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Removal of Fluoride from Aqueous Solutions
by Adsorption Using a Siliceous Mineral of a
Kenyan Origin

The problem of high fluoride in water sources in Africa and the rest of the developing
world has exacerbated in the latest past due to increasing shortage of water. More
people are being exposed to high water fluoride resulting in elevated levels of fluorosis
in the societies. Fluoride (F) adsorption from solutions using a siliceous mineral from
Kenya (M1) was studied on batch basis and results verified on high fluoride water using
fixed-bed column experiments. About 100% batch F adsorption was achieved at 200 mg|L
F concentration, 0.5g/mL adsorbent dosage, 303-333K, and pH 3.4+ 0.2. Based on
Giles classifications, F adsorption isotherm was found to be an H3 type isotherm. The
equilibrium data was correlated to Freundlich and Langmuir models and the maximum
Langmuir adsorption capacity was found to be 12.4mg/g. Column experiments were
conducted for different fluoride concentrations, bed depths, and flow rates. The F
breakthrough curves were analyzed using the Thomas model and efficient F adsorption
was found to occur at low flow rates and low influent concentrations. The Thomas F
adsorption capacity (11.7mg/g) was consistent with the Langmuir isotherm capacity
showing that M1 could be applied as an inexpensive medium for water defluoridation.
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1 Introduction

Although sufficient dietary fluoride (F) is essential for prevention of
dental carries and normal functioning of body, regular intake of F
above recommended levels [1] results in dental fluorosis among
other ailments and at higher concentrations in skeletal fluorosis
with chronic and fatal thresholds from 4 g [2]. The problem of high
fluoride concentrations in water sources in Africa and the rest of the
developing world has exacerbated in the latest past due to increasing
shortage of water [3-5]. More people are being exposed to high water
fluoride levels resulting in elevated levels of fluorosis in the
societies [6].

Technologies for removal of fluoride from drinking water include:
coagulation using alum [7], precipitation using lime [8], contact
precipitation using calcium salts [9], electro-coagulation (EC) [10],
electrodialysis (ED) [11], reverse osmosis (RO) [12], solar distillation
[13], adsorption and ion-exchange [14], and membrane technology.
Precipitation, contact precipitation and coagulation using metal
salts are however inefficient and normally require high doses of
reagents which results in large volumes of fluoride-laden sludge and
associated sludge disposal problems; thus adding to the cost of
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treatment. Then, the level of residual coagulants and precipitants
in treated water must be monitored carefully to ensure that it
does not exceed standards for drinking water. RO, ED, EC, and
membrane technology, on the hand, are highly efficient, reliable,
and they generate very little sludge but their application is
limited because of high costs, need for reliable power supply
and for specialized personnel. On the other hand, although solar
distillations is clean and inexpensive to run, colossal sum of
capital required for the initial installation of solar units is a
major impediment to its utilization. It appears therefore that
adsorption is the most appropriate procedure for removal of
fluoride from water, especially in less developed regions of the
world because it is simple, inexpensive, and results in high quality
of treated water [15-18].

Adsorption uses high surface area solid adsorbents which have
exterior reactive sites at which, when the material is contacted with
F-contaminated water, the contaminant F particles in the water can
attach and be removed alongside the adsorbent at the time of phase
separation. The most commonly used adsorbents for removal of
fluoride from water include activated carbon (AC), activated alumina
(AA), and commercial ion-exchange resins (IER). These adsorbents are
normally characterized by high F adsorption capacities due to their
porous structures and large surface areas but their application is
limited due to high costs and they require frequent regeneration
which complicates the process. Because the adsorbents are non-
biodegradable and tend to persist in the environment for long
periods of time [19], the spent waste from the process must carefully
be disposed of. Because of these limitations a lot of unconventional
adsorbents including various biosorbents [20-23] and a number of
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low-cost carbons [24-26] have been studied widely for use as sub-
stitute inexpensive adsorbents.

To prepare carbons for water defluoridation, organic materials, on
average 3-5 times the required carbon mass, are needed for gas-
ification and charring. Then the carbons obtained require high
temperature treatment in the range of 800-1400K, or some other
form of activation to enhance their surfaces for F adsorption which
makes them expensive to produce [15]. Biosorption uses animal and
plant biomasses in powdered form “as is”” without prior gasification
into chars. However, the use of biosorbents is limited because the
source organisms for certain F biosorbents may not be readily avail-
able in some regions of the world for ease use. Furthermore, bio-
sorbents are liable to chemical and biological attack which reduces
their scope and efficacy of application. A plausible adsorbent which
is required for removal of F from water must be one that is: afford-
able, stable, and usable in a wide spectrum of water conditions
without deterioration or fouling of treated water, one with attrac-
tive adsorptive capacities, easy enough to prepare and use and
straightforward to regenerate or cleanse for the final disposal so
that it does not pose undue environmental hazard.

