % F removal

modified DE (mg/L)

from volume
ratio

(Mg:Ce:Mn)
1:1:6 6.85 6.94 9.14 8.6
2:1:5 6.91 6.88 8.52 14.8
1:1:2 6.45 6.31 5.03 49.7
1:2:5 6.49 6.43 6.50 35.0
2:1:1 6.32 6.19 2.88 71.2
2:1:1 6.36 6.19 0.53 94.7
4:1:3 6.82 6.74 7.66 23.4

*Diatomaceous earth modified with 0.5 M MgSOy4, 0.5 M CeCl;.7H,O and 0.5 M
MnCI2.4H20.

The further reduction in the volume of Ce® required for the optimum synthesis of
Mg/Ce/Mn oxide-modified DE made the sorbent synthesis most cost effective compared to
Ce-DE and Ce-Mn DE.

3.3.  Characterization of Mg/Ce/Mn oxide-modified diatomaceous earth
3.3.1. Scanning electron microscopy-energy dispersion X-ray (SEM-EDX) analysis

The images of the surface morphological structures of the raw DE, trimetal oxide and the
modified DE are presented in Figure 1. With the coating of the raw DE with the trimetal
oxide, the pores are less conspicuous (images e. and f.) than they were before modification
was carried out (images a. and b.). Images c. and d. show the morphology of the Mg/Ce/Mn
oxide.

The elemental analysis by energy dispersion X-ray (EDX) shows increase in the
average number of atoms of the modification metals over the values in the raw sample

(Figure 2). This is a further proof of modification of DE.
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Figure 1 SEM images of raw diatomaceous earth (a & b), Mg/Ce/Mn oxide (¢ & d) and
Mg/Ce/Mn oxide-modified diatomaceous earth (e & f).
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Figure 2 SEM image and EDX of a. raw diatomaceous earth, b. Mg/Ce/Mn oxide-modified
diatomaceous earth.

3.3.2. Surface area and pore volume analyses

The BET surface area increased from 31.8861 + 0.1619 m?/g (for the raw DE) to 35.9056 +
0.0816 m?/g (for the modified sorbent). The deposit of Mg/Ce/Mn oxide on raw DE increased
the surface area of DE. Thus, there were more active sorption sites on the trimetal oxide-
modified DE with modification in line with the results reported in literature (Khraisheh et al.,
2004b; Xiong and Peng, 2008; Datsko et al., 2011). The pore diameter of the bulk of the

pores lied within the mesopores range of 2 nm — 50 nm as presented in Figure 3.
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Figure 3 Plot of BJH adsorption pore volume and BJH dV/dlog(D) pore volume against pore
diameter (D) for a. raw and b. Mg/Ce/Mn oxide-modified diatomaceous earth.

3.3.3. X-ray diffraction analysis
The X-ray diffractogram (Figure 4) of Mg/Ce/Mn oxide-modified DE shows that the material
IS completely amorphous as no peaks were visible which, are characteristics of crystalline

materials. Hence, the modified DE had no crystalline mineral phase. The amorphous nature

of the sorbent is an added advantage to its suitability for defluoridation.
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Figure 4 X-ray diffractogram of Mg/Ce/Mn oxide-modified diatomaceous earth.

3.3.4. Major and trace elements analyses

The results of the major elements reported in terms of the oxides of the elements were
compared with those of the raw DE (Table 4). The percent compositions of the oxides of Mg
and Mn in the modified species were observed to increase for the modified sample. The
increase was most probably due to the use of the metal oxides in the modification of DE.
There was however a notable decrease in the percent composition of SiO, from 84.17 to
69.41% with DE -modification. The decrease was as a result of the large concentration of Ce
oxide coating of DE revealed by the ICP-MS trace metal analysis of the sorbent (Table 5).
Table 5 shows a remarkable increase of Ce in the modified sorbent from 109.58 mg/kg
(in the raw DE) to 89959.80 mg/kg (in the modified DE), accounting for ~ 9% of the sorbent
mass. In other words, the value, 89959.80 mg/kg implies that 100 g of sorbent contained ~ 9
g of Ce. Comparing the percentage compositions of Mg, Ce and Mn in the sorbent, it is
evident that Ce oxide constituted the major oxide in the sorbent and so would to a large

extent influence the defluoridation characteristics of the sorbent.
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Table 4 Comparison of the major elements in the raw and Mg/Ce/Mn oxide-modified
diatomaceous earth

