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ABSTRACT
The quest to reduce fluoride in groundwater to WHO acceptable limit of 1.5 mg/L to prevent diseases such
as teeth mottling and skeletal fluorosis was the motivation for this study. Al/Fe oxide-modified
diatomaceous earth was prepared and its defluoridation potential evaluated by batch method. The
sorbent with pHpzc 6.0 § 0.2 is very reactive. The maximum 82.3% fluoride removal attained in 50 min
using a dosage of 0.3 g/100 mL in 10 mg/L fluoride was almost attained within 5 min contact time; 81.3%
being the percent fluoride removal at 5 min contact time. The sorbent has a usage advantage of not
requiring solution pH adjustment before it can exhibit its fluoride removal potential. A substantial amount
of fluoride (93.1%) was removed from solution when a sorbent dosage of 0.6 g/100 mL was contacted
with 10 mg/L fluoride solution for 50 min at a mixing rate of 200 rpm. The optimum adsorption capacity of
the adsorbent was 7.633 mg/g using a solution containing initially 100 mg/L fluoride. The equilibrium pH
of the suspensions ranged between 6.77 and 8.26 for 10 and 100 mg/L fluoride solutions respectively.
Contacting the sorbent at a dosage of 0.6 g/100 mL with field water containing 5.53 mg/L at 200 rpm for
50 min reduced the fluoride content to 0.928 mg/L—a value below the upper limit of WHO guideline of
1.5 mg/L fluoride in drinking water. The sorption data fitted to both Langmuir and Freundlich isotherms
but better with the former. The sorption data obeyed only the pseudo-second-order kinetic, which implies
that fluoride was chemisorbed.
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Introduction

In rural Africa and Asia, groundwater remains the most appro-
priate drinking water where there is lack of pipe-born water.
This is essentially because it is usually free from microbial con-
tamination commonly associated with surface water and also
less prone to effluent from industries. However, groundwater
may not be completely safe for consumption if the fluoride level
is above WHO guideline of 1.5 mg/L in drinking water.[1] Far
above any other contributory source, high fluoride in drinking
water is traced to leaching of fluoride from fluoride-containing
minerals such as fluorspar, cryolite and fluorapatite.[2] Fluoride
is necessary in drinking water in appropriate concentration
(0.5–1.0 mg/L) to prevent dental caries in children.[3] Where
drinking water contains fluoride above 1.5 mg/L, there is an
increasing risk of dental fluorosis, and much higher concentra-
tions lead to skeletal fluorosis.[4]

Several defluoridation methods have been employed to remove
excess fluoride from drinking water. These methods could be clas-
sified as adsorption, ion-exchange, precipitation/coagulation, elec-
trocoagulation and membrane processes.[5–7] Research in
adsorption technology for fluoride removal has been far more
embraced than any other technology. Defluoridation based on
adsorption technology is considered to be the most appropriate for
rural communities because of its low cost, ease of operation,

needless of operational skill and electric power to run. In the light
of these factors, some of the materials that have been tested include
activated charcoal,[8] activated alumina,[9] clay soils and their modi-
fied species [10,11] and aluminium hydroxide impregnatedmacrore-
ticular aromatic polymeric resin [12] among others.

Raw diatomaceous earth (DE) has a low fluoride removal
potential. The highest percent fluoride removal at optimum
adsorption conditions is between 23.4% and 25.6% for
8 mg/L fluoride at pH 2, contact time of 30 min, solid-liq-
uid ratio of 0.4 g/50 mL, and shaking speed of 200 rpm.
The use of raw DE for fluoride removal from drinking
water is further limited by the fact that it exhibits its fluo-
ride removal characteristics at a very low pH. This limita-
tion compels surface modification of DE, such that the
application of the modified species in drinking water will
not require pH adjustment. DE has pores which can be
coated with metal hydroxides/oxides having high affinity for
fluoride through precipitation from their salts. Metal
oxides-modified DE has been employed in the removal of
various contaminants such as heavy metals and dyes from
textile effluent and wastewater.[13,14] DE is nonorganic and
so cannot undergo degradation to foul water. Another
advantage for using DE as a support material is its stability
at the operating temperature. It is reported that the pore
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structure of DE starts to collapse at 900�C. Also, complete
dehydration of the material occurs from 900 to 1,200�C.[15]

Materials and methods

Sample preparation

A mass of 140 g of dry and clean pulverized DE was dispersed
into 500 mL of Milli-Q water (18.2 MV cm at 25�C) in 1-L
plastic bottle. The pH of mixture was adjusted to 11 using
0.1 M NaOH solution. The bottle was corked and shaken on a
reciprocating shaker at 200 rpm for 30 min to remove geologi-
cal fluoride. After equilibration, the mixture was centrifuged
and the solid recovered was scooped into 1-L bottle containing
some Milli-Q water. The mixture was acidified to pH 2 using
0.1 M HCl, shaken for 30 min and centrifuged. The solid was
washed with Milli-Q water with repeated centrifuging until the
pH of the supernatant was 6. The DE was dried in the oven at
110�C for 8 h, cooled in the desiccator and then stored in
corked plastic bottles for future use.

Evaluation of fluoride released from diatomaceous earth

To ensure that the HCl- and NaOH-treated DE was free of
geological fluoride, 0.4 g of the dry sample was dispersed
into 40 mL of Milli-Q water followed by pH adjustment to
2 with 0.1 M HCl. The final volume of solution was made
up to 50 mL by adding more Milli-Q water. The mixture
was equilibrated at 200 rpm for 30 min. After equilibration,
the mixture was centrifuged at 5,000 rpm for 5 min and the
supernatant was analyzed for fluoride using four-standard
calibrated ORION VERSASTAR Advanced Electrochemistry
meter fluoride ion-selective electrode (LABOTEC (PTY)
LTD, South Africa). TISAB III was added to the standards
and supernatant at volume ratio 1:10, allowed to stand for
40 min to ensure complete decomplexation of possible Al-
or Fe-fluoride complexes, maintain a constant total ionic
strength and adjust the pH to around 5.3 before fluoride
measurement. (All subsequent cases of fluoride determina-
tion followed this procedure). The concentration of fluoride
in the supernatant was 0.0016 mg/L as opposed to the value
of 1.22 mg/L obtained when 0.4 g of non-treated DE was
equilibrated under the same conditions.