Certain clays and soil minerals [17, 18, 27-29] have attracted a lot
of research interest in the recent past as alternative adsorbents for F
removal from water due to their attractive properties which include:
ready and abundant availability, chemical stability, good natural
adsorptive properties, ease of preparation for use, uncomplicated
regeneration after use, and general environment passiveness
[30-32]. In the present work, defluoridation capacity of a siliceous
mineral from Kenya, M1, was studied in batch simulation tests. The
effect of adsorption parameters including: time of contact, batch
adsorbent loading, competing ions, pH, and temperature on F
adsorption onto M1 was evaluated and equilibrium isotherms used
to determine the adsorption capacity and to elucidate the mechan-
ism for F adsorption. The batch adsorption results were then verified
for practical application on high fluoride water from a natural
source from Elementaita-Gilgil, Nakuru County, Kenya, using col-
umn experiments [33].

2 Experimental

2.1 Preparation of the materials

The mineral, M1, was collected from its natural deposits at Matili
[00°44.90'N, 34°43.70'E; elevation: 1638 m] in Bungoma County,
Kenya. It was air-dried and crushed to pass through <2mm mesh.
The crushed mineral was dispersed by mechanical treatment and
sedimentation in de-ionized water to obtain <1 wm fractions. Eight
portions of the mineral were soaked in 0.1 M HCI at 0.1 g/mL ratio
and magnetically stirred for 30, 60, 90, 120, 150, 180, 210, and
420 min, respectively. After stirring, the samples were suction fil-
tered, washed with excess de-ionized water and oven-dried at 382K
overnight. All the samples were assessed for their F uptake capacity
at initial F concentration of 1000 mg/L, 293K, and 0.1 g/mL adsorbent
dosage and the results compared with those of non-acid treated
mineral.

2.2 Characterizations of the materials

The chemical and mineralogical composition of the mineral adsor-
bent was determined using atomic absorption spectroscopy (AAS)
and X-ray diffraction analysis, respectively. Loss on ignition (LOI) was
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determined by ashing the sample at 1273 K. The zero point of charge
(pHznc) was determined by fast alkalimetric titration according to
the method of Weng et al. [34] and the pH of the sample measured
using Hanna Instruments pH-211-microprocessor pH meter in 1M
KCl by soaking 5g of sample in 50 mL aliquots of the salt solution.

2.3 Batch adsorption experiments

Six portions (5g each) of acid treated M1 were mixed with 50 mL
aliquots of NaF solution containing 1000 mg/L F and shaken on a
reciprocating shaker at 293K for time intervals of 60, 120, 180, 240,
360, and 480 min, respectively. The experiments were repeated using
10, 15, 20, 25, and 30g portions of the adsorbent in 50 mL of the
adsorbate solution shaking the mixture for 120 min (which was the
time required to reach the initial equilibrium). Parallel experiments
were carried out using 25 g portions of M1 (which was the minimum
mass of the material required for the initial equilibrium removal
efficiency) in 50 mL aliquots of adsorbate solution containing 5,
10, 20, 50, 100, 200, 400, 800, and 1000 mg/L F ions at ambient pH
3.4+ 0.2. This were then repeated at adsorbate pH values of 3, 4,
5, and 7 using 1000mg/L F adsorbate solution. The pH of the
solutions was adjusted as appropriate by addition of small amounts
of 1M NaOH or 1M HCI using 50-pL burettes. All tests were carried
outin triplicate at room temperature (293 K) and another set of tests
carried out at ambient pH (3.4 £ 0.2) of the material using 1000 mg/L
F concentration at 293, 303, 313, 323, and 333K, respectively. The
effect of selected anions (co-ions) was studied using 0.1 M respective
potassium salts solutions containing 1000 mg/L F as the adsorbate
solution at pH 3.4, 293K, and adsorbent dosage of 0.5g/mL. In all
tests, phase separation was achieved by centrifugation and the
supernatant fluoride concentration determined potentiometrically
using a Tx EDT Model 3221 fluoride ion-selective electrode.

