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ABSTRACT

In Sub-Saharan Africa, many rural communities depend on boreholes as the most appropriate
source of water supply. Sadly, water from some of the boreholes contains fluoride above the
WHO guideline of 1.5 mg/L. Hence, defluoridation is necessary. The aim of this study is to
investigate the fluoride uptake capacity of diatomaceous earth (DE), a natural resource at
optimized conditions by batch method. X-ray fluorescence analysis showed that the major
component is silica (83.1%), while Al2O3 is the main minor component. XRD shows it is an
amorphous material. For 8 mg/L fluoride spiked water, the highest per cent fluoride removal
at optimum adsorption conditions (contact time: 30 min, adsorbent dosage: 8 g/L, pH 2, tem-
perature: 298 K and shaking speed: 200 rpm) was between 23.4 and 25.6%. PO3�

4 in tested
field water was observed to reduce the fluoride uptake capacity of fluoride. The sorption data
fitted better into Freundlich isotherm than Langmuir isotherm. Fluoride sorption process was
found to be a second-order kinetic. Inductively coupled plasma-mass spectrometer analysis
of treated water revealed that metal and non-metal species were released at trace levels.
Modification of DE would be necessary to enhance the fluoride adsorption capacity of DE.
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1. Introduction

Groundwater is considered to be the most pre-
ferred drinking water for most rural communities in
countries such as India, Tanzania, Kenya and South
Africa. The reason is not farfetched. Groundwater is
usually free from waterborne diseases associated with
surface water. Although groundwater may be free of
pathogens, the level of fluoride it contains is worthy
of note as too low or too high concentration of fluo-
ride in drinking water is detrimental to health.

Fluoride is important for healthy teeth at concen-
tration of 0.5–1.0 mg/L in drinking water [1]. It is
observed that absence or too low concentration
(<0.5 mg/L) in drinking water could lead to dental
caries in children where newly developed enamel
wears away as a result of acid produced from action
of bacteria on sugar [2]. A guideline of 1.5 mg/L for
fluoride in drinking water was set WHO [3]. In
South Africa, a guideline of 0.75 mg/L was set for
fluoride in drinking water, putting into consideration
the average daily air temperature and water
consumption [4].
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It is reported that drinking water containing
fluoride concentration above 1.5 mg/L cause dental
and skeletal fluorosis; the severity depending on the
concentration of fluoride in drinking water [5–7]. High
doses of fluoride interfere with carbohydrate, lipid,
protein, vitamin, enzyme and mineral metabolism [4].
There is also damage to soft tissues of the body like
the kidney [8].

A number of studies revealed fluoride concentra-
tions above the WHO guideline of 1.5 mg/L in some
borehole water in South Africa and a few African
countries [9–13]. In the absence of piped borne water,
most rural community dwellers depend on the fluo-
ride-rich groundwater as the most acceptable water
for consumption. Knowing the hazard excess fluoride
in drinking water causes to human health, it is impor-
tant to remove excess fluoride to a level acceptable for
human consumption.

There are different defluoridation techniques.
However, defluoridation based on the principle of
adsorption is considered to be the most suitable for
rural households [9,14,15]. This is because the tech-
nique is cheaper and does not require electricity or
skill to operate. Most point-of-use domestic defluori-
dation units are adsorption based. A typical unit is
illustrated by Venkobachar et al. [16].

The major component of an adsorption based
defluoridation technique is the adsorbent. A number
of adsorbents–natural and modified have been investi-
gated for their fluoride removal potential. Many natu-
ral and synthetic materials have been studied to
evaluate their defluoridation potentials. These include
activated alumina [17], natural and metal oxide-modi-
fied bentonite clay [18], activated coconut charcoal
[19], surface-tailored zeolite [20], magnesia-amended
activated alumina granules [21] and lanthanum
hydroxide [22] and synthetic hydroxyapatite [23].
There certainly is no end to the study of likely
materials for defluoridation.

It is desirable that a material serving as an adsor-
bent be locally sourced, abundant and cheap. These
factors made diatomaceous earth (DE) a good candi-
date for investigation. DE is non-toxic and naturally
abundant. A study showed that the structure of DE
contains bonded hydroxyl groups which could be
exchangeable with electronegative fluoride [24].