Preparation of solutions

All the chemicals used, which included hydrochloric acid
(HCl), sodium hydroxide (NaOH), sodium fluoride (NaF), iron
(II) chloride tetrahydrate (FeCl2.4H2O), iron(III) tetraoxosul-
phate(VI) hydrate (Fe2(SO4)3.xH2O) and aluminium tetraoxo-
sulphate(VI) octadecahydrate (Al2(SO4)3.18H2O) for the
preparation of required solutions were of analytical grade.
Chemicals were produced by Sigma-Aldrich, Germany and
supplied by Rochelle Chemicals, South Africa.

A stock solution of 1,000 mL of 1,000 mg/L fluoride
was prepared by dissolving 2.210 g of NaF in Milli-Q
water in a litre volumetric flask. Lower concentrations of
fluoride were prepared from the stock solution by serial
dilution.

Computation equations

The percent fluoride removal was calculated using the following
equation:

% F¡ removalD C0 ¡Ceð Þ
C0

£100: (1)

C0 and Ce are the initial and equilibrium concentrations of fluo-
ride solution, respectively, in mg/L.

The adsorption capacity, qe was computed using the follow-
ing equation:

Adsorption capacityD C0 ¡Ceð Þ
m

£V : (2)

m is the mass of adsorbent in g, while V is the volume of fluo-
ride solution in L.

Results and discussion

Al2O3- and Fe2O3-modifications of diatomaceous earth
at optimum conditions

DE was modified separately with Al2O3 and Fe2O3. The effects
of shaking speed and contact time on the two modifications
were studied to evaluate the optimum conditions for the modi-
fication of diatomaceous with the metal oxides.

Effect of shaking speed
A mass of 2 g each of DE was dispersed into four 250-mL plas-
tic bottles containing 20 mL of 0.5 M Al3C solution and another
four containing 20 mL of 0.5 M Fe2C solution. The bottles were
corked and shaken on a Stuart reciprocating shaker at 200 rpm
for 20 min to ensure thorough soaking. After shaking, 20 mL of
2 M NaOH was measured into the bottles to precipitate Al
(OH)3 and Fe(OH)2. Mixtures were shaken, respectively, at
100, 150, 200 and 250 rpm for 30 min to evaluate the effect of
shaking speed on the modification of DE with Al2O3 and
Fe2O3. The various mixtures were centrifuged after equilibra-
tion. The supernatants from Al(OH)3-DE-NaOH mixture were
discarded while those from Fe(OH)2-DE-NaOH mixtures were
acidified and kept for analysis with inductively coupled
plasma-mass spectrometry (ICP-MS). All the solids from
Al(OH)3-DE-NaOH mixtures were washed with 100 mL of
Milli-Q water and dried in the oven at 110�C for 8 h, cooled in
the desiccator and stored in corked plastic bottles. The solids
from Fe(OH)2-DE-NaOH mixtures were left exposed to air for
10 h for oxidation of Fe2C to Fe3C. At oxidation, the green col-
our of the solids turned completely brown; evidence of oxida-
tion of Fe2C to Fe3C. The solids were later washed as in the case
of solids from Al(OH)3-DE-NaOH mixtures and dried in the
oven at 110�C for 8 h.

Aliquots of 10 mL of the supernatants from the Fe(OH)2-
DE-NaOH mixtures were acidified with 2 mL of 3 M HNO3 for
ICP-MS analysis. A blank for the analysis was prepared follow-
ing the same procedure as the samples. The acidified superna-
tants and the blank were analyzed for Fe. The results of
analyses are reported in Table 1. The least concentration of Fe
in solution implies highest coating with Fe2O3. Hence, the
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shaking speed of 200 rpm was the optimum speed for DE mod-
ification with Fe2O3 as shown in the table. Dissolution of Al
from Al2O3-modified DE samples was used to evaluate the
effect of shaking speed on modification with Al2O3. The proce-
dure involved weighing 0.2 g of each Al2O3-modified DE sam-
ple and raw DE (blank) into 250-mL plastic bottles containing
50 mL of 3 M HNO3. The bottles were tightly corked and the
mixtures heated at 60�C for 2 h to dissolve Al2O3. After heat-
ing, the mixtures were cooled to room temperature and then fil-
tered using membrane filters. The Al3C in filtrates was
determined using ICP-MS analysis. The results of analyses after
blank correction are presented in Table 1. The highest value of
Al3C determined in solution implies the highest coating of DE
with Al2O3. The corresponding shaking speed of 100 rpm was
therefore the optimum shaking speed for modification with
Al2O3.

Effect of contact time
The effect of contact time on DE modification with Al2O3 and
Fe2O3 was considered following the procedure explained previ-
ously. However, the Al2(SO4)3-DE-NaOH and FeCl2-DE-
NaOH mixtures in the 250-mL bottles were equilibrated at
200 rpm for 10, 20, 30, 40, 50 and 60 min. The supernatants
from Al(OH)3-DE-NaOH mixtures were discarded as the dry
solids were to be treated for metal analysis while the superna-
tants from Fe(OH)2-DE-NaOH were acidified for ICP-MS
analyses as described in the previous subsection.

The results of the Al3C and Fe3C species analyses are
reported in Table 2. As shown in this table, the optimum con-
tact times were 50 and 60 min, respectively, for DE modifica-
tion with Fe2O3 and Al2O3.

Binary Al/Fe oxide modification of diatomaceous earth

Aliquots of 0.5 M Al3C and 0.5 M Fe2C solutions were added
together at different proportions in 250-mL plastic bottles with
the final volume of each resulting solution being 20 mL. The
volume ratios of Al3C to Fe2C considered were 2.5:17.5, 5:15,

10:10, 15:5 and 17.5:2.5, subsequently represented as AF-D1,
AF-D2, AF-D3, AF-D4 and AF-D5, respectively. A mass of 2 g
each of DE was weighed into each of the bottles and shaken for
20 min at 200 rpm to ensure proper soaking of DE. An aliquot
of 20 mL of 2 M NaOH was transferred into each of the bottles
to precipitate Al(OH)3 and Fe(OH)2. The mixtures were shaken
for 50 min at 100 rpm. After equilibration, the mixtures were
centrifuged to remove excess NaOH solution. The solids were
left exposed to air for 10 h for the oxidation of Fe2C to Fe3C.
Thereafter, the solids were washed with 100 mL of Milli-Q
water each, and centrifuged to remove the supernatants. The
washed, binary metal hydroxide-DE mixtures were placed in
the oven and dried at 110�C for 8 h. The dry samples were
cooled in a desiccator; the dry lumps were crushed and passed
through a 250-mm pore test sieve.