2.4 Up-flow column adsorption experiments

To verify defluoridation performance of M1 for practical appli-
cations, up-flow column adsorption experiments were carried out
in Pyrex™ columns of about 1.0 cm id and 12 cm height at different
fluoride concentrations (5-90mg/L), bed depths (2-4g), and flow
rates (5-45 mL/min). The high F water samples were passed through
columns from 5-L reservoirs at a height of 1 m above the columns.
The effluent was collected at different time intervals (0-12h) and
analyzing for residual fluoride concentration using an ion-selective
electrode as in Section 2.3.

3 Results and discussion

3.1 Chemical, surface, and mineralogical
properties of the material

The summary of major characteristics of M1 is presented in Tab. 1.

The main minerals in the material were quartz, potassium tecto-
aluminotrisilicate and albite. Consequently, chemical analysis
showed that alumino-silicates were the major constituents in the
material. Such material would assume net negative surface charge
because of the high density of electronegative oxygen atoms associ-
ated with the minerals. The negative charge would favor acid acti-
vation of the mineral for anionic adsorption as they easily protonate
in acidic media increasing the surface positive charge and the
adsorption potential for fluoride ions.
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Table 1. Major characteristics of M1 after pretreatment

Property Value (%)
SiO, 80.75%
Al,O3 10.73%
KO 3.93%
Na,O 1.52%
Fe,03 0.89%
CaO 0.81%
TiO, 0.40%
LOI 1.91%
pH 34+0.2
PHznc 3.8+0.2
Main minerals

Quartz, synth. Si0,

Potassium tecto-alumotrisilicate K(AISiz0s)

Albite, calcian, ordered (Na, Ca)Al(Si, Al);0g

3.2 Effect of acid activation

To optimize acid activation of the material for fluoride uptake, the
effect of soaking the adsorbent in acid on its fluoride uptake was
examined for different time intervals using 0.1 M HCI and the result
is presented in Fig. 1.

There was no significant difference in adsorption capacity of 30-
and 90-min acid-activated samples. The highest F removal efficiency
was recorded using 3-h acid-activated samples. However, there was
remarkable drop in the adsorption capacity of the material when
time of contact of adsorbent with the acid was increased to 7h
indicating that prolonged acid exposure of the adsorbent results
in irreversible deterioration of adsorption surface of the soil [15].
This means that this siliceous mineral could most effectively be
activated for F adsorption at 3h contact using 0.1 M HCL.

Thus, after acid activation, the pH of activated adsorbent was
measured and the pH of zero net charge (pHznc) determined by fast
alkalimetric titration and the results presented in Fig. 2. The pH of
M1 was found to be 3.4 £0.2 and the pHznc was 3.8.

Alkalimetric titration involves adsorption of H" or OH™ at differ-
ent concentrations (pH) and at different ionic strengths. The ampho-
teric nature of soil surfaces means that there is a pH at which the
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Figure 1. Effect of acid activation on M1 uptake of F ions from solution

(initial F concentration=1000mg/L, Temperature =293K, Adsorbent
dosage 0.1 g/mL).
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Figure 2. Determination of pHznc by fast alkalimetric titration in different
concentrations of KCIO3.

different curves intersect. At this point adsorption of protons is
independent of ionic strength. This point approximates the pHznc
of the material [34]. The acidic pH value was attributed to the
activation procedure by the acid employed in this work and to
the protonation of oxygen centers in the clay system. As expected,
the acid-activated material had net positive charge on the surface
which is favorable for anionic F adsorption [35].

3.3 Sorption experiments

Apart from the mineral and chemical composition of the adsorbent
affecting adsorbent properties, the solution parameters play a major
role in determining the performance of the adsorbent in an adsorp-
tive system. The effect of pH, adsorbate concentration, adsorbent
loading, competing ions, and temperature on M1 uptake of fluoride
ions from aqueous media was investigated and the results discussed
in the subsequent Sections 3.3.1-3.3.5.

3.3.1 Effect of adsorbate pH

The influence of change in pH on F adsorption was studied at pH values
of 3, 4, 5, and 7. The results of these tests are presented in Fig. 3.