Oxide % composition
Raw DE Mg/Ce/Mn oxide-modified DE
SiOo, 84.17 69.41
Al,O3 4.01 3.10
Fe,0; 2.96 1.87
Na,O 0.61 0.37
K,O 0.75 0.39
MgO 0.11 0.27
Cao 0.24 0.13
ZrO; 0.06 -
TiO, 0.17 0.12
MnO 0.04 0.55
P,Os 0.04 0.03
“L.O.IL 7.52 4.99

*Loss on ignition



Table 5 Comparison of concentration of trace metals in raw and Mg/Ce/Mn oxide-modified

diatomaceous earth

Trace element

Concentration of trace elements (mg/kg)

Raw DE Mg/Ce/Mn oxide modified DE

Sc 3.85 8.77
\% 25.20 14.91
Cr 11.84 24.23
Co 1.43 1.21
Ni 7.38 14.33
Cu 17.55 16.59
Zn 86.93 70.91
Rb 44.67 30.15
Sr 26.74 10.06
Y 51.45 40.93
Zr 453.15 419.41
Nb 85.41 63.30
Mo 2.36 2.12
Cs 1.20 0.93
Ba 30.97 20.27
La 58.50 52.98
Ce 109.58 89 959.80
Pr 13.00 19.18
Nd 49.75 35.89
Sm 9.65 9.13
Eu 0.90 1.08
Gd 8.42 341.36
Th 1.48 7.86
Dy 9.41 7.20
Ho 2.05 1.55
Er 6.13 4.78
™m 0.91 0.66
Yb 6.24 4.68
Lu 0.89 0.71
Hf 11.32 10.08
Ta 5.04 3.81
Pb 11.08 7.76
Th 13.70 10.44
U 2.95 2.05

3.3.5. Fourier Transform Infra-Red (FTIR) Spectroscopy

Figure 5 shows that there was an increase in the transmittance of the band at the wavenumber
454 cm™ for the modified DE. The band at 454 cm™ represents the Si-O-H stretching
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vibration, while the one at 1052 cm™ represents the Si-O-Si stretching vibration. With some
of the OH groups replaced by fluoride ions, there was a decrease in the number of Si-O-H
groups. Therefore, there was a decrease in the absorbance of IR by the remaining Si-O-H
groups. The bands around 3300 cm™ for the three samples are for the -OH group from the

adsorbed water molecules.

— g/ Ce fMn oxide-modified DE
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Figure 5 FTIR spectra of Mg/Ce/Mn oxide, Mg/Ce/Mn oxide-modified and F - loaded
Mg/Ce/Mn oxide-modified DE.

3.3.6. pH at Point-of-zero-charge (pHpzc)
The change in pH (pAH = pHe-pHop) was plotted against the initial pH (Figure 6). The pHpzc

is the abscissa at the point where pAH = 0. The pHpzc at the evaluated KCI concentrations
was 5.45.

—4—-1MKClI -#-0.1MKCl 0.01 M KcCI
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SA

T 0 T — T T T
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_.\=$
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Figure 6 Determination of pH at point-of-zero charge of Mg/Ce/Mn oxide-
modified DE for 1 M, 0.1 M and 0.01 M KCI (volume of solution: 25 mL,
adsorbent dosage: 0.2 g, contact time: 24 h and shaking speed: 200 rpm).
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3.4.  Optimization of adsorption conditions
3.4.1. Contact time

The trends in the percent fluoride removal and the adsorption capacity at different contact
times are shown in Figure 7. Within each evaluated sorbent dosage, there was no appreciable
difference in the percent fluoride removal at the contact times. The fluoride sorption was so
fast that with a sorbent dose of 0.1 g, the percent fluoride removal of 77.4% was attained
within 2 min contact time. At the same sorbent dose, the highest fluoride removal of 80.0%
was at 60 min equilibration time. A similar trend of fluoride removal within a short
equilibration time was reported by Yao et al. (2009) and lzuagie et al. (2016, in press). The
little step up of fluoride removal after 20 min to a near constant value is an indication that the

sorbent was approaching its optimum performance as early as 20 min equilibration time.
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Figure 7 Variation of a. Percent fluoride removal and b. adsorption capacity with contact
time at various adsorbent dosages (initial fluoride concentration: 10 mg/L, volume of
solution: 100 mL, shaking speed: 200 rpm and temperature: 297 K).
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3.4.2. Sorbent dosage