Aliquots of 40 mL of 10 mg/L fluoride solution were mea-
sured into five 250-mL plastic bottles. A mass of 0.4 g of each
Al/Fe oxide-modified DE sample was weighed into the bottles
and the pH of mixtures adjusted to 7 by adding 0.1 M HCl
solution. The final volume of solution was made up to 50 mL
by adding Milli-Q water thereby making the initial fluoride
concentration to be 8 mg/L. The mixtures in the bottles were
shaken inside a thermostated water bath for 30 min at 200 rpm
and 298 K. After equilibration, the mixtures were centrifuged
and the supernatants analyzed for residual fluoride. The results
are presented in Table 3.

The optimum defluoridation was obtained with AF-D3
which contained Al and Fe in the same proportion.

Comparison of the defluoridation potentials of Al2O3-,
Fe2O3- and Al/Fe oxide-modified diatomaceous earth

The process of leaving Fe(OH)2-DE-NaOH solids for hours to
accomplish oxidation of Fe2C to Fe3C led to much loss of DE
which being an amorphous silica is soluble at high pH. To
avoid the problem of loss of material, Fe3C salt was used in sub-
sequent modifications requiring Fe3C in the composite. With
the use of Fe3C salt, no further oxidation of metal was required.
Therefore, Fe2(SO4)3.£H2O was used in place of FeCl2.4H2O.

The defluoridation potentials of single metal oxide-, Al2O3-
and Fe2O3-modified DE were compared with that of the binary
Al/Fe oxide-modified DE. The modified DE species were repre-
sented by ADE, FDE and AFDE, respectively.

AFDE was prepared by mixing 10 mL of 0.5 M Al3C and
10 mL of 0.5 M Fe3C solutions together in a 250-mL flask and
then adding 2 g of DE. The mixture was swirled for about
1 min and left to stand for 2 h for DE to be properly soaked in
solution. Al(OH)3 and Fe(OH)3 were co-precipitated on DE by

Table 1. Concentrations of Al2O3 and Fe2O3 in solutions at different shaking
speeds.

Shaking
speed in rpm

Concentration
of dissolved
Al3C (mg/L)

Concentration
of Al3C from
DE (mg/g)

Concentration
of Fe species

in supernatant (mg/L)

100 197.61 49.40 0.90
150 153.49 38.37 1.20
200 124.30 31.07 0.84
250 107.90 26.97 2.16

Table 2. Concentrations of Al2O3 and Fe2O3 in solutions at different contact times.

Contact
time (min)

Concentration
of dissolved
Al3C (mg/L)

Concentration
of Al3C from
DE (mg/g)

Concentration
of residual Fe species
in supernatant (mg/L)

10 121.40 30.35 1.28
20 115.20 28.80 1.24
30 124.30 31.07 1.15
40 114.70 28.67 1.16
50 119.70 29.92 1.02
60 137.90 34.47 1.20

Table 3. Percent fluoride removal by Al/Fe oxide-modified DE containing different
metal ratios.

Sample of
Al/Fe oxide-modified DE pHe Ce (mg/L) % fluoride removal

AF-D1 7.26 6.74 15.8
AF-D2 7.31 5.52 31.0
AF-D3 7.26 4.69 41.4
AF-D4 7.31 4.94 38.3
AF-D5 7.25 5.61 29.9
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adjustment of pH to 8.2 with addition of 2 M NaOH. The mix-
ture was stirred vigorously as NaOH was being added. The
same procedure was adopted for precipitation of Al(OH)3 in a
mixture of 20 mL of 0.5 M Al3C and 2 g of DE, as well as Fe
(OH)3 in a mixture 20 mL of 0.5 M Fe3C and 2 g of DE. The
modification mixtures were shaken on a reciprocating shaker at
100 rpm for 50 min bearing in mind the limiting shaking speed
and contact time for modification of DE with Al2O3 and Fe2O3

as explained earlier. The mixtures were centrifuged to remove
excess NaOH while each solid was washed with 100 mL of
Milli-Q water accompanied with centrifuging. The solids were
dried in the oven at 110�C for 8 h, cooled in a desiccator and
stored in corked plastic bottles to avoid moisture.

To evaluate the defluoridation potential of the modified DE
species, 0.4 g of each sample was weighed into 50-mL aliquots
of 10 mg/L fluoride solution in three 250-mL plastic bottles.
The initial pH of each mixture was measured. The bottles were
corked and shaken for 30 min. The equilibration pH was deter-
mined at the end of the equilibration time. The mixtures were
then centrifuged and the clear supernatants obtained were ana-
lyzed for residual fluoride. The results of the percent fluoride
removal are reported in Table 4.

As shown in Table 4, AFDE (Al/Fe oxide-modified DE) had
the highest defluoridation potential (97.0% fluoride removal) of
the three modified DE species and closely followed by ADE
(96.6% fluoride removal). FDE had the least defluoridation
potential. No pH adjustment of mixtures was effected since this
would not be necessary in the application of adsorbents for
defluoridation of drinking water in point-of-use systems.

Physicochemical characterization of Al/Fe oxide-modified
diatomaceous earth

Surface area analysis
The surface area, pore area and volume of Al/Fe oxide-modified
DE were analyzed at the National Centre for Nano-Structured
materials, Council for Scientific and Industrial Research
(CSIR), South Africa using the Brunauer–Emmett–Teller
(BET) method. The instrument for analysis was Micromeritics
TriStar II Surface Area and porosity. The results of analysis are
compared with those of the raw DE as reported in Table 5.

The BET surface area increased from 31.9 m2/g (raw DE) to
70.7 m2/g (Al/Fe oxide-modified DE). Khraisheh et al.[14]

reported a surface area of 80 m2/g for manganese oxides modi-
fied DE while a value of 81.8 m2/g was reported for aluminium
compounds modified DE by Datsko et al.[16] The use of 2 M
aluminium sulphate solution by Datsko et al.[16] for DE modifi-
cation as against 0.25 M of Al3C and 0.25 M Fe3C solutions
used in the study is an indication that the specific surface area
of metal oxide-modified DE could vary much with the concen-
tration of solution of metal salts. As shown in Table 5, increase
in the surface area of DE after modification is evidence that Al/
Fe oxide was deposited on the raw DE. Increase in surface area
of adsorbent implies an increase in the number of active
adsorption sites. There was a corresponding increase in pore
volume of the adsorbent. The increase in pore surface area and
volume is an indication that the percolation of water through
the pores of the adsorbent during defluoridation would be
more readily achieved.