% FLUORIDE REMOVAL

0 60 120 180 240 300 360 420 480 540
TIME (MIN)

[+-pH=3 = pH=4 «pH=5 *pH=7]

Figure 3. Effect of change in adsorbate pH on fluoride uptake by M1 at
293K using 1000 mg/L F ion concentration at 0.1 g/mL adsorbent dosage,
pH=3,4,5,and 7.
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The pH influenced adsorption of F onto M1 strongly. At pH 3 the
adsorption equilibrium was attained rapidly indicating high affinity
for F by M1 surfaces at low pH than at higher pH values. Highest
adsorption (80%) occurred at low pH 3. The adsorption of F then
declined rapidly with increasing pH to 40, 22 and then 18% when
the pH was raised from 3 to 4, 5 and 7, respectively. It means that at
low pH the adsorbent surface takes-up hydrogen ions from solution
increasing the surface positive charge, affinity and adsorption
capacity of M1 for F. At high pH, the H-ions desorb from the surface
reducing the positive charge and resulting in low adsorptions of F.
Thus highest F uptake is achieved at the low pH < 3 as also observed
by Hamdi and Srasra [16].

3.3.2 Effect of adsorbent dosage

The effect of change in mass of M1 while maintaining initial con-
centration and volume of adsorbate F solution was constant then
investigated and results presented in Fig. 4.

Percentage F removal initially increased very gradually then more
rapidly when the amount of adsorbent was increased from 5 to
25 g/50 mL of adsorbate solution. Given the adsorption time require-
ment was quite low (70% adsorption in 5 min), it can be assumed that F
adsorption onto M1 proceeds in two stages; the rapid initial adsorp-
tion utilizing high affinity surface sites, followed by gradual diffu-
sion of the adsorbate into less exposed sites in the adsorbent. This
indicates heterogeneity in adsorbent surfaces. Most efficient (~90%)
F removals were achieved with dosage ratio >1:2g/mL. But as the
amount of M1 was increased, the adsorption mixture became too
thick to agitate effectively. This means that optimum removal of F
could be achieved in M1 loading just about 0.5 g/mL ratio.

3.3.3 Effect of adsorbate concentration

The effect of initial F concentration on its removal from solution by
M1 is illustrated in Fig. 5.

Close to 100% adsorption of F were recorded for initial F concen-
tration up to 200 mg/L. The percentage F adsorption then declined
between 200 and 400 mg/L F concentration to about 86% and there-
after remained more or less constant. This indicates that saturation
of adsorbent sites do not take place at these concentrations. Instead,
more adsorptive sites are generated as F~ ions adsorb leading to
constant partition of the ion between the phases. This phenomenon

100 +
90 +
80 +
70 +
60 +
50 +
40 +

% F Removal

30 +
20 +
10 +

0 T T T T T T T |
0 5 10 15 20 25 30 35 40
Adsorbent Dosage g/50 ml

Figure 4. Effect of change in adsorbent dosage when varying amounts of
M1 were agitated with 1000 mg/L for 2h at 293 K.
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Figure 5. Effect of initial fluoride concentration on its percentage adsorp-
tion onto a siliceous mineral of a Kenyan origin.

is associated with high porosity and heterogeneity of the crystal
structure of adsorbent and high affinity and penetrating power of
the adsorbate particles [36]. It means that F~ ions are able to access
adsorptive sites in the crystalline regions of the mineral which are
not accessible to other particles in the aqueous system. The small
size and large charge-to-volume ratio enable the ion to break inter-
substrate bonds more easily and penetrate into the mineral struc-
ture in regions not already penetrated by the solvent. It would be
expected that the action stops when more crystalline regions of
the adsorbent are reached although this point is not attained at
the present adsorbate concentrations. It shows that the material can
be effectively utilized in defluoridation of aqueous solutions in the F
contamination range of natural waters.

3.3.4 Effect of temperature

The effect of temperature was studied using 200 and 400 mg|L initial
F concentrations. The results of these investigations are presented
in Fig. 6.

The F uptake by M1 increased from 84% (for 400 mg/L) and 96% (for
200mg/L) at 293K to a peak at about 98 and 100% for temperature
rise from 293 to 303 K and 323 K, respectively. It can be assumed that

105 -
L e
95
90
85

80 -

% F REMOVAL

75 A
70 -
65 1

60 T T T T T T T T d
290 295 300 305 310 315 320 325 330 335
ADSORPTION TEMPERATURE (K)

[~=200 ppm -e- 400 ppm]|

Figure 6. Effect of temperature on M1 adsorption capacity of fluoride ions
at pH 3.4 and adsorbent dosage of 0.5 g/mL.
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increase in temperature provides the necessary activation energy
that enables more F particles to interact effectively with the adsorp-
tive sites in M1 resulting in higher adsorption. Thus, higher initial F
concentrations required more energy hence, higher temperatures to
reach their highest removal efficiency in agreement with results
by Alagumuthu et al. [15]. However, at temperatures >323K, F
decreased because at this point the reacting particles cannot interact
effectively due to increase in their kinetic energy and thermo-
decomposition of adsorption complexes resulting in reduced F
adsorption. In general F could be removed from solution most
efficiently at 303K for lower concentrations (200mg/L) and at
323K at elevated concentrations (400 mg/L).