2. Materials and methods

2.1. Preparation of sample

The DE for the study was obtained from natural
deposits at Kariandusi in Gilgil District, Nakuru
County, Kenya. Some quantity of the material was

washed in deionized water to remove dirt and silt.
The colloidal particles were recovered from suspen-
sion through centrifugation. The cleaned DE was dried
in the oven at 110˚C for 8 h, cooled in the desiccator,
later crushed in a mortar until the particles could pass
through 250-µm test sieve and then stored in corked
bottles to prevent moisture absorption.

2.2. Characterization of natural DE

2.2.1. Morphology by scanning electron microscope

The structure of DE at the surface was elucidated
by scanning with Hitachi X-650 scanning electron
micro analyser equipped with CDU lead detector at
25 kV. As shown in Fig. 1, each elongated or pinnate
diatom contained a set of regular arrays of rectangular
pores arranged along the void tubes.

2.2.2. Physicochemical analysis

The chemical composition of the natural DE sam-
ples were analysed using Thermo Fisher ARL Per-
form’X Sequential XRF with OXSAS software. The
samples were milled in a tungsten-carbide milling pot
to achieve particle sizes <75 μm. The samples were
dried at 100˚C and roasted at 1,000˚C to determine
Loss on Ignition (LOI) values. One gram sample was
mixed with 6 g of lithium tetraborate flux and fused
at 1,050˚C to make a stable fused glass bead. For trace
elements analyses, the sample was mixed with PVA
binder and pressed in an aluminium cup at 10 tonnes.

The results of the major elements composition are
reported in terms of the percentage oxide in Table 1.
Results showed that silica (SiO2) is the major composi-
tion of the DE, with Al2O3 being the main minor
component. Metal-free DE has a molecular formula
SiO2·nH2O.

Fig. 1. SEM image of diatomaceous earth.
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The water retention capacity (WRC) of DE was
determined by dispersing 4 g of DE into 100 mL of
deionized water, in a 250-mL bottle. The mixture was
swirled for about 2 min and allowed to stand for 24 h
after which the supernatant was decanted into a dry
measuring cylinder. Nine millilitres of water was
absorbed by DE. The WRC measured in millilitre per
gram is reported in Table 1.

The pH at point-of-zero-charge (pHpzc) of DE was
determined using 1 M KCl. Aliquots of 40 mL of the
KCl solution were measured into 250-mL plastic bot-
tles followed by pH adjustment to selected values.
The volume of solution in each bottle was made up to
50 mL by adding more KCl solution while noting the
final pH on volume adjustment. A dosage of 1 g of
DE was weighed into each bottle, corked and shaken
at 250 rpm for 24 h. After equilibration, the equilib-
rium pH was quickly measured with a pH meter. The
plot of change in pH against the initial pH gave a
curve from which the pHpzc was determined. The
pHpzc was the point on the curve for which change in
pH was zero. This value was 8.68 as given in Table 1.

Full suite of trace elements in the DE sample was
analysed by laser ablation inductively coupled
plasma-mass spectrometer (ICP-MS) on fusion disc.
The results are presented in Table 2. Zirconium had
the largest concentration (453.15 mg/kg) followed by
cerium (109.58 mg/kg).

2.2.3. X-ray diffraction analysis

The DE for the study was analysed for mineral
composition using PANalytical X’Pert Pro powder

diffractometer in θ–θ configuration with an X’Celerator
detector and variable divergence- and fixed receiving
slits with Fe filtered Co-Kα. The phases were identi-
fied using X’Pert Highscore plus software. The diffrac-
togram of DE (Fig. 2) shows that the material is
completely amorphous, containing no crystalline min-
eral phases.

2.2.4. BET analysis

The surface area, pore volume and pore width of
DE of particle size <250 µm were evaluated using the
Brunauer–Emmett–Teller (BET) method. The results of
the measurements by Micromeritics TriStar II Surface
Area and porosity are presented in Table 3.

2.2.5. FTIR spectroscopy

The Fourier transform infrared (FTIR) analysis of
the raw DE and fluoride-loaded DE was carried out
using Bruker: ALPHA FT-IR Spectrophotometer to
identify the functional groups in the material. The
transmittance at 453 cm−1 represents the Si–O–H
stretching vibration, while the one at 1,055 cm−1 repre-
sents Si–O–Si stretching vibration. The overlap of the
bands at 453 cm−1 and 1,055 cm−1 for the raw DE and
fluoride-loaded DE is an evidence of low sorption of
fluoride onto the DE surface. There was no significant
change in the functional groups of the original
material with fluoride sorption (Fig. 3).