The results of the residual fluoride in the supernatants are presented in Figure 8. As the figure
illustrates, there was a considerable rise in the percent fluoride removal with increase in the
mass of sorbent from 0.1 g to 0.3 g (80.0% to 95.4%) after which the value increased
moderately as the mass of sorbent increased. This finding is in agreement with reported cases
of influence of sorbent dosage on fluoride removal (Jagtap et al., 2011; Manna et al., 2015).
There was only a marginal increase in the percent fluoride removal above a dose of 0.3 g; the
removal being 95.9 % and 98.0% for masses of 0.4 g and 1 g respectively, accounting for
incremental difference of approximately 2%.

As sorbent dose was being increased from 0.1 g to 0.3 g, the number of active sites for
fluoride sorption was increasing. Above 0.3 g, there was overlap of active sorption sites
(Killedar and Bhatgava, 1990; Rai et al., 2004; 1zuagie et al., 2015) to the effect that the net
number of available active sorption sites was just.a little higher than the one for 0.3 g. This
explains why the values of percent fluoride removal at 0.3 g and 0.4 g are in particular very
close (95.4 and 95.9% respectively). The adsorption capacity reduced expectedly as the

sorbent dose increased.
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Figure 8 Percent fluoride removal and adsorption capacity as a function of
adsorbent dosage (initial fluoride concentration: 10 mg/L, contact time: 60 min,
shaking speed: 200 rpm and temperature: 297 K).

3.4.3. Initial fluoride concentration

The trend in the percent fluoride removal and adsorbent capacity with equilibrium

fluoride concentration is reported in Figure 9. The amount of fluoride removed increased
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slightly to a near constant value as the initial fluoride concentration increased from 10 to 30
mg/L. Beyond the latter; there was a gradual decrease in fluoride removal which became
more apparent at the initial fluoride concentration of 50 mg/L. The percent fluoride removal
was directly related to the initial concentration of fluoride within fluoride concentration range
of 10-30 mg/L. Hence, fluoride concentration was the fluoride sorption rate driving force at
the given concentration range. Above the initial concentration of 50 mg/L, there was a
considerable decline in fluoride removal, a trend that has been widely reported (Wambu et
al., 2011; Sakhare et al., 2012). The active sorption sites on the sorbent surface were nearing
being saturated with adsorbed fluoride at high initial fluoride concentrations. The study
showed a similar trend of fluoride removal at the three evaluated temperatures (Figure 9).
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Figure 9 Variation of a. Percent fluoride removal and b. adsorption capacity with

equilibrium fluoride concentration at different temperatures (contact time: 60 min, volume of
solution: 100 mL, and shaking speed: 200 rpm).
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The fluoride uptake capacity (adsorption capacity) of the sorbent increased almost
linearly until the initial fluoride concentration of 60 mg/L where the trend of increase in
adsorption capacity assumed another pattern showing that the sorbent surface was already
nearing being completely filled. Similar trend in adsorption capacity with fluoride
concentration has been reported in literature (Zhang et al., 2009; Matusik, 2014).. The
optimum adsorption capacities were obtained for solutions with the initial concentration of
100 mg/L at the three evaluated temperatures.

3.4.4. Solution pH

Fluoride removal by sorption is widely reported to be highly dependent on the pH of solution
(Tripathy et al., 2006; Yadav et al., 2006; Kamble et al., 2009). Hence, defluoridation was
carried out using 0.6 g/100 mL of sorbent and 9 mg/L fluoride solution at initial pH 2 to 12.
The trend in the fluoride removal with respect to the evaluated pH is presented in Figure 10.
Fluoride removal was highest and assumed a near constant value of 96.6% for solutions with
initial pH range of ~ 4 to 9. This shows that the sorbent would exhibit its optimal
defluoridation potential at the stated pH range. A slight decline in fluoride removal occurred

for fluoride with initial pH 11. No noticeable fluoride removal occurred at pH 12.
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Figure 10 Fluoride removal as a function of initial solution pH (initial fluoride concentration:
9 mg/L, volume of solution: 100 mL, contact time: 60 min, shaking speed: 200 rpm and
temperature: 297 K).