3.3.5 Effect of dissolved inorganic ions

The effect of dissolved inorganic anions was investigated and the
results presented in Fig. 7.

Competing anions reduced M1 uptake of F. Reduction in F adsorp-
tion was in the order: chloride > nitrate > sulfate > dihydrogen
phosphate. This suggests that the steric effects of the competing
anions (chloride < nitrate < sulfate < dihydrogen phosphate) could
be the main variable influencing the degree of competition for
adsorbent sites between the anions and F ions. Smaller ions such
chlorides have higher mobility through the aqueous matrix and
penetrate adsorbent structure offering stronger competition for
the adsorptive sites thereby reducing F adsorption more than steri-
cally hindered oxyanions. For oxyanions, the affinity of anions for
the adsorbent sites depends on the ratio of valency electron in the
central atom to the number of oxygen atoms sharing into those
valency electrons. This ratio is called the shared charge. Higher shared
charge leads to lower affinity of an oxyanion and vice versa. The sulfate
with a more electronegative sulfur center (higher share charge), draws
electrons from the oxygen atoms making them poorer Lewis acid
(electron donors). This makes the ion a poorer competitor for positive
centers in the adsorbent surface than the nitrate for instance.
Dihydrogen phosphate ion showed lower competitiveness for the
sorptive sites than the sulfate. It can be assumed that the acid ion
ionizes releasing hydrogen ions which adsorb on the adsorbent surface
increasing its positive charge and the potential to adsorb F.

Nonetheless even with 0.1 M concentration of competing sulfate
and nitrate ions; above those that could be found in natural water

120
100
)
s
g 80 - t —2
] ~Na2504
5 60 ~s- NaH2PO4
S -+ NaNO3
S < NaCl
3 40 -
w
=
20 -
0 . . . .
0 20 40 60 80
TIME (MIN)

Figure 7. Effect of presence of selected co-ions on M1 adsorption capacity
of fluoride ions from 1000 mg/L initial concentration at 303 K, pH 3.4, and
adsorbent dosage of 0.5 g/mL.
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systems 80% F removal was achieved indicating that M1 would still
be potent for use as a low-cost defluoridant.

3.4 Equilibrium analysis

To examine adsorption mechanisms and gain insight into the nature
of the adsorbate-adsorbent interactions, equilibrium analysis was
carried out and the results presented in Fig. 8.

The F adsorption isotherm could be classified as a type three
high affinity (H3) isotherm, according to Giles classification of
adsorption isotherms, based on the initial part of the curve being
perpendicular to the concentration axis. Type H3 isotherm describe
a system of high affinity for the solute by substrate [36]. The
vertical initial portion of the curve indicate that the adsorbent
has got such high affinity for the adsorbate that <200mg/L F
concentration, the ion is completely adsorbed, or at least there is
no measurable amount remaining in solution. The H3 isotherm
has been associated with adsorption of large units, such as ionic
micelles or polymeric molecules, but single ions systems H-type
isotherms are consistent with ion-exchange mechanisms where
the adsorbate exchanges with others of much lower affinity for
the surface. This indicates that anionic exchange protocol could
the main adsorption mechanism in F adsorption on M1. The higher
charge-to-volume ratio in F ions could also make them more
energetically favored in the interaction with the substrate materials.
This would be important for adsorption of F from aqueous streams
in presence of other anions with larger spatial radius; selective
removal of F being desirable.