The plot of pore volume against pore diameter for both raw
and Al/Fe oxide-modified DE is shown in Figure 1. About 88%
of the pores had their diameter within the pore diameter range
of 2–50 nm (the mesopores range). Hence, the raw and Al/Fe
oxide-modified DE are mesoporous materials. This fact shows
that the adsorbent would be very permeable to water during
defluoridation.

Morphological analysis of raw and Al/Fe oxide-modified
diatomaceous earth
The morphology of the modified DE was probed by scanning with
the Hitachi X-650 scanning electron micro analyser equipped with
CDU lead detector at 25 kV. The scanning was carried out at the
ElectronMicroscope Unit, University of Cape Town, South Africa.
The images of the scans are presented in Figure 2. The images
show the differences in the pores sizes and appearance of DE before
and after modification. The pores of the modified DE appeared
almost completely filled by Al/Fe oxide deposited on the pores of
DE as opposed to the clear, net-like pores in the raw DE. The near
closure of the pores of the modified DE is evidence that the rawDE
wasmodified.

Fourier transform infra-red (FTIR) spectroscopy
The FTIR spectroscopic analyses of both modified DE and
fluoride-treated modified DE were done using ALPHA FT-IR
Spectrophotomer, to evaluate likely changes in the functional
groups of the material on contact with fluoride solution. As shown
in Figure 3, there was an increase in the transmittance of the Si-O-
H stretching vibration at 454 cm¡1 for the fluoride-treated DE.
This could be possible because of the formation of Si-F bonds with
fluoride adsorption which reduced the number of Si-O-H bonds
on the adsorbent surface. The same trend was noticed for the trans-
mittance at 1,059 cm¡1 for Si-O-Si stretching vibration where pos-
sible replacement of some –O-Si bonds with F- could have
occurred resulting in reduction of absorbance of IR by Si-O-Si.

Table 4. Percent fluoride removal using different metal oxide-modified DE samples.

Modified DE pH0 pHe Ce (mg/L) % F¡ removal

ADE 6.90 6.56 0.345 96.6
FDE 6.55 6.50 6.28 37.2
AFDE 6.51 6.43 0.302 97.0

Table 5. Comparison of the surface area, and pore area and volume of the raw and Al/Fe oxide-modified diatomaceous earth.

Form of
diatomaceous earth (DE)

Single point
surf. area (m2/g)

BET
surf. area (m2/g)

BJH adsorption cum.
surf. area of pores (m2/g)

BJH desorption cum.
surf. area of pores (m2/g)

BJH adsorption cum.
vol. of pores (cm3/g)

Raw DE 31.1740 31.8861 21.405 22.6989 0.089054
Al/Fe oxide-modified DE 67.7887 70.7252 61.306 64.7792 0.121841
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Figure 1. (a) Plot of BJH adsorption pore volume and BJH dV/dlog(D) pore volume against pore diameter (D) for raw DE. (b) Plot of BJH adsorption pore volume and BJH
dV/dlog(D) pore volume against pore diameter (D) for Al/Fe oxide-modified DE.

Figure 2. (a) SEM image of raw DE. (b) SEM image of Al/Fe oxide-modified DE.

Figure 3. FTIR spectra of Al/Fe oxide-modified and F–loaded Al/Fe oxide-modified diatomaceous earth.
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Thus, the modified DE removed fluoride on contact with fluoride
solution.

X-ray fluorescence (XRF) analysis
The major elements in the raw and Al/Fe oxide-modified DE
were analysed using PANalytical equipped with Rh tube. The
analysis carried out at the ICP-MS & XRF Laboratory, Central
Analytical Facilities, Stellenbosch University, South Africa are
reported in terms of their percentage compositions. For the two
materials, substantial difference in values was observed in the
percentages of Al2O3, Fe2O3 and SiO2 (Table 6). While there
was an increase in the percent compositions of Al2O3 and
Fe2O3 in the modified DE, the value of SiO2 decreased. The
increase in the values of the two metal oxides indicates the
effective modification of DE.

X-ray diffraction (XRD) analysis
The X-ray diffraction analysis of Al/Fe 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 PANalyticalX’Pert Pro powder dif-
fractometer with X’Celerator detector and variable divergence
and fixed receiving slits with Fe filtered Co-Ka radiation. The
phases were identified using X’PertHighscore plus software.

The X-ray diffractogram (Fig. 4) of Al/Fe oxide-modified DE
shows that the material is completely amorphous. The peaks
which are characteristics of crystalline materials are not visible.
Hence, the modified DE had no crystalline mineral phase.

pH at point-of-zero charge (pHpzc)
The pH at point-of-zero charge of the prepared Al/Fe oxide-
modified DE was evaluated using 1, 0.1 and 0.01 M KCl solu-
tions. For a start, 60 mL of each solution were measured and
the pH adjusted to a desired value with 0.1 M HCl and 0.1 M
NaOH. The adjusted pH constituted the initial pH (pH0). Ali-
quots of 50 mL of solutions of known pH were then measured
into clean and dry 100-mL plastic bottles. A mass of 0.5 g of
adsorbent was weighed into each bottle, corked and shaken
inside a reciprocating waterbath shaker at 200 rpm for 24 h.
The equilibrium pH (pHe) of mixtures was determined as soon
as the equilibration ended. The change in pH (DpH D pHe ¡
pH0) was plotted against the initial pH of KCl solution. The
profiles of the plots for the adsorbent in the solutions of three
KCl concentrations are presented in Figure 5. In the plots, the
pHpzc is the abscissa for DpH D 0. This is the point where the
curve crosses the horizontal axis.

Figure 4. X-ray diffractogram of Al/Fe oxide-modified diatomaceous earth.

Figure 5. Determination of pH at point-of-zero charge of Al/Fe oxide-modified DE for 1, 0.1 and 0.01 M KCl (volume of solution: 50 mL, adsorbent dosage: 0.5 g, contact
time: 24 h and shaking speed: 200 rpm).
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From Figure 5, the values of pHpzc for 1, 0.1 and 0.01 M
KCl were 5.75, 6.00 and 6.25 respectively. Therefore, the pHpzc
of Al/Fe oxide-modified DE was 6.0 § 0.2.

