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Abstract 
Kaolinite (K), ferrihydrite (F) and kaolinite-ferrihydrite association (KF) were characterized using X-ray diffraction, potentiometric titrations and 
surface and pore structures analysis. Moreover, the adsorption characteristics for fluoride by the three samples were studied. Compared to the 
average values of the K and F samples, the BET surface area, external surface area, total pore volume and surface fractal dimension of the KF increased; 
however, the hydroxyl density and proton charge of the KF decreased. The pH of point of zero net proton charge (pHpznpc) of the K, F and KF 
appeared at pH 3.6-4.3, 8.0 and 6.2-7.2, respectively. The adsorption capacities (q

e
) for fluoride by the three samples followed the order of F>KF>K, 

and the maximum adsorption capacity (q
max

) of the KF was much higher than the average value of the K and F samples. The adsorption data for 
fluoride by the three samples could be well fitted by one-site Langmuir and two-site Langmuir models (R2 = 0.981-0.992), but the Freundlich model 
can only describe the adsorption for fluoride by the KF sample (R2 = 0.975). 
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Introduction 
Fluoride is a necessary micronutrient for humans and animals. An 
appropriate concentration of fluoride in human body is beneficial 
for the production and maintenance of healthy bone and teeth, 
but excessive intake of fluoride can cause fluorosis such as bone 
disease, mottling of teeth and lesion of endocrine glands, thyroid, 
liver and other organs 1, 2. Fluorosis has been a considerable health 
problem and is afflicting millions of people in many areas of the 
world, especially in East Africa, India and China 3-5. 

Fluoride occurs as an element naturally in minerals, soils, 
sediments and natural waters, and also as an anthropogenic 
contaminant in many areas of industrial activity such as 
semiconductors, phosphate fertilizers and electroplating 3, 6, 7. A 
high content of fluoride in soils and waters can enter the organisms 
of plants, animals and humans through substance cycles and 
food chains, which is one of the common pathways leading to 
fluorosis 5, 7. 

Clay minerals in natural environments have a strong adsorption 
affinity for fluoride, which can decrease the migration and 
bioavailability of environmental fluoride 8-10. Clay minerals in soils 
and sediments occur seldom as a single mineral phase, and they 
often cement together with each other forming multiphase 
associations 10-12. Therefore, the adsorption properties for fluoride 
by the associations of different clay minerals are important to 
understand the geochemical cycle of environmental fluoride. 

Ferrihydrite and kaolinite are common clay minerals in soils and 
sediments, where they are often simultaneously present and tend 
to form associations that are cemented together by surface 
complexation reactions 11, 12. Ferrihydrite has a high adsorption 
capacity for fluoride removal from waters due to its large specific 

surface area, high amount of surface functional groups and also 
high surface pHpznpc 10, 13-15. Although the adsorption capacity 
for fluoride by kaolinite is low when compared to other clay 
minerals, kaolinite is nevertheless widely distributed in natural 
soils 16, 17. Therefore, kaolinite plays a certain role in the retention 
of environmental fluoride. 

Although the adsorption properties of fluoride by iron oxides 
and kaolinite have been widely reported, studies of kaolinite- 
ferrihydrite association behaviour in the presence of fluoride are 
very rare. Based on the literature knowledge that the interactions 
between oxyhydroxides and kaolinite may significantly affect the 
adsorption properties of mineral surface for pollutant substances, 
such as metal ions and organics 18-20, in this work the surface 
properties and the adsorption characteristics for fluoride of 
kaolinite-ferrihydrite association (KF) will be investigated and 
compared with those of pure kaolinite (K) and ferrihydrite (F). The 
obtained results may be useful for understanding the geochemical 
cycle of environmental fluoride and controlling the fluoride 
pollution of soils and waters. 