The Linear Langmuir and Freundlich isotherms were also employed
in the equilibrium analysis of F adsorption onto the clay mineral. The
Langmuir Isotherm was used in its double reciprocal form as:

11 1 X
Jeq B meaxCeq N Jmax ( )
where C. is the equilibrium concentration (mg/L), g.q the amount of
metal ion sorbed (mg/g), Gmax iS geq fOr a complete monolayer cover-
age of the material by the adsorbate (mg/g), and b sorption equi-
librium constant (L/mg). A plot of 1/q.q versus 1/C.q should indicate a
straight line of slope 1/bqy,.x and an intercept of 1/q,.x from which
both the adsorption capacity gqma.x and the equilibrium constant b

2.0

1.6

9. (mg/g)
S

0.4 1

0.0 T T T T T T T d
0 2 4 6 8 10 12 14 16

c. (mg/L)

Figure 8. Adsorption isotherms for the removal of F ions from aqueous
solution by M1 at 303K and pH 3.4.
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representing the thermodynamic stability of the adsorption con-
stant between the surface and the solute can be determined.

On the other hand, the linearized Freundlich isotherm was
adopted as:

loggeq = logKr + nlogCeq (2)

For this equation, the value of the constant n is characteristic of
the intensity or loading of the adsorbate on the adsorbent surface
whereas K¢ is related to the equilibrium constant of the adsorption
process and therefore indicative of the affinity of the adsorbent for
the adsorbate particles. A plot of logg.q against 1ogCcq is a linear
graph of gradient n and vertical intercept equal to logK.

Both the Langmuir and the Freundlich adsorption isotherms were
employed in equilibrium description of F adsorption onto M1 and
the results presented in Fig. 9a and b. The Langmuir and Freundlich
isothermal parameters were computed from the linear plots and
compared with those of other low-cost adsorbents and presented in
Tab. 2.

The Langmuir and Freundlich isotherms fitted well the adsorption
data with R? values of 0.9991 and 0.9934, respectively; showing that F
adsorption on M1 could be described by these models. The values of
affinity coefficient, K¢, and intensity parameter, n, of the Freundlich
model indicated effective binding of adsorbate particles by M1
surfaces.

(a)
1.2 -
1.0 -
0.8 -

[
Q 0.6
0.4 -

0.2

0.0 T T T T T T 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

(b) 1/Ce
0.0

-0.2 1

-0.4 1

-0.6

Log q.

-0.8

-1.0 1

-1.2 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Log c,

Figure 9. (a) The Langmuir isotherm for the adsorption of F onto M1,
(b) The Freundlich isotherms for the adsorption of F onto M1.
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A total of 50 low-cost F adsorbents from the literature were con-
sidered in the comparisons. It could be noted that on average IERs
had the highest F adsorption capacities (61.57 mg|g) reported in
literature, followed by alumino-silicate minerals (36.6 mg/g), ferric
minerals (25.22 mg/g), siliceous/silicate minerals (14.10 mg/g), bio-
sorbents (5.66 mg/g), low-cost ACs (5.20 mg/g), alumina-based adsor-
bents (4.28 mg(g), calcareous minerals (2.79mg/g), carbonaceous
minerals (2.65), and phosphate minerals (2.51 mg/g), respectively.
These classes of low-cost adsorbents are not clear-cut and for mineral
adsorbents, one adsorbent may belong to several classes. It was
found that activated silica and IERs have F adsorption capacities
well above that of M1. However, apart from bone char and carbon-
aceous materials from coffee husks, F adsorption capacity of M1
was superior to those of biosorbents, carbonaceous adsorbents
and alumina-based adsorbents considered in these comparisons.
Although a number of minerals including: modified hematite, tour-
maline, palygorskite clay, smectic clay, illito-kaolinites, kaolinite-
ferrihydrite associate, and a ferric poly mineral from Kenya had
better F sorption capacity when compared to M1, the F adsorption
capacity of M1 was quite high compared to that of lateritic mineral,
lignite, hydroxyapatite, Boehmite, fluorspar, Chinese red soil,
calcite, pumice, quartz, activated kaolinite, and montmorillonites.

Differences in F adsorption capacities of adsorbents arise from
differences in the chemical, structural, and surface properties
of adsorbents and from adsorption parameters including:
concentration, pH, temperature, ionic strength, counter ions, co-
ions, rate of agitation, speciation, and time of contact, etc., employed
in the adsorption tests. Remarkable F adsorption characteristics
depicted by M1 in this work shows that the mineral could be utilized
as an inexpensive defluoridation media for practical removal of F
from water. Besides, the mineral can be obtained cheaply from its
abundant natural deposits for easy and safe use as F adsorbent.