Table 1
Physicochemical parameters of DE

Oxide Composition (%)

SiO2 84.17
Al2O3 4.01
Fe2O3 2.96
Na2O 0.61
K2O 0.75
MgO 0.11
CaO 0.24
ZrO2 0.06
TiO2 0.17
MnO 0.04
P2O5 0.04
LOIa 7.52
pHpzc

b (8.68)
WRCc (2.25)

aLoss on ignition.
bpH at point-of-zero-charge.
cWater retention capacity (mL/g).

Table 2
Concentration of trace metals in DE

Trace
element

Concentration
(mg/kg)

Trace
element

Concentration
(mg/kg)

Sc 3.85 Pr 13.00
V 25.20 Nd 49.75
Cr 11.84 Sm 9.65
Co 1.43 Eu 0.90
Ni 7.38 Gd 8.42
Cu 17.55 Tb 1.48
Zn 86.93 Dy 9.41
Rb 44.67 Ho 2.05
Sr 26.74 Er 6.13
Y 51.45 Tm 0.91
Zr 453.15 Yb 6.24
Nb 85.41 Lu 0.89
Mo 2.36 Hf 11.32
Cs 1.20 Ta 5.04
Ba 30.97 Pb 11.08
La 58.50 Th 13.70
Ce 109.58 U 2.95
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2.3. Batch adsorption experiment

The adsorption of fluoride on DE was studied
using batch adsorption equilibration method. Aliquots
of 40 mL of fluoride solutions of known concentrations
were first pipetted into 250-mL plastic bottles. Differ-
ent masses of adsorbent were then weighed into the
bottles followed by pH adjustment with 0.1 M HCl or
0.1 M NaOH, while noting the total volume of acid
or/and alkali used. The final volume of solution was
made up to 50 mL by adding deionized water. As a
result of dilution a solution containing initially
10 mg/L fluoride had a final concentration of 8 mg/L.
Bottles were corked and shaken in a reciprocating
thermostated water bath shaker (Daihan LabTech
Model LSB-015S). After equilibration, the suspensions
were centrifuged at 5,000 rpm for 5 min. TISAB III
was added to the supernatants at volume ratio of 1:10
to decomplex possible fluoride complex of aluminium
or iron (III), prevent ionic strength variation and also

keep the pH between 5.2 and 5.5. The solutions were
stirred and allowed to stand for 1 h for complete reac-
tion. Fluoride in supernatants were determined using
a fluoride ion-selective electrode (ORION VERSAS-
TAR Advanced Electrochemistry meter fluoride
ion-selective electrode) calibrated with four fluoride
standards containing TISAB III at the volume ratio of
1:10 as in the case of the samples.

The per cent fluoride removal was calculated using
Eq. (1):

% fluoride removal ¼ C0 � Ce

C0

� �
� 100 (1)

where C0 (mg/L) and Ce (mg/L) are the initial and
equilibrium fluoride concentrations respectively.

The adsorption capacity (qe) was calculated using
Eq. (2):

Fig. 2. X-ray diffractogram of raw DE.

Table 3
Surface dimensions of DE by BET

Parameter

Quantity

Area (m2/g) Volume (cm3/g) Pore (nm)

Single point surface area 31.1740
BET surface area 31.8861
Single point adsorption total volume 0.082691
Adsorption average pore width (4 V/A by BET) 10.37335
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qe ¼ C0 � Ceð Þ
m

� V (2)

where m (g) is the mass of adsorbent and V (L) is the
volume of fluoride solution.

3. Results and discussions

3.1. Effect of shaking speed

The effect of shaking speed on fluoride sorption
onto DE was evaluated at shaking speeds of 180, 200,
230 and 250 rpm. The equilibration of the mixtures
consisting of 8 mg/L fluoride and adsorbent dosage of
0.4 g/50 mL were carried out at pH 2 and temperature
of 298 K. After equilibration, the mixtures were cen-
trifuged. The supernatants obtained were analysed for
fluoride. Fig. 4 shows the trend in the per cent fluo-
ride removal and the equilibrium pH as the shaking
speed increased.

In Fig. 4, it can be seen that the per cent fluoride
removal remained constant (25.62%) for all the evalu-
ated shaking speeds. This implies that the fluoride
removal was independent of increase in shaking speed
above the minimum shaking speed evaluated. The
equilibrium pH was observed to increase slightly from
2.09 at 180 rpm to a constant value of 2.13 at 230 rpm.
As the shaking speed increased, the rate of collision
between the fluoride and adsorbent would increase.