Materials and Methods 
Reagents: The reagents of analytical purity and double distilled 
water were used. Raw kaolinite from Maoming Kaolin Clay 
Company (Guangdong Province, China) was purified and classified 
by the conventional sedimentation method, and the <2 µm fraction 
was collected for further use. The purified and Na-saturated 
kaolinite (K) was freeze-dried, ground to pass a 100-mesh sieve, 
and stored in a desiccator with silicagel. 
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Preparation of samples: Pure ferrihydrite (F) was synthesized 
according to the method described by Schwertmann and Cornell 21. 
Under vigorous magnetic stirring, 6 mol/L KOH solution was added 
drop by drop to an aqueous solution of Fe(NO

3
)

3
.9H

2
O (20 g in 

500 ml) in a 1 L polyethylene flask until the pH was adjusted to 7-8. 
The resulting precipitate was then dialyzed against distilled water 
(MWCO 10000 Da), freeze-dried, ground to pass a 100-mesh sieve, 
and stored in a desiccator. 

For the preparation of kaolinite-ferrihydrite association (KF), 
100 ml distilled water was added to 4.81 g kaolinite in a 1 L 
polyethylene flask, followed by vigorous stirring for 5 min and 
ultrasonic dispergation for 30 min. Then, 100 ml of 0.5 M Fe(NO

3
)

3
 

solution was poured into the kaolinite suspension under vigorous 
magnetic stirring. These amounts of kaolinite and Fe(NO

3
)

3
 were 

selected in order to reach a theoretical mass ratio (1:1) of ferrihydrite 
to kaolinite. The suspension was adjusted to pH 7-8 with a 6 M 
KOH solution. After a reaction time of 120 min the stirring was 
stopped. The polyethylene flask was sealed and aged at rest for 5 
days at 4°C. The prepared precipitate was dialyzed, dried, ground 
and stored in the same way as the F sample. 

Sample analysis: Powder X-ray diffraction (XRD) patterns were 
measured on a German Bruker D8 Advance X-ray diffractometer. 
The diffractometer was operated at 40 kV tube voltage and 40 mA 
tube current with a graphite monochromator using CuKα radiation 
(λ = 0.15406 nm), diffracting rate of 2°/min, and step intervals of 
0.02°. 

The nitrogen adsorption-desorption experiments were measured 
at 77 K with Quanta Chrome Autosorb-1S apparatus. About 0.1 g 
power samples were degassed for 16 h at 80°C prior to the 
adsorption measurement. The specific surface area (SSA) was 
calculated from the adsorption isotherms according to the 
Brunauer-Emmett-Teller (BET) method in a range of relative 
pressure 0.03-0.2 p/p

0
. The total pore volume was estimated from 

the maximum adsorption capacity at relative pressure close to the 
saturation pressure. The micropore surface area was calculated 
using the Dubinin-Radushkevich (DR) method, and the external 
surface area was calculated using the t-plot method. The surface 
fractal dimension D was calculated by the Frenkel-Halsey-Hill 
(FHH) method from the N

2
 adsorption isotherms of the samples. 

Potentiometric titrations were performed by using an automatic 
potentiometric titrator (Metrohm titrator 836) according to the 
following procedures. To a titration cell that was kept at 25°C 
using a water bath 0.10 g sample and 50 mL of 0.01 M KCl solution 
were added. After introduction of electrodes, burette tips, and the 
N

2
 source, the titration cell was closed. Under the conditions of 

N
2
 refluxing and magnetic stirring, potentiometric titrations were 

conducted with the standard titrants of 0.1 M HCl and 0.1 M 
KOH. The suspension was adjusted to pH 3 and equilibrated for 
30 min, and then the titrations were carried out from pH 3 to 11 
using 0.1 M KOH. After an additional equilibration time of 30 min, 
the suspension was titrated back to pH 3 using 0.1 M HCl. For the 
next reversible retitration, the ionic strength of suspension was 
increased to a higher level (0.1 and 0.5 M KCl) by adding KCl 
reagent. After salt addition, the cell was equilibrated for 30 min 
before continuation of the retitration. For all KCl concentrations a 
blank titration (no samples) was also performed. Titrants were 
added in minimum aliquots of 0.01 ml HCl or KOH. After addition 
of titrant, the rate of drift was measured over a 2 min interval. 