Optimization of adsorption conditions

Effect of contact time
Each 0.1 g of adsorbent was dispersed into 100 mL of 10 mg/L
fluoride solution in eight 250-mL plastic bottles. The initial pH
of suspensions was determined with a pH meter. The bottles
were corked and shaken for 5, 10, 20, 30, 40, 50, 60 and 70 min
at 200 rpm and 297 K. After equilibration, the equilibrium pH
of each mixture was measured. The suspensions were centri-
fuged and the supernatants analyzed for fluoride as described
previously. The batch experiment was repeated for adsorbent
dosages of 0.2 and 0.3 g respectively. The results of analyses are
reported in Figure 6. The residual fluoride was observed to be
nearly constant at the evaluated contact times. This shows that
the fluoride adsorption-desorption process attained equilib-
rium rapidly. Hence, no increase in contact time resulted in
appreciable incremental fluoride removal. In the first 5 min,
most of fluoride ions were adsorbed. A similar trend in fluoride
removal was reported by Yao et al.[17] with the use of neodym-
ium-modified chitosan for defluoridation of water. The mean
difference between the percent fluoride removal at 5 and
50 min contact times at the evaluated dosages was
approximately 1%.

Effect of adsorbent dosage
Adsorbent dosages of 0.1, 0.2, 0.4, 0.6, 0.8 and 1 g were weighed
into 100 mL of 10 mg/L fluoride solution in six 250-mL plastic

bottles. The mixtures were equilibrated at the optimum contact
time of 50 min. Centrifugation of mixtures and fluoride analyses of
supernatants were done as explained previously. Figure 7 shows
how the percent fluoride removal and adsorption capacity varied
with adsorbent dosage. The percent fluoride removal increased sig-
nificantly from 0.1 to 0.6 g showing that the number of active
adsorption sites increased with increase in dosage. The observed
increase in fluoride adsorption with increasing sorbent dosage is in
line with most reported defluoridation experiments involving dif-
ferent sorbent dosages.[17–19] At dosage values beyond 0.6 g, there
was no appreciable increase in the per cent fluoride removal as the
fluoride in solution was almost completely removed at lower dos-
ages. A dosage of 0.6 g was chosen to be the optimum adsorbent
dosage although a slightly higher fluoride removal occurred at
higher sorbent dosages. The choice of 0.6 g was to see how a

Figure 6. (a) Variation of percent fluoride removal with contact time. (b) Variation of adsorption capacity with contact time (initial fluoride concentration: 10 mg/L, vol-
ume of solution: 100 mL, and temperature: 297 K and shaking speed: 200 rpm).

Figure 7. Variation of percent fluoride removal and adsorption capacity with
adsorbent dosage (initial fluoride concentration: 10 mg/L, volume of solution:
100 mL, shaking speed: 200 rpm and temperature: 297 K).
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relatively small dose of sorbent could ensure a good defluoridation
of groundwater.

Effect of initial fluoride concentration
The effect of initial fluoride concentration was evaluated at 297,
317 and 329 K. In each batch experiment, 0.6 g of adsorbent
was weighed into eight 250-mL plastic bottles containing 10,
20, 30, 40, 50, 60, 80 and 100 mg/L fluoride respectively and
the mixtures equilibrated for 50 min. The initial and equilib-
rium pH of all the mixtures was measured. The fluoride in the
supernatants was analyzed after centrifuging the mixtures.

The trends in the percent fluoride removal and the adsorption
capacity with increasing equilibrium concentration at the evaluated
temperatures are shown in Figure 8. The trends are consistent at
the three temperatures. The percent fluoride removal decreased
with increasing initial fluoride concentration.[20,21] This could have
been because the mass of adsorbent was constant while there was
an increase in the initial concentration of adsorbate. There would
therefore be an increase in the equilibrium concentration of unad-
sorbed fluoride. However, the adsorption capacity of the sorbent
increased rapidly as the initial concentration of fluoride increased
from 10 to 30 mg/L after which there was a steady increase in the
value until the initial concentration of 100mg/L fluoride. The trend
in the adsorption capacity with increasing initial fluoride concen-
tration was as reported for various sorbents in literature.[21–23] The
highest values of the adsorption capacity were 7.633, 6.967 and
7.250 mg/g at 297, 317 and 329 K respectively, for fluoride with an
initial concentration of 100 mg/L. It was observed that the equilib-
rium pH increased with increasing initial fluoride concentration.
This could be attributed to the fact that fluoride being highly elec-
tronegative could form hydrogen bond with water molecules with

a net increase in the concentration of hydroxyl ions as the initial
concentration of fluoride increased.

Effect of pH
It is widely reported that pH has an effect on adsorption of
fluoride onto adsorbents.[23,24] Therefore, the effect of pH on
fluoride sorption onto Al/Fe oxide-modified DE was evaluated.
Aliquots of 90 mL of 12.5 mg/L fluoride were measured into six
250-mL plastic bottles. A mass of 0.6 g of adsorbent was then
weighed into each bottle. The initial pH of mixtures was
adjusted between 2 and 12 using 0.1 M HCl and 0.1 M NaOH.
Milli-Q water was added to each bottle to top up the volume to
100 mL while noting the new pH on adding water. With the
pH adjustment, the initial volume and fluoride concentration
were 100 mL and 11.25 mg/L respectively. The bottles were
corked and shaken for 50 min. After equilibration, the mixtures
were centrifuged and the supernatants analyzed for residual
fluoride. The values of percent fluoride removal and the corre-
sponding adsorption capacity at various equilibrium pH values
are reported in Figure 9.

As shown in Figure 9, the highest fluoride removal occurred
at the equilibrium pH of 6.70. The least removal was observed
at much higher pH values. Appreciable fluoride removal
occurred within the pH range of 2.51–8.12.