Non-increase in the rate of fluoride sorption was
probably due to increase in the equilibrium pH which
would make the adsorbent surface less electropositive
for fluoride attraction and removal from solution.

3.2. Effect of contact time

In consideration of the effect of contact time on
fluoride sorption, mixtures of 8 mg/L fluoride and
0.4 g/50 mL sorbent dosage at pH were equilibrated
for 5, 10, 20, 30, 40 and 50 min at 298 K and shaking
speed of 200 rpm. After equilibration, the mixtures
were centrifuged and the supernatants analysed for
fluoride as explained in Subsection 2.3.

Fig. 3. FTIR spectrum of raw and F−-loaded DE.

Fig. 4. Per cent fluoride removal as a function of shaking
speed. Initial F− concentration = 8 mg/L, volume of solu-
tion = 50 mL, adsorbent mass = 0.4 g, contact time = 30 min
and temperature = 298 K.
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The trend in the per cent fluoride removal at vari-
ous contact times is presented in Fig. 5. At the start of
defluoridation process, fluoride ions migrate to the
adsorbent surface where they are adsorbed. As shak-
ing continues some fluoride ions are desorbed from
the surface while some are adsorbed. The adsorption-
desorption process continues throughout the contact
time. It can be seen that the rate at which adsorption
and desorption occurred was the same for 5 and
10 min contact times. At 20 min contact time, fluoride
desorption progressed faster than its adsorption, lead-
ing to a lower per cent fluoride removal from solution
at this time. The amount of fluoride adsorption
increased to the highest value of 25.62% at 30 min con-
tact time. Above this time, fluoride desorption pre-
dominated over its adsorption. Hence, the optimum
contact time was 30 min.

3.3. Effect of adsorbent dosage

The effect of adsorbent dosage on fluoride sorption
onto DE was evaluated with the view of obtaining the
optimum sorbent dosage. Sorbent dosage was varied
from 0.1 to 1.2 g/50 mL. The initial concentration of
fluoride solution was 8 mg/L while the initial pH of
the sorbent–fluoride mixture was 2. The mixtures were
equilibrated for 30 min at 200 rpm. After equilibration,
the mixtures were centrifuged to remove the solid.
The supernatants obtained were analysed for residual
fluoride as explained previously.

The trend in the per cent fluoride removal and
adsorption capacity at different adsorbent dosages are
presented in Fig. 6. It was observed that the per cent
fluoride removal increased from adsorbent dosage of
0.1 to 0.4 g/50 mL where the optimum per cent
fluoride removal of 23.4% occurred. The increase in per
cent fluoride removal was due to increase in the
\number of adsorption sites as the dosage increased.
The per cent fluoride removal at adsorbent dosage of

0.6 g/50 mL was the same as that of 0.4 g/50 mL. The
increase in dosage must have resulted in overlapping
of some active adsorption sites such that the net num-
ber of active adsorption sites equalled that obtained at
0.4 g dosage. At 0.8 g/50 mL dosage, more active sites
overlapped, thereby reducing the number of net
adsorption sites and the net surface area. Hence, there
was a reduction of per cent fluoride removal. This
observation is in conformity with reports from previous
studies [25,26]. The per cent fluoride removal increased
to a constant, optimum value of 23.4% at dosages of
1.0 g/50 mL and 1.2 g/50 mL. There was no observable
increase in the per cent fluoride removal at these
dosages because the number of overlapping sites was
probably equal to the number of active sites. The opti-
mum adsorbent dosage was therefore 0.4 g/50 mL.

The adsorption capacity decreased all through with
increasing adsorbent dosage. This was notably because
there was no appreciable increase in fluoride removal
with increasing adsorbent dosage.

3.4. Effect of pH

To evaluate the effect of pH on fluoride sorption
onto DE, mixtures consisting of 0.4 g/50 mL of
adsorbent and 8 mg/L fluoride at pH 2–12 were
equilibrated for 30 min at 200 rpm and 298 K. After
equilibration, the sorbent was removed from the mix-
ture by centrifuging, followed by analysis of the
supernatants for residual fluoride.

The plots of the per cent fluoride removal
against the corresponding equilibrium pH for the
determinations are presented in Fig. 7. The positive
values of per cent fluoride removal at equilibrium
pH 2.05 and 4.27 are indicative of fluoride removal
from solution at those pH values. The lower the

Fig. 5. Variation of per cent fluoride removal with contact
time. Initial F− concentration = 8 mg/L, volume of solu-
tion = 50 mL, adsorbent dosage = 0.4 g, temperature =
298 K, initial pH 2 and shaking speed = 200 rpm.