3.5 Verification of defluoridation performance of
M1 on real water

To verify the performance of M1 for practical applications in defluor-
idation of water, up-flow column adsorption experiments were con-
ducted in Pyrex™ columns using high F water samples containing
about 5-90 mg|L F from natural sources in Elementaita-Gilgil Area,
Nakuru County, Kenya [33]. The fluoride adsorption data from the
column experiments were then analyzed using the Thomas model
[58] in the form:

erl(er) =Y o

where, Cy and C, are the influent and effluent concentration (mg/L),
K, is the Thomas rate constant, qo is maximum F adsorption
capacity of M1 in the column test, m is the adsorbent mass in column
(g), Qis influent flow rate (mL/min), and V is throughput volume (mL).
The Thomas rate constant, K, and the maximum adsorption
capacity, qo, values were computed from the slope and intercept
of linear plot of log[(Co/C,) — 1] versus V for various column adsorp-
tion conditions. The F breakthrough curve for 89 mg/L F water and
the Thomas rate constant, Kr,, and maximum adsorption capacity,
qo, values for different column operating conditions are depicted in
Fig. 10 and in Tab. 3, respectively.

The M1 breakthrough curve was typical “S-shaped” curve.
Figure 10 shows that at an average flow rate of 9.9 mL/min, nearly
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Table 2. Langmuir and Freundlich isotherm constants for the adsorption of F onto M1 compared with those of other low-cost F adsorbents in literature

Adsorbent and source pH, Temp (K) Langmuir Freundlich Reference
Qinax (mg/g) b (Ljmg) Ke
Aluminum hydroxide modified hematite 2.3-6.3, ng" 116.75 0.0256 4.7521 [17]
Tourmaline ng, 298 98 0.02 0.62 (18]
Palygorskitic clay 3.0, 298 93.45 0.0049 0.6 [27]
Smectic clay 3.0, 298 84.03 0.0043 0.52 [27]
Chitin/cellulose composite 6.5, 303 83.75 0.0088 1.6417 [37]
Glutaraldehyde cross-linked calcium alginate 8.0, 298 75.5 0.006 0.496 [38]
Illito-kaolinitic clay 3.0, 298 69.44 0.0042 0.48 27]
Modified silica 4.0, ng 444 0.01 0.42 (28]
Modified attapulgite ng, 305 41.5 0.0143 1.51 [39]
Bone char ng, 298 29 0.02 0.76 (18]
Carbonaceous materials from coffee husks ng, 298 26.8 0.17 5.9 [40]
La(IlI}Amberlite 200CT resin 6.0, 303 25.46 [41]
Ferrihydrite 5.5, 298 20 0.323 6.58 [29]
Cynodon dactylon 1.0, 298 16.32 0.138 041 [20]
Kaolinite-ferrihydrite associate 5.5, 298 12.83 0.054 1.58 [29]
Ferric polymineral from Kenya 34, 303 12.7 1.38 4.73 [30]
Siliceous mineral 3.4, 303 12.25 0.00637 0.0807 This work
Lateritic mineral from Kenya 34,303 10.4792 0.0524 0.6322 [31]
Bismuth aluminate ng, 323 943 0.24 1.85 [42]
Commercial activated alumina 6.8, ng 7.692 0.13 0.83 [23]
Phyllanthus emblica activated carbon 7.0, 298 7.172 2.075 4.357 [24]
Lignite ng, 298 6.9 0.2134 1.1473 [43]
Tamarind seed biosorbent 7.0, 293 6.37 0.69 - [21]
Carbonaceous materials from pyrolysis of sewage sludge 5.3, ng 6.2 0.037 0.28 [25]
Thermally activated carbon 7.0, 303 4617 1.58 3.024 [15]
Hydroxyapatite 6.0, ng 4.54 2.44 10.5 [44]
Lewatit FO 36 resin 5.5, 298 4.2918 0.231 3.467 [45]
Stone dust-alumina mixture 6.5, 300 4.009 3.3338 2.8436 [46]
South Moravian lignite ng, 303 3.73 13.7 0.01 [26]
Fine coke ng, 303 3.43 0.141 0.6287 [26]
Aluminum titanate ng, 323 3.35 0.11 0.52 [42]
Boehmite 4.2,ng 2.057 0.2806 0.574 147]
Fluorspar 6.0, ng 1.79 0.091 0.15 [44]
Aluminum sulfate 7.0, 293 1.7142 0.3744 1107.67 48]
Synthetic siderite ng, 298 1.713 0.202 0.2761 [49]
Montimorrillonites ng, 303 1.485 4.22 0.279 [50]
Kaolinites 5.5, 298 1.45 0.143 047 [29]
Brick powder 6.8, ng 1.345 0.43 0.42 [23]
Algal Spirogyra 101 biosorbent 1.272 585 - [22]
Activated quartz 6.0, ng 1.16 0.086 0.1 [44]
Egg-shell powder 6.0, 303 1.09 0.448 0.368 [51]
Activated charcoal 2.0, 302 1.076 0.429 0.312 [52]
Red soil of China 6.0, 300 0.8545 0.0609 0.1104 [53]
Bituminous coke ng, 303 0.786 0.0327 0.0611 [26]
Synthetic hydroxyl apatite 2.0, 298 0.489 42.454 0.371 [54]
Calcite 6.0, ng 0.39 0.023 0.066 [44]
Pumice 7.0, ng 0.31 0.97 0.85 [55]
Lanthanum oxide 0.2503 0.0077 0.21 [56]
Quartz 6.0, ng 0.19 0.12 0.023 [44]
Tea leaves biomass 6.8, ng 0.054 0.34 0.01 [23]
Acid-activated kaolinites 4.0, 313 0.045 2.7 1.287 [57]