The evaluated pHpzc of Al/Fe oxide-modified DE was 6.0§ 0.2.
Below the pHpzc, the surface of adsorbent would be positively
charged.[25] Above the pHpzc, the adsorbent surface would be nega-
tively charged. Fluoride removal above the pHpzc must have been
by ion-exchange as OH- ions would predominate over H3O

C ions.
This fact was corroborated by the results of the speciation calcula-
tions. Thus, the fluoride removal by ion-exchange occurred as

Figure 8. (a) Variation of adsorption capacity with adsorbate concentration. (b) Variation of percent fluoride removal with adsorbate concentration (initial fluoride concen-
tration: 10 mg/L, volume of solution: 100 mL and shaking speed: 200 rpm).
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illustrated by the following equations:

Al OHð ÞC2 C 2F¡ !AlFC
2 C 2OH¡ (3)

Al OHð Þ3 C 3F¡ !AlF3 C 3OH¡ (4)

Al OHð Þ¡4 C 4F¡ !AlF¡
4 C 4OH¡ (5)

Fe OHð Þ3 C 3F¡ ! FeF3 C 3OH¡ (6)

Fe OHð ÞC2 C 2F¡ ! FeFC
2 C 2OH¡ (7)

Fe OHð Þ¡4 C 4F¡ ! FeF¡
4 C 4OH¡ (8)

Fe OHð Þ2C C F¡ ! FeF2C COH¡ : (9)

The reduction in the per cent fluoride removal could be due
to loss of large amount aluminium oxide at low pH. At pH <5,
Al2O3 gets dissolved in an acidic medium causing a loss of

adsorbent.[26,27] A number of factors could be attributed to the
very low fluoride removal at alkaline pH. At pH >7, silicate
and hydroxide compete more strongly with fluoride ions for
exchange sites.[26,27] The colloidal brown colour (Fe3C is
brown) of the supernatants observed at pH >8 is evidence of
loss of adsorbent at alkaline pH. DE, the main support for the
coated binary metal oxide consists of amorphous silica which is
very soluble at high pH. Also, Al2O3 is an amphoteric oxide
which would react with OH- to form a soluble salt; leading to
further loss of the adsorbent.

Effect of temperature
The effect of temperature on fluoride removal and adsorption
capacity was evaluated at 297, 317 and 329 K using initial fluo-
ride concentrations of 10, 20, 30, 40 50, 60, 80 and 100 mg/L.
The experimental procedure was as described in the subsection
where the effect of adsorbate concentration was explained. As
shown in Figure 10, there was no significant change in the per-
cent fluoride removal and adsorption capacity for each concen-
tration of fluoride at the evaluated temperatures. This implies
that change in temperature had no effect on the sorption pro-
cess. The adsorbent would therefore be applicable for house-
hold defluoridation of groundwater at the ambient
temperature. The negative values of the Gibbs free energy even
at the least evaluated temperature reported in a later table is a
confirmation of the feasibility of adsorption at that
temperature.

Figure 9. Variation of percent fluoride removal and adsorption capacity.

Figure 10. (a) Percent fluoride removal as a function of temperature. (b) Adsorption capacity as a function of temperature (contact time: 50 min, adsorbent dosage:
0.6 g/100 mL, temperature: 297, 317, and 329 K and shaking speed: 200 rpm).
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The values of the defluoridation parameters for optimum
fluoride removal are summarized in Table 7.

Adsorption isotherms

Adsorption isotherm is an equilibrium test providing a
general idea of the effectiveness of the adsorbent in remov-
ing fluoride ions from water and also the maximum amount
of fluoride ions that could be removed.[28]

In order to determine the adsorption capacity of Al/Fe
oxide-modified DE for fluoride, and the nature of the adsorbent
surface, sorption data were analysed to fit Langmuir and
Freundlich isotherms. Langmuir model is an analytical equa-
tion that assumes monolayer coverage of adsorbent surface
with adsorbate. Hence, Langmuir model is valid for monolayer
adsorption onto a sorbent surface.[29]

Langmuir isotherm is given as

qe D qmKLCe

1CKLCe
(10)

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

The linearised Langmuir equation (Eq. 11), known as
Langmuir-1,[30] is the most commonly used linear forms of
Langmuir equations

Ce

qe
D 1

qm
Ce C 1

KLqm
: (11)

The plot of Ce=qe values against Ce for the sorption data at 297,
317 and 329 K gave straight lines with high correlation coeffi-
cients as shown in Figure 11; an indication of good fit of data

to the Langmuir isotherm. Hence, there was possibly a mono-
layer adsorption of fluoride on the smooth surface of the
adsorbent.
Freundlich model is an empirical equation that takes into con-
sideration the heterogeneity of the sorbent surface.[31]

The isotherm is given as

qe DKFC
1

n:=
e (12)

The linear form is represented by the following equation:

log qe D log KF C 1
n
log Ce: (13)

KF and n are the Freundlich constants whose values depend on
experimental conditions. KF represents the adsorption capacity
based on Freundlich isotherm while 1/n is the heterogeneity
factor. Where 1/n values are much less than 1, the adsorbents
are heterogeneous.[32] The values of KF and 1/n can be com-
puted from the plots of log qe versus log Ce.

The plot oflog qe against log Ce for the sorption data at 297,
317 and 329 K gave straight lines with high correlation coeffi-
cients as shown in Figure 12. The correlation coefficients are
however less than those of Langmuir isotherm at each tempera-
ture. Therefore Langmuir isotherm gave better fits to the
sorption data. The minimum adsorption capacities, KF calculated
at the evaluated temperatures as shown in Table 8 are higher

Table 7. Optimum defluoridation condition values.

Defluoridation condition Value at optimum fluoride removal

Contact time (min) 50
Sorbent dosage (g) 0.6
Adsorbate concentration (mg/L) 10
Equilibrium pH 6.70

Table 6. Major elements analysis by X-ray fluorescence.

Metal oxide
Raw

diatomaceous earth
Al/Fe oxide

modified diatomaceous earth

Al2O3 4.01 9.85
CaO 0.24 0.19
Cr2O3 0 0.01
Fe2O3 2.96 12.46
K2O 0.75 0.38
MgO 0.11 0.15
MnO 0.04 0.06
Na2O 0.61 1.92
P2O5 0.04 0.02
SiO2 84.17 66.09
TiO2 0.17 0.14
L.O.I.� 7.52 8.82

� Loss on ignition.

Figure 11. Langmuir isotherm plots at 297, 317 and 329 K (contact time: 50 min,
initial fluoride concentrations: 10, 20, 30, 40, 50, 60, 80 and 100 mg/L, volume of
solution: 100 mL, adsorbent dosage: 0.6 g and shaking speed: 200 rpm).