Fig. 6. Variation of a per cent fluoride removal and
adsorption capacity with adsorbent dosage. Initial F− con-
centration = 8 mg/L, volume of solution = 50 mL, contact
time = 30 min, temperature = 298 K, initial pH 2 and shak-
ing speed = 200 rpm.
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pH, the higher the amount of fluoride removed.
This must be due to the increase in the electroposi-
tivity of the adsorbent surface which enhanced
attraction for the negatively charged fluoride. Above
pH 6, negative values were obtained for per cent
fluoride removal. Thus, fluoride was being leached
from the sorbent rather than being removed from
solution. The fluoride release is evidence that the
DE contained geological fluoride. Generally, fluoride
removal decreased with increasing pH. The opti-
mum pH for fluoride removal from solution was at
the lowest equilibrium pH of 2.05.

The chemistry of the fluoride removal at different
pH may be explained in relation to the pH at point-
of-zero-charge (pHpzc) of the material. At pHpzc, that
is, 8.68, the surface charge of DE in solution was neu-
tral. The surface of particles at pH less than the pHpzc

is positively charged [27]. Fluoride removal at the
adsorbent surface therefore at pH < pHpzc was
expected to be by electrostatic attraction of the fluo-
ride ions by the positively charged surface. The more
electropositive the surface was, the more the attraction
for fluoride. This explains why the maximum fluoride
removal (23.4%) occurred at pH 2.05 as shown in the
profile in Fig. 7. Protonation of the silanols at the
adsorbent surface provides sites for electrostatic attrac-
tion for fluoride. This occurs at acidic pH. Therefore,
defluoridation at acidic pH would occur according to
Eq. (4).

� SiOHþHþ ! � SiOHþ
2 (3)

� SiOHþ
2 þ F� ! � SiOH2F (4)

Precipitation of fluorides of iron and aluminium could
contribute to fluoride removal at suitable pH as
represented generally by Eq. (5):

Mnþ þ nF� ! MFn (5)

where M is the metal and n+ is the charge of the
metal ion.

The release of fluoride into solution arising from
the geological fluoride component of DE could have
resulted according to the reaction described in Eq. (6).

� SiOH2FþOH� ! � SiOH2 OHð Þ þ F� (6)

3.5. Effect of adsorbate concentration

A number of studies have shown that within a cer-
tain range of adsorbate concentration, the amount of
adsorbate removed from solution increases with
adsorbate concentration [28–31]. Defluoridation was
therefore carried out at varied initial fluoride concen-
trations to evaluate the effect of fluoride concentration
on fluoride sorption onto DE. Mixtures of fluoride
solution (8, 16, 24, 32, 40, 48, 64, 80 and 100 mg/L)
and adsorbent (0.4 g/50 mL) at pH 2 were equili-
brated for 30 min at 200 rpm. After equilibration, the
mixtures were centrifuged and the supernatants anal-
ysed for residual fluoride.

Fig. 8 shows how the adsorption capacity and the
per cent fluoride removal varied with the equilibrium
fluoride concentration. The adsorption capacity was
observed to increase with the equilibrium concentra-
tion. The steepness observed in the adsorption capac-
ity profile decreased as from equilibrium fluoride
concentration of 38.67 to 53.67 mg/L because the
adsorbent surface was getting close to being com-
pletely covered by fluoride ions. This is evident from
the drop of the per cent fluoride removal at the equi-
librium fluoride concentration of 53.67 mg/L. With the

Fig. 7. Variation of per cent fluoride removal with equilib-
rium pH. Initial F− concentration = 8 mg/L, volume of
solution = 50 mL, contact time = 30 min, tempera-
ture = 298 K and shaking speed = 200 rpm.

Fig. 8. Variation of adsorption capacity and per cent
fluoride removal with equilibrium fluoride concentration.
Volume of F− solution = 50 mL, contact time = 30 min,
initial pH 2, adsorbent dosage = 0.4 g and shaking
speed = 200 rpm.
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use of initial 100 mg/L fluoride solution, the surface
of adsorbent was almost saturated with adsorbed fluo-
ride at equilibrium. For the evaluated fluoride concen-
trations, the optimum fluoride removal occurred with
defluoridation of solution containing initially 80 mg/L
fluoride, while the optimum adsorption capacity was
5.7912 mg/g for the solution containing initially
100 mg/L fluoride solution. However, for this study,
defluoridation of solution containing 8 mg/L fluoride
was emphasized because the average fluoride concen-
tration of the groundwater in the province of study
was less than 8 mg/L.