90% fluoride removal was recorded in the initial 17 mL of effluent
solution. Then the influent fluoride concentration increased
and remained constant at 89 mg/L after about 56 mL of effluent
solution. The Thomas model fitted the adsorption data with
R®>>0.93 at all bed heights and flow rates. The values of g
predicted by the Thomas model were consistent with Langmuir
adsorption capacity predicted in Section 3.5 showing that the
Thomas model could describe sorption of fluoride onto M1. The
Langmuir capacity was however somehow better because agitation
in batch system increases surface accessibility to adsorbate ions
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above that in stationary column phase. At constant m the value
of Ky, decreased with decreasing flow rate, Q, and decreasing
influent concentration, C,y, while g, was enhanced at lowest flow
rates, Q, and lowest F concentrations, Cy. Similar findings have
been reported for alumina cement granules [59, 60], Kanuma
mud [59, 60], and magnesia-loaded fly ash cenospheres [61]. High
adsorption capacity of M1 shows that the adsorption process is
not affected by real water aqueous matrix in the water used in this
work and therefore this mineral, M1, could be used to scavenge F
from real water situations.
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Table 3. Column sorption data of fluoride onto M1 at different experimental
conditions

m Co Q Krn ) do
(2 (mgfL) (mL/min) (L/mg/min) (mgfg)
2 899 44.84 0.1345 24417
4 89 9.26 0.0117 560.22
4 17 5.32 0.2867 9.77
4 8 5.32 0.1409 11.67

100 -
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Cummulative effluent volume {(mL)

Figure 10. Column breakthrough curves at a dose of 4.0g of M1 and at
90 mg/L influent fluoride concentrations at a flow rate of 9.9 mL/min.

4 Concluding remarks

In this work, F adsorption onto M1, a siliceous mineral of a Kenyan
origin, was studied in batch and fixed-bed column adsorption systems.
Fluoride adsorption onto M1 was a fast process with the initial batch
equilibrium being attained within 20 min. The adsorption tempera-
ture and adsorbate pH were the main variables determining the
adsorption characteristics of F on M1 in a batch system. In general,
the adsorption capacities increased with increasing temperature and
decreasing solution pH. Close to 100% F removal was realized using
initial F concentration of 200 mg/L at 0.5 g/mL adsorbent dosage, 303~
333K temperature and pH 3.4+0.2 and the adsorption isotherm
could be classified as H3 type according to Giles classification and
the equilibrium adsorption could be described by both the Langmuir
and Freundlich adsorption models. The maximum Langmuir adsorp-
tion capacity was found to be 12.4 mg/g. Although the batch adsorp-
tion efficiency reduced in presence of competing ions such as the
chlorides, nitrates, and sulfates this study has demonstrated that
fluoride ions could be removed from aqueous solutions using a
siliceous mineral, M1 as a low cost adsorbent. The fixed-bed column
studies were conducted at different flow rates, bed depth, and initial
fluoride concentration. The fluoride removal by a fixed bed of M1
using different flow rates and adsorbent column loadings could be
described be the Thomas Model. F could be removed most efficiently
at low influent F concentration and lowest flow rates. In general the
findings in this work have demonstrated that M1 could be used to
remove F from water as an alternative low-cost adsorbent.
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