Figure 12. Freundlich isotherm plots at 297, 317 and 329 K (initial fluoride concen-
trations: 10, 20, 30, 40, 50, 60, 80 and 100 mg/L, volume of solution: 100 mL, adsor-
bent dosage: 0.6 g, shaking speed: 200 rpm).
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than those obtained from the experiment. However, the hetero-
geneity of the adsorbent surface is established by the low values
of the parameter 1/n (Table 8). The fitness of data to the two iso-
therms, consistently, at the three different evaluated tempera-
tures is proof of applicability of the isotherms in describing the
adsorption at the various fluoride concentrations.

Adsorption thermodynamics

Temperature influences the spontaneity of a chemical process
among other driving forces. However, the spontaneity of a chemi-
cal reaction is wholly determined by a thermodynamic quantity
defined as the Gibbs free energy change, DG0.[33] The Gibbs free
energy is given as

DG0 DDH0 ¡TDS0: (14)

DH0 is the standard enthalpy change while DS0 is the entropy
change. For a spontaneous sorption process, DG0 must have a
negative value.

In sorption equilibria, the equilibrium constant KL which is
the Langmuir’s constant is related to the Gibbs free energy
change by the following equation:

DG0 D ¡RT ln KL: (15)

DG0 is the standard Gibbs free energy change and R is the
molar gas constant, 8.314 J mol¡1 K¡1

lnKL D ¡ DH0

RT
C DS0

R
: (16)

DH0 is known as the standard enthalpy change.

The linear form

lnKL D ¡ DH0

RT
C constant (17)

is suitable for graphical determination of the standard enthalpy
change from the slope of the linear plot of ln KL against 1/T.

The Gibbs free energy change calculated for the sorption
data at the evaluated temperatures have negative values as
shown in Table 9. This confirms the spontaneity of the sorption
process at those temperatures.

The standard enthalpy change for the sorption of fluoride
onto Al/Fe oxide-modified DE was obtained from the slope of
the linear plot of ln KL against 1/T (Fig. 13).
The slope of the linear plot is ¡1055.1.

Therefore from calculation, DH0 D 8771.27 J/mol.
The positive value of the standard enthalpy change is an indica-
tion that the fluoride sorption process is endothermic.

Adsorption kinetics

Two kinetic models for predicting the order of sorption process
were evaluated. The Lagergren pseudo-first-order model is given as

dqt
dt

D k1 qe ¡ qtð Þ: (18)

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.
On integration Eq. 18 becomes

log qe ¡ qtð ÞD ¡ k1
2:303

tC logqe: (19)

The pseudo-first-order model was tested by fitting it to the
adsorption data. However, the plots of log qe ¡ qtð Þ values
against t did not give straight lines (Figure not given). Hence,
the model was not applicable to the sorption process.

The pseudo-second-order model was also tested to see its
applicability to the data. The model is presented in the follow-
ing equation:

dqt
dt

D k2 qe ¡ qtð Þ2: (20)

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

On integration, the following equation gives the linear form
of the pseudo-second-order:

t
qt

D 1
k2 q2e

C t
qe
: (21)

Table 8. Calculated Langmuir and Freundlich isotherm parameters.

Langmuir isotherm constants Freundlich isotherm constants R2

Temperature
(K)

qm
(mg/g)

KL
(L/mg) R2 1/n KF R2

297 8.1301 0.1861 0.990 0.349 2.0464 0.971
317 7.3529 0.2547 0.995 0.307 2.2387 0.962
329 7.5758 0.2578 0.994 0.305 2.3281 0.968

Table 9. Adsorption thermodynamic parameters.

T (K) 1/T (1/K)£103 ln KL KL (L/kg) DG0 (J/mol)

297 3.367 5.2263 186.1 ¡12 905.04
317 3.155 5.5401 254.7 ¡14 601.11
329 3.040 5.5522 257.8 ¡15 186.92
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The plot of t
qt

�
values against time t for adsorbent dosages of

0.1, 0.2 and 0.3 g gave near perfect straight lines as shown in
Figure 14. Hence, the data conformed to a pseudo-second-
order; an indication of adsorption by chemisorption.

The calculated qe and the experimental qe were compared.
The closeness of the two values as shown in Table 10 is an indi-
cation that the pseudo-second-order model was the appropriate
kinetic model for the fluoride sorption.

Adsorption mechanisms

Intra-particle diffusion
The probable mechanism controlling the sorption rate was
evaluated using the intra-particle diffusion model by Weber
and Morris,[34] stated as

qt D kid
ffiffi
t

p C I (22)

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

possibly be the rate-controlling step. If the plot of qt against
ffiffi
t

p
is linear, then, intra-particle diffusion would be the rate
controlling factor. This was however not the case when the
intra-particle diffusion was evaluated in this study. That intra-
particle diffusion could possibly not be the sorption rate deter-
minant because of the much smaller size of fluoride ion to the
pores of the sorbent. The ionic radius of fluoride is 1.33 A

�
.[35]

The minimum pore diameter of the adsorbent as determined
by BET analysis was 20.112 A

�
. There would therefore be no

inhibition to fluoride ion movement through the adsorbent.

External diffusion
The external diffusion model by Lee et al.[36] was used to
evaluate the possibility of external diffusion being the rate con-
trolling step. The diffusion model is given as

ln
Ct

C0
D ¡ kf

A
V
t (23)

where C0 is the initial fluoride concentration, Ct is the concen-
tration 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.[36] The external diffusion plots for the sorption data
were not linear and so external diffusion could not be the sorp-
tion rate limiting step.

The probable mechanism controlling the rate of fluoride
sorption onto the adsorbent is either the electrostatic attraction
of fluoride ions to the positively charged sorbent surface or the
ion-exchange at the surface.[37,38]

Effect of co-existing anions

In groundwater water, there could be other anions along with
fluoride which might possibly compete with fluoride for
adsorption. Some of the common anions reported to compete
with fluoride include NO3

¡, CO3
2¡, SO4

2¡ and PO4
3¡ ions.[39]

The effect of each anion on fluoride adsorption was studied
separately. The simulated groundwater was prepared by mea-
suring 1 mL of 1,000 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 resulting solution which
contained 10 mg/L fluoride and 5 mg/L anion was shaken and
then transferred quantitatively into a 250-mL plastic bottle. A
mass of 0.6 g of adsorbent was weighed into the flask and
shaken for 50 min at 200 rpm. After equilibration, mixtures
were centrifuged to remove the solid. The fluoride in superna-
tants was analysed using ORION fluoride ion-selective elec-
trode. The effect of each anion on fluoride removal was

Figure 13. ln KL as a function of reciprocal of adsorption temperatures.