3.6. Effect of temperature

The effect of temperature on fluoride sorption was
evaluated by repeating the experiment described in
subsection 3.5 at temperatures 313 and 323 K, respec-
tively. Fig. 9(a) and (b) gives the comparison of the
percentage fluoride removals and the adsorption
capacities at different initial fluoride concentrations
and evaluated temperatures respectively. It was
observed that temperature variation did not have a
significant effect on the amount of fluoride removed.
Hence, defluoridation with DE could be done at
ambient temperature at minimal energy expenditure.

3.7. Adsorption isotherms

The sorption data were modelled using Langmuir
and Freundlich isotherms. Langmuir isotherm is used
to test whether there was a monolayer adsorption of
an adsorbate onto a smooth surface or not. The
isotherm if applicable assumes that the surface con-
taining the adsorbing sites is a perfectly flat (smooth)
plane. Langmuir isotherm is given as:

qe ¼ qmKLCe

1þ KLCe
(7)

where qe is the adsorption capacity (mg/g), qm is qe
for a complete monolayer (mg/g), Ce is the equilib-
rium concentration (mg/L) and KL is the adsorption
equilibrium constant (L/mg).

Linearized Langmuir equation known as
Langmuir-1 is the most commonly used of the linear
forms [32]. It is presented as:

Ce

qe
¼ 1

qm
Ce þ 1

KLqm
(8)

The plot of Ce=qe values against Ce gives a straight
line with a positive slope 1=qm if the adsorption data
conform to Langmuir isotherm. No straight lines were
however obtained when the Langmuir plots were
done at the evaluated temperatures.

The sorption data were also modelled using
Freundlich isotherm [33]. Freundlich isotherm
describes a multi-site adsorption isotherm for rough
surfaces.

Freundlich isotherm is given as:

qe ¼ KFC
1=n
e (9)

The linear form is:

log qe ¼ logKF þ 1

n
logCe (10)

KF and n are Freundlich constants whose values
depend on experimental conditions. KF represents the
adsorption capacity while 1/n is the heterogeneity fac-
tor. 1/n values much less than 1 show that adsorbents
are heterogeneous. KF and 1/n can be obtained from
the plots of log qe against log Ce. A linear plot means
that the adsorption process conforms to the Freundlich
isotherm. Values of 1/n close to 1 indicate a material
with relatively homogeneous binding [34].

Fig. 9. Variation of (a) per cent fluoride removal and (b)
adsorption capacity with temperature. Volume of F− solu-
tion = 50 mL, contact time = 30 min, initial pH 2, adsorbent
dosage = 0.4 g and shaking speed = 200 rpm.
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Fitting of adsorption data into Freundlich isotherm
at the evaluated temperatures gave plots with high
linearity as shown in Fig. 10. It is therefore evident
from the result that the fluoride adsorption onto raw
DE is a multi-site adsorption. The low values of 1/n
as shown in Table 3 are indicative of the heterogeneity
of the surface of DE (Table 4).

3.8. Adsorption kinetics

The aims of studying chemical kinetics to include
(1) to determine experimentally the rate of chemical
reaction and its dependence on parameters such as con-
centration and temperature and (2) to understand the
reaction mechanism, that is, the number of steps
involved and the nature of intermediates formed. In the
light of these facts, the kinetics of fluoride sorption onto
DE was tested along the rate of chemical reaction and
the likely mechanism controlling the sorption rate [35].

A number of mechanisms control a sorption rate.
These include (1) diffusion from the bulk solution to a

film layer surrounding the adsorbent particle, (2)
diffusion from the film to particle surface, “film diffu-
sion”, (3) migration inside the adsorbent particle by
“surface diffusion” or diffusion within liquid-filled
pores, “pore diffusion” and (4) uptake of adsorbate by
chemisorption, physicosorption, ion exchange or
complexation [36,37].

The models for determining sorption mechanisms
have been classified into two types. These are
reaction-based and diffusion-based models [23].

3.8.1. Reaction-based models

The sorption data obtained from the equilibration
of mixtures of 0.4 g of adsorbent and 50 mL of 8 mg/L
fluoride solutions with initial pH 2 for 5, 10, 20, 30, 40
and 50 min at 298 K and shaking speed of 200 rpm
were used.