The behavior of the sorbent in fluoride removal at different pHs of solution can be

explained on the basis of its pHpzc evaluated to be 5.45 (subsection 3.3.6). It therefore
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follows that the surface of sorbent was negatively charged in solutions at which the
equilibrium pH was greater than pHpzc. Fluoride removal would be ion-exchange in which
the hydroxyl ions at the surface were being exchanged for the fluoride ions. In the sorbent
composite, the dominant metal oxide/hydroxide responsible for fluoride removal is Ce
oxide/hydroxide as established by Tables 1 and 2. Therefore, fluoride removal at pH > pHpzc
was most probably as illustrated by Equation (3) to (5).

mCe(OH); + 3F~ —» mCe(OH)F3 + 30H™ (3)
mCe(OH); + 2F~ > mCe(OH),F; + 20H" (4)
mCe(OH); + F~ - mCe(OH);F~ + OH™ (5)

For a neutral solution, pH = pHpzc fluoride would be removed by the sorbent in
accordance with Equation (6):
mCe(OH); + 3F~ — mCeF; 4 30H" (6)
The sorbent surface could assume a positive charge for a solution in which pH < pHpzc.
This is illustrated by Equation (7):
mCe(OH); + H* — mCe(OH)F + H,0 7)
Fluoride removal at a positively charged surface would proceed as illustrated in
Equation (8):
mCe(OH)} + 3F~ — mCeF; +20H™ (8)

3.4.5. Temperature

As shown in Figure 11, the percent fluoride removal was approximately constant at each
fluoride concentration for the evaluated temperatures. The same trend was observed for the
adsorption capacity at different fluoride concentrations and temperatures (Figure 11b).

Temperature change therefore had no effect on the extent of fluoride adsorbed.
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Figure 11 Variation of a. percent fluoride removal and b. adsorption capacity with
temperatures (contact time: 60 min, volume of solution: 100 mL, and shaking speed: 200

rpm).

In Table 6, the defluoridation performances of Mg/Ce/Mn oxide-modified DE and
some sorbents are compared. Considering the high fluoride removal at low contact time and
small dosage to high fluoride solution concentration with the use of Mg/Ce/Mn oxide-
modified DE sorbent compared to others, the former proves to be an effective sorbent for

fluoride removal from fluoride contaminated water.
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Table 6 Comparison of defluoridation performances of Mg/Ce/Mn oxide-modified DE and

some sorbents

Adsorbent Dosage Contact Initial F % F Treated Authors
(g/L) time (h)  concentration removal  water pH
(mg/L)
Raw and 12.5 1/2 8 93.8 (raw) - Sadiju et al.,
calcined 95.3 2008.
bauxite (calcined
at 200 °C)
Activated 20 2 5 94 2 Tembhurkar
carbon and Dongre,
2006.
Acid-treated 500 1/6 1000 98.8 at 40 3.32 Wambu et al.,
DE °C 2007.
Fe-Al-Ce 0.150 24 84.5 68.4 7 Wu et al., 2007.
trimetal oxide
Neodymium — 2 24 20 98.2 7 Yao et al.,
modified 20009.
chitosan
Cuttlefish 15 1 5 80 7.2 Nasr et al.,
2011,
Mg/Ce/Mn 6 1 40 97.1 6.52 Present study.
oxide-modified
DE

3.5.  Sorption isotherms

The pattern of fluoride sorption on the sorbent at equilibrium relative to the equilibrium
concentration was studied using Langmuir and Freundlich isotherms. Langmuir isotherm
differs from Freundlich isotherm in that it considers a monolayer adsorption of adsorbate
onto homogeneous sorbent surface while the latter gives allowance for multisite adsorption
onto a heterogeneous surface.

Langmuir isotherm is given as:

_ qmKLCe

Qe = 1o (9)

1+K} Ce
where ¢ is the adsorption capacity (mg/g), qm is ge for a complete monolayer (mg/g), Ce is
the equilibrium concentration (mg/L) and K is the adsorption equilibrium constant (L/mg).

A linear form of Langmuir isotherm known as Langmuir-1 (Kinniburgh, 1986), given

as.