Figure 14. Pseudo-second-order profile at different adsorbent dosages (initial fluo-
ride concentration: 10 mg/L, volume of solution: 100 mL, temperature: 297 K and
shaking speed: 200 rpm).

Table 10. Pseudo-second-order parameters at different adsorbent dosages.

Adsorbent dosage (g) Equation Experimental qe(mg/g) Calculated qe (mg/g) k2 (L mg¡1 min¡1)

0.1 y D 0.215x C 0.069 4.651 4.720 0.6699
0.2 y D 0.284x C 0.129 3.521 3.520 0.6252
0.3 y D 0.365x C 0.059 2.740 2.743 2.2581
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determined based on the percent fluoride removal with the
anion co-existing in water. This varied with the type of anion.
Figure 15 shows the percent fluoride removal relative to the
competing anion in water. The order in which the anions com-
peted with fluoride is SO4

2¡ < NO3
¡ < CO3

2¡ � PO4
3¡. There

was no significant difference between CO3
2¡ and PO4

3¡ in
competition with fluoride.

Negatively charged ions are naturally attracted to positively
charged ones. The extent of attraction is dependent on the
magnitude of charge and size of ion. Usually anions with higher
charge magnitude are more strongly attracted to cations for
bond formation than the univalent anions. This would proba-
bly explain why PO4

3¡ competed most with F- for adsorption
than any other anion. Equilibrium pH ranged between 6.80
and 6.98.

Further studies were carried out to determine the extent to
which the concentration of phosphate could affect fluoride
removal. The concentrations of phosphate considered along
with 5 mg/L included 2, 3 and 4 mg/L. From the results, a con-
centration as low as 2 mg/L phosphate in water containing
10 mg/L fluoride could lower the percent fluoride removal by
about 8%. Increasing the phosphate concentration within the
range of 2–5 mg/L did not cause any significant change in per-
cent fluoride removal above the value for 2 mg/L PO4

3¡. The
trend is presented in Figure 16.

Correlation between leached metals and adsorbent
dosage

The likelihood of aluminium and iron leaching into water at
high adsorbent dosage was evaluated by analysing the superna-
tants obtained from the batch experiment involving different
adsorbent dosages. The metal species were determined using
ICP-MS analysis. The results are presented in Figure 17. The
concentrations of Al and Fe species were in trace levels and so
not of health concern.[1] The average equilibrium pH of solu-
tion was 6.59 § 0.09.

Defluoridation of field water

The performance of Al/Fe oxide-modified DE in groundwa-
ter defluoridation was evaluated by batch technique. A dos-
age of 0.6 g of the sorbent was contacted with 100 mL of
groundwater containing initially 5.53 mg/L fluoride and the
mixture shaken for 50 min at 200 rpm. The initial and
equilibrium pH of mixture were 6.92 and 6.80 respectively.

Figure 15. Effect of co-existing anions on fluoride removal (initial fluoride concen-
tration: 10 mg/L, volume of solution: 100 mL, concentration of anion: 5 mg/L,
adsorbent dosage: 0.6 g, contact time: 50 min, shaking speed: 200 rpm and tem-
perature: 297 K).

Figure 16. Dependence of percent fluoride removal on the concentration of co-
existing phosphate ions (initial fluoride concentration: 10 mg/L, volume of solu-
tion: 100 mL, adsorbent dosage: 0.6 g, contact time: 50 min, shaking speed:
200 rpm and temperature: 297 K).

Figure 17. Concentration of leached metals as a function of adsorbent dosage (ini-
tial F¡ concentration: 11.25 mg/L, volume of solution: 100 mL, contact time:
50 min, temperature: 297 K and shaking speed: 200 rpm).

Table 11. Concentrations of competing anions before and after defluoridation.

Co-existing anion Initial concentration (mg/L) Final concentration (mg/L)

Cl¡ 31.6 40.9
Br¡ 2.08 ND
NO3

¡ 1.13 ND
SO4

¡ 11.9 ND
PO4

3¡ ND ND

ND: not detected. Figure 18. Concentrations of elements in field water in mg/L.
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After equilibration, the mixture was centrifuged and the
supernatant analyzed for fluoride. The concentration of
fluoride in the treated water was reduced from 5.53 to
0.928 mg/L. Hence, the percent fluoride removal was 83.2%.
The anions in the original and treated groundwater were
analyzed using Metrohm 850 Professional IC. The results of
analysis are presented in Table 11.

Table 11 shows that the adsorbent removed all the compet-
ing anions except chloride below the detection limit of the IC
instrument. The increase in the concentration of chloride in
the treated water was a result of the leaching of chloride from
the adsorbent. The source could be HCl used in the treatment
of the raw DE.

The full chemical analysis of the field water before and after
defluoridation was done using ICP-MS. From the results pre-
sented in Figures 18 and 19, the concentrations of all the ele-
ments evaluated in the raw and treated field water were below
the WHO Guidelines for Drinking-water Quality.[1] Hence, the
treated water might be safe for consumption.

Conclusion

Al/Fe oxide-modified DE has a high fluoride removal potential.
The optimum adsorption capacity was 7.633 mg/g for 100
mg/L F¡ at 297 K. The maximum percent F- removal was
93.1% at solid-liquid ratio of 0.6 g/100 mL (initial fluoride con-
centration: 10 mg/L, contact time: 60 min, temperature: 297 K,
and shaking speed: 200 rpm). Contact time and temperature
change had no significant effect on fluoride removal. At 5 mg/L
co-existing anion concentration, reduction in percent F-
removal was at most 9.2% for PO4

3¡. A sorbent dosage of
0.6 g/100 mL reduced fluoride in field water from 5.53 to
0.928 mg/L, a value below the WHO guideline of 1.5 mg/L for
fluoride in drinking water. Hence, with the water treatment,
the chances of consumers having fluorosis are much reduced.

Conformance of data to Langmuir and Freundlich iso-
therms confirmed both monolayer and multi-site adsorption
of F- onto the adsorbent surface. Data fitted better into the
Langmuir isotherm than Freundlich isotherm. Sorption
kinetics was better modelled using the pseudo-second-order
model. Hence, adsorption was by chemisorption. The
adsorption rate limiting step was most probably the process
involving ion-exchange or attraction of F- to the sorbent
surface as neither intra-particle nor external diffusions was
the rate limiting mechanism.
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