The order for the sorption process was tested by
fitting the sorption data into the Lagergren
pseudo-first-order model [38] given as:

dqt
dt

¼ k1 qe � qtð Þ (11)

qt (mg/g) is the fluoride concentration at any time t,
qe (mg/g) is the maximum sorption capacity of the
pseudo-first-order and k1 (min−1) is the pseudo-first-
order rate constant.

Fig. 10. Freundlich’s profiles at (a) 298 K, (b) 313 K and (c) 323 K. Volume of F− solution = 50 mL, contact time = 30 min,
initial pH 2, adsorbent dosage = 0.4 g and shaking speed = 200 rpm.

Table 4
Calculated Freundlich isotherm parameters

Temperature (K) KF (mg/g) 1/n R2

298 0.0145 0.6376 0.9872
313 0.0088 0.5612 0.9986
323 0.0063 0.5380 0.9960
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On integration, Eq. (11) becomes:

ln qe � qtð Þ ¼ �k1tþ ln q1 (12)

The plots of ln (qe− qt) values against t give a
straight line with a negative slope for an adsorption
that is a pseudo-first-order kinetic. However, the
pseudo-first-order plots gave a scatter with a positive
slope (figure not included).

Pseudo-second-order model was also applied to
the data to determine its suitability in determining the
order of the sorption process. The model is given as:

dqt
dt

¼ k2 qe � qtð Þ2 (13)

where qt (mg/g) is the fluoride concentration at any
time t, qe (mg/g) is the maximum sorption capacity of
the pseudo-second-order model and k2 (g/(mg min))
is the rate constant for the pseudo-first-order process.

Integration of Eq. (13) gives the linear form of the
pseudo-second-order model:

t

qt
¼ 1

k2q2e
þ t

qe
(14)

t

qt
¼ 1

h
þ t

qe
(15)

h (mg/(g min)) is the initial sorption rate defined as:

h ¼ k2q
2
e (16)

The plots of t/qt values against time t gave a straight
line (R2 = 0.992) as shown in Fig. 11. The closeness of
the calculated qe (0.2302 mg/g) to the experimental qe

(0.2562 mg/g) is an indication that fluoride sorption
onto DE is a second-order process. As a result, fluoride
is chemisorbed onto DE as opposed to physisorption
which is characterized by weak van der Waals forces.

3.8.2. Mechanism-based models

The possibility of intra-particle diffusion being the
mechanism controlling the rate of adsorption of fluo-
ride on DE was evaluated using the Weber–Morris
model [39] stated as:

qt ¼ kid
ffiffi
t

p
þ I (17)

where kid is the intra-particle diffusion rate constant
(mg/(g min1/2)) and I (mg/g) is a constant that has to
do with the thickness of the boundary layer.

If the plot of qt against
ffiffi
t

p
is linear, then, the sorp-

tion process would be controlled only by intra-particle
diffusion. However, the plots gave a sinusoidal curve,
showing that the sorption rate was not likely con-
trolled by intra-particle diffusion.

The likelihood of external diffusion being the rate-
controlling step was also tested using the model by
Lee et al. [40]. The diffusion model is given as:

ln
Ct

C0
¼ �kf

A

V
t (18)

where C0 is the initial fluoride concentration, Ct is the
concentration at time t, A/V is the external adsorption
area to the total solution volume, t is the adsorption
time and kf is the external diffusion coefficient. If a
straight line is obtained from the plot of ln Ct

C0
against t,

then, external diffusion controls the sorption process.
The plot of ln Ct

C0
against t for the first 30 min of sorp-

tion gave a straight line (Fig. 12(a)) as described by
Khraisheh et al. [41]. The linear plot obtained for the
entire equilibration times (Fig. 12(b)) is an evidence
that external diffusion was the rate-controlling mecha-
nism for the sorption process.

3.9. Evaluation of metals, non-metals and anions release
from DE

The safety of the DE for use in defluoridation of
drinking water was evaluated by determining the
extent of metals and non-metals released from the
adsorbent into treated water at different equilibrium
pH and contact times. The supernatants from the
shaking of mixtures of 0.4 g of DE and 50 mL of
8 mg/L fluoride at different initial pH and contact

Fig. 11. Pseudo-second-order plots for defluoridation at
different contact times. Initial F− concentration = 8 mg/L,
volume of solution = 50 mL, adsorbent dosage = 0.4 g, ini-
tial pH 2, temperature = 298 K and shaking speed =
200 rpm.
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times at 298 K and 200 rpm were analysed for major
and trace elements using ICP-MS.