Ce 1 1

fe — 2 (¢ + 10
de dm € Kram ( )
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was used for appraising the applicability of Langmuir isotherm to the sorption data.
The plot of % values against C, at the various temperatures assessed gave lines with

high correlation coefficients implying a good fit of data to the Langmuir model as shown in
Figure 12.
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Figure 12 Langmuir isotherm plots at 297 K, 310 K and 326 K (contact time: 60 min,
adsorbent dosage: 0.6 g, volume: 100 mL, shaking speed: 200 rpm).
The possibility of multisite-adsorption of fluoride onto a rough sorbent surface was

evaluated using the Freundlich isotherm given as:

g = KeC," (12)
Introducing logarithm into Equation (11) gives the linear form:

log q. = log K¢ + %log C, (12)
Kr and n are Freundlich constants whose values depend on experimental conditions. Kg

represents the adsorption capacity while 1/n is the heterogeneity factor. Where 1/n values are

much less than 1, the adsorbents are heterogeneous (Papageorgiou et al., 2006). The values of

Keand 1/n can be computed from the plots of log g, against log Ce.

The plot of log g, against log C. for the sorption data at 297 K, 310 K and 326 K gave points

which deviated much from straight line especially at the lower fluoride concentrations

(Figure 13). Comparatively, Langmuir isotherm gave a better fit for the sorption data than did

Freundlich isotherm. Hence, there was rather a monolayer sorption of fluoride onto the

sorption.
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Figure 13 Freundlich isotherm plots at 297 K, 310 K and 326 K (contact time: 60 min,
adsorbent dosage: 0.6 g, volume: 100 mL, shaking speed: 200 rpm).

The evaluated parameters of Langmuir and Freundlich isotherms at 297, 310 and 326 K are
reported in Table 7.

Table 7 Calculated Langmuir and Freundlich isotherm parameters

Langmuir isotherm constants Freundlich isotherm constants
Temperature i K Ky R? 1/n Ke R?
(K) (mg/g) ~ (Limg)  (m°/kg) (mg/g)

297 13.333 0.6410 641.0 0.997 0.397 4.6026 0.798
310 13.158 0.7600 760.0  0.996 0.374 49091 0.730
326 12.987 0.8652 865.2  0.996 0.350 5.0933 0.699

The favorability of adsorption at the various concentrations of fluoride used for the
Langmuir isotherm plots was estimated using the dimensionless separation factor, R., which
is an essential feature of Langmuir model described by (Weber and Chakravorti, 1974).

The dimensionless separation factor is given as:
R, =1/(1+K,Cp) (13)
KL (L/mg) is the equilibrium constant obtained from Langmuir isotherm while Co (mg/L) is
the initial adsorbate concentration.

R_ describes the shape of the isotherm to be unfavourable if R > 1, linear if R_ =1
and favourable if 0 < R < 1 (Weber and Chakravorti, 1974). The condition 0 < R < 1 was
fulfilled for all the initial concentrations considered at the evaluated temperatures (Figure 14).

Hence, adsorption was favourable at those fluoride concentrations.
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Figure 14 Values of dimensionless separation factor, R at different initial fluoride
concentrations.

3.6. Adsorption thermodynamics

Temperature is one of the factors that greatly influence the spontaneity of a chemical process.
However, the spontaneity of a chemical reaction is wholly determined by a thermodynamic
quantity defined as the Gibbs free energy change, AG® (Jenkins, 2008). The Gibbs free
energy is given as:
AG® = AH® — TAS® (14)
AHC is the standard enthalpy change while AS? is the standard entropy change.
For a spontaneous sorption process, AG® must have a negative value.
In sorption equilibria, the equilibrium constant, K_ which is the Langmuir’s constant is
related to the Gibbs free energy change by the equation:
AG® = ~RT InK; (15)
AG%is the standard Gibbs free energy change and R is the molar gas constant, 8.314 J mol™
K™

AH?  ASO

anL:_F-I_T (16)

AH® is known as the standard enthalpy change.

The linear form
0
InK;, = — ARLT + constant a7

is suitable for graphical determination of the standard enthalpy change from the slope of the

linear plot of In K against 1/T.
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The Gibbs free energy change calculated for the sorption data at the evaluated
temperatures have negative values as shown in Table 8.
Plotting In K. against 1/T gave a straight line (Figure 15) from which AH® was calculated to
be 8281.58 J/mol.

Table 8 Adsorption thermodynamic parameters

T(K) UTWK) InK. KL AG’
(m*kg)  (I/mol)

297  0.003367 6.463 641  —15,958.89
310 0.003226 6.633 760  —17,096.32
326  0.003067 6.763 865  —18,330.09
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6.5 1 y =-996.1x + 9.8272
R? = 0.9874
6.4 T T T 1
0.003 0.0031 0.0032 0.0033 0.0034
1/T (K?)

Figure 15 In K| as a function of reciprocal of adsorption temperatures.

3.7. Adsorption kinetics

The Lagergren pseudo-first-order (Lagergren, 1898) and the pseudo-second-order models
which are reaction-based models were used to evaluate the Kkinetic order of the sorption
process.

The pseudo-first-order is given as:

d
—r= k(g — q0) (18)

q: (mg/g) is the fluoride concentration at any time t, q.(mg/g) is the maximum sorption
capacity of the pseudo-first-order and k,(min™) is the pseudo-first-order rate constant.

On integration, Equation (18) gives the linear equation:

k1
2.303

log (9e — q0) = — -t +logq. (19)
The rate constant, k; and the calculated maximum adsorption capacity, ge are obtained from

the linear plot of log (.- q¢) against time, t.
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The pseudo-first-order plot was a scatter; hence, the model was not an applicable
kinetic model to the sorption data.
The pseudo-second-order kinetic model for adsorption is given as:

L = ky(qe — q0)? (20)
q: (mg/g) is the fluoride concentration at any time t, g, (mg/g) is the maximum sorption
capacity of the pseudo-second-order and k., (g/ (mg min)) is the rate constant for the pseudo-
second-order process.

On integration, Equation (20) gives the linear form of the pseudo-second-order:

t 1 t
—=—+— 21
a k24 qe (21)

The plot of t/Qt values against time t for the experiments with adsorbent dosages of

0.1, 0.2 and 0.3 g gave lines with very high correlation coefficients (Figure 16). The good fit
of data to the model is an indication that the pseudo-second-order model was the appropriate
kinetic model to describe the sorption kinetics. It is also implied that fluoride sorption was
chemisorption. That fluoride sorption obeyed only the pseudo-second-order model was
further established by comparing the values of the calculated g. and the experimental ge as

presented in Table 9.
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Figure 16 Pseudo-second-order plots for 0.1, 0.2 and 0.3 g sorbent (initial fluoride
concentration: 10 mg/L, volume of solution: 100 mL, shaking speed: 200 rpm and
temperature: 297 K).
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Table 9 Pseudo-second-order parameters at different adsorbent dosages

Adsorbent Equation Experimental g,  Calculated g3

dosage (9) (mg/g) (mg/g)
0.1 y =0.124x + 0.043 8.0000 8.0645
0.2 y =0.219x - 0.013 4.6245 4.5662
0.3 y = 0.316x + 0.019 3.1810 3.1646

3.7.1. Intra-particle and external diffusions

The migration of adsorbate through the pores of adsorbent could be an adsorption rate
limiting step if on the account of the adsorbent size there is some strain for the adsorbate
migrating through the adsorbent surface. The model evolved by Weber and Morris (1963)
was used to appraise the likelihood of intra-particle diffusion being the sorption rate
controlling mechanism of fluoride sorption.

The model given as:

qr = kigVt +1 (22)

12

k;4 is the intra-particle diffusion rate constant (mg/(g min~<)) and | (mg/g) is a constant that

has to do with the thickness of the boundary layer. A linear plot of g, against v/t is an
indication of intra-particle diffusion being the sorption rate controlling step. However, the
scatter plot obtained indicated that intra-particle diffusion was not the rate-controlling factor.
This looks justifiable considering the ratio of ionic diameter of fluoride (2.66 A) (Ruben,
1985) to that of the least pore size of the sorbent (20.12 A) determined by BET (Figure 3).
Fluoride ion would diffuse through the sorbent without inhibition.

The possibility of external diffusion of sorbent being the sorption rate controlling step
was evaluated using the model by Lee et al. (1999).

The diffusion model is given as:
C A
lnC—; = —kgt (23)

Co (mg/L) is the initial fluoride concentration, C; (mg/L) is the fluoride concentration at time

t, A/V is the external adsorption area to the total solution volume, t is the adsorption time, and

ksis the external diffusion coefficient. A linear plot of ln% against t is an indication of
0

external diffusion being the sorption rate controlling process. Modelling the data using

Equation (23) resulted in bilinear plots. The trend in the profile was the same even at
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different experimental temperatures as presented in Figure 17. The first linear portion was
from 2 - 20 min contact time, while the second linear portion was from 30 to 70 min contact
time. The bilinear plots indicate a two-mode influence of external diffusion on the sorption

rate. External diffusion is therefore the rate limiting step for the fluoride sorption.
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Figure 17 External diffusion plots for 0.1 g, 0.2 g and 0.3 g sorbent dosages (initial fluoride
concentration: 10 mg/L, volume of solution: 100 mL, shaking speed: 200 rpm and

temperature: 297 K).