It was observed that all the metal and non-metal
species released from the adsorbent into treated water
were at trace levels and so the use of the DE for deflu-
oridation might not portend danger as far as metal
and non-metal release is concerned. The concentration
of each species released into water was virtually inde-
pendent of contact time (Fig. 13(a) and (b)). The
amount of each metal species in water was a function
of pH (Fig. 14(a) and (b)). The high concentrations of
sodium observed were due to the NaOH used for
necessary pH adjustment. The concentration of silicon
in water was appreciably high at high equilibrium
pH. This was so because of the increase in dissolution
of silica at high equilibrium pH. The lowest silica
dissolution was at the equilibrium pH 2.05.

Anions in treated water were analysed using Ion
Chromatography on a Waters 432 Conductivity detec-
tor, coupled to a Waters 717plus Auto sampler and an
Agilent 1,100 series binary pump. Anions evaluated
included Cl−, Br−, SO2�

4 , PO3�
4 , NO�

2 and NO�
3 . Except

for Cl− whose average concentration was 391.26 mg/L
in the supernatants because HCl was used to achieve
an initial pH 2, none of the anions was detectable by
the instrument at detection limit of 1 mg/L. The DE is

therefore safe for use in defluoridation of drinking
water.

Fig. 12. External diffusion plots (a) for contact time up to
30 min and (b) for all contact time. Initial F− concentration
= 8 mg/L, volume of solution = 50 mL, adsorbent dosa-
ge = 0.4 g, initial pH 2, temperature = 298 K and shaking
speed = 200 rpm.

Fig. 13. Concentration of metal and non-metal species in
treated water at various contact times: (a) in mg/L and (b)
in µg/L. Initial F− concentration = 8 mg/L, volume of solu-
tion = 50 mL, adsorbent dosage = 0.4 g, initial pH 2, tem-
perature = 298 K and shaking speed = 200 rpm.

Fig. 14. Concentration of elements in treated water at vari-
ous equilibrium pH: (a) in mg/L and (b) in µg/L. Initial
F− concentration = 8 mg/L, volume of solution = 50 mL,
adsorbent dosage = 0.4 g, initial pH 2, temperature = 298 K
and shaking speed = 200 rpm.
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3.10. Defluoridation of field water

The effectiveness of raw DE in fluoride removal
from water was tested on a field water (Siloam water)
containing 6 mg/L F− and 3 mg/L PO3�

4 . NO�
3 and

SO2�
4 were not detected. A mixture of the field water

and 0.4 g/50 mL of DE with initial pH 2 was equili-
brated for 30 min at the shaking of 200 rpm. Cen-
trifuging and fluoride analysis of the supernatant
were done following the procedure explained in Sub-
section 2.3. The concentrations of anions on dilution
and after equilibration are reported in Table 5.

The per cent fluoride removal was 14.6%. The
reduction of PO3�

4 concentration from 2.4 to 1.4 mg/L,
representing 41.7% phosphate removal is an indication
that phosphate is a high competitor with fluoride in
sorption onto DE.

4. Conclusion

The results of defluoridation using raw DE show
that the adsorbent is not very effective in removing
excess fluoride from water. The maximum per cent
fluoride removal and adsorption capacity were 25.62%
and 0.6525 mg/g, respectively, for 8 mg/L fluoride
spiked water at optimum adsorption conditions (con-
tact time: 30 min, adsorbent dosage: 8 g/L, pH 2, tem-
perature: 298 K and shaking speed: 200 rpm). The
sorption data fitted better into Freundlich isotherm
which gave linear plots at all evaluated temperatures,
thus showing a multi-site adsorption onto the
heterogeneous DE surface. The sorption kinetic was
observed to be a pseudo-second-order kinetic. Hence,
fluoride uptake was by chemisorption. The mechanism
controlling the sorption rate was found to be external
diffusion of fluoride from the bulk solution to the thin
film around the adsorbent particle. Release of metal
and non-metal species from DE was observed to be at
trace level while there was no detectable release of
anions from the adsorbent. Phosphate was observed to
have a negative effect on fluoride adsorption at low

pH. Modification of DE would be necessary to
enhance its fluoride adsorption capacity.
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