3.8. Effectof co-existing anions

The results of the fluoride analysis of supernatants from defluoridated anion-spiked water
presented in Figure 18 give the extent to which the presence of each anion could possibly
enhance or inhibit fluoride removal. The result reported for blank indicated competing anion-
free water. As Figure 18 reveals, the percent fluoride removal varied with the type of anion.
The presence of CI', NO3 and SO,* in solution was observed to enhance fluoride removal as
the amount of fluoride removed increased slightly. COs* appeared to be competing with
fluoride in solution as it lowered the amount of fluoride removal slightly from 96.7% to
95.3%. The presence of PO4> in solution had no effect on fluoride removal. The equilibrium

pH ranged between 6.17 and 6.28.
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Figure 18 Percent fluoride removal in the presence of co-existing anions (initial fluoride
concentration: 10 mg/L, initial anion concentration: 5 mg/L, volume of solution: 100 mL,
contact time: 60 min, shaking speed: 200 rpm and temperature: 297 K).

3.9. Sorbent regeneration and reuse

Figure 19 shows the trend in the percent fluoride removal from treated water at various cycles
of defluoridation. The fluoride removal potential of the regenerated sorbent reduced with use.
Fluoride removal by sorbent regenerated with NaOH was observed to be very low when
compared to that regenerated with K,SO,4. With the use of NaOH as regenerant, the amount
of sorbent lost as a result of silica dissolution in alkaline medium was appreciably high. With
loss of sorbent no.appreciable fluoride removal was observed from the first to the fourth
defluoridation cycle. The reagent is therefore inappropriate for regeneration of amorphous
silica based sorbent such as Mg/Ce/Mn oxide-modified DE.

The use of 0.1 M K;SO, solution presented a slightly acidic medium for the spent
sorbent regeneration. The results of percent fluoride removal at the first, second and third
cycles were 60.8%, 40.6% and 35.0% respectively. At the second cycle of defluoridation of
10 mg/L fluoride solution using a sorbent dosage of 0.8 g/100 mL, fluoride concentration
would be reduced to 3.92 mg/L. This value is much higher than the WHO permissible limit of
1.5 mg/L fluoride in drinking water (WHO, 2011). Regeneration of spent Mg/Ce/Mn oxide-

modified DE is therefore not encouraged for groundwater with high fluoride content.
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Figure 19 Percent fluoride removal as a function of defluoridation cycle using 0.01 M
NaOH and 0.1 M K,SO4 as regenerants (initial fluoride concentration: 10 mg/L, volume of
solution: 100 mL, adsorbent dosage: 0.8 g contact time: 60 min, temperature: 297 K and
shaking speed: 200 rpm).

4. Conclusions

SEM images, EDX, major and trace elements analyses of raw DE and synthesized Mg/Ce/Mn
oxide-modified DE (sorbent) provided evidence that there was a deposit of metal oxides on
raw DE after metal oxide modification.

Fluoride uptake from solution occurred above the pHpzc of 5.45, establishing exchange
of hydroxyl groups on surface of sorbent with fluoride ions in solution.

The highest adsorption capacity of sorbent was 12.633 mg/g, at the initial fluoride
concentration of 100 mg/L at 297 K. Sorbent was so efficient such that fluoride removal was
97.1% at solid/liquid ratio of 0.6 g/100 mL (initial fluoride concentration: 40 mg/L, contact
time: 60 min, temperature: 297 K, and shaking speed: 200 rpm). It was observed that
temperature change had no appreciable effect on fluoride removal.

CO5 % was observed to cause a slight reduction of F" removal, CI", NOs and SO4* gave
a small increase in F" removal while the presence of PO,* in solution had no effect on F’
removal.

Sorption data conformed better to Langmuir isotherm than Freundlich isotherm while
pseudo-second-order model was a more suitable model than pseudo-first-order model. Hence,
fluoride uptake was by chemisorption.

External diffusion plots showed that it was likely to be the rate limiting step for F

sorption onto the adsorbent surface.
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K>SO, solution proved to be a better regenerant for spent sorbent compared to NaOH
and Na,CO:s.
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