Electrode readings were accepted when the drift was below 0.5 
mV/min. The titration data from pH 11 to 3 were used to analyze 
the proton charge (q

H
) of the sample. The q

H
-pH curves of the 

sample were obtained by subtracting the calculated blank titration 
values from the measured titration points of the sample using the 
improved Davies equation 22 and then regulating the surface proton 
charge. 

Adsorption experiments: For preparation the 10 g/L stock 
suspensions of adsorbents, 5 g sample and 300 ml double distilled 
water were added into a 500 ml polyethylene flask, followed by 
magnetic stirring for 5 min and ultrasonic dispersion for 30 min. 
The suspension was adjusted to a predetermined pH between 3 
and 10 with 0.1 M  NaOH or 0.1 M  HCl and stabilized for 24 h. The 
volume of the suspension was adjusted to 500 ml with double 
distilled water. A 500 mg/L fluoride stock solution was prepared 
by dissolving 1.1050 g NaF in 1000 ml double distilled water at 
room temperature. 

All adsorption experiments were conducted with a 2 g/L 
adsorbent concentration, 0.01 M  KCl background electrolyte and 
a constant temperature of 25°C. A 10 ml adsorbent suspension 
and 0.5-10 mL of fluoride stock solution were taken into a 100 ml 
stoppered conical flask, followed by adding 5 ml of  0.1 M  KCl to 
maintain ionic strength. The pH of the suspension was adjusted 
to a predetermined value, and then the total volume was adjusted 
to 50 ml with double distilled water. The suspension was agitated 
on a mechanical shaker at a speed of 300 rpm for required time. 
The suspension was filtered through a 0.45-µm membrane filter 
and the fluoride concentration in the filtrate was measured 
electrochemically with a fluoride ion-selective electrode. All 
experiments were performed in triplicate and the average values 
were reported. The adsorption capacity for fluoride by the 
adsorbent was calculated from the following equation: 

q
e
 = (C

i
 – C

e
)/C

A                                                                                                                      
  (1) 

where q
e
 is the adsorption capacity (mg/g), C

i
 is the initial fluoride 

concentration (mg/L), C
e
 is the residual concentration of fluoride 

(mg/L) and C
A
 is the adsorbent concentration (g/L). 

Results and Discussion 
XRD analysis: The XRD patterns of the samples are depicted in 
Fig. 1. The peaks of the K matched well with the file card of kaolinite 
(JCPDS-89-6538), indicating that the K sample possessed a fine 
crystallinity and high purity. The XRD pattern of the F showed 
two extremely weak and broad peaks at 0.251 and 0.151 nm, 
indicating that a poorly ordered two-line ferrihydrite was formed. 
The characteristic peaks of kaolinite and ferrihydrite could be 
detected in the KF, but the peak intensity of kaolinite in the KF 
was much lower than that in the K sample. This can be attributed 
to two factors: Some ferrihydrite particles coated the surfaces of 
kaolinite and  the relative content of kaolinite in the KF decreased 21. 
The peak positions (°2θ) of kaolinite in the KF were the same as 
those of the K. This means that the interlayer spaces of kaolinite 
remained unchanged during the formation of the KF. 

Surface and pore properties: Surface area, pore volume and 
surface fractal dimension of the samples are listed in Table 1. 
These data of the K and F samples were in agreement with the 
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literature 23-25. The BET surface area, external surface area and 
total pore volume of the KF were higher than the corresponding 
average values of the K and F. The micropore area of the KF was 
close to the average value of the two pure samples. Surface fractal 
dimension D of mineral sample is considered as an operative index 
of surface roughness. Generally, a higher D value suggests a 
coarser surface 26. The D values of the three samples in Table 1 
were lying in the range of 2-3 and followed the order of K < F < KF. 
This implied that the surface roughness and pore structural 
heterogeneity of the KF were larger than those of both the K 
and F. 

Potentiometric titrations: Proton binding isotherms of the three 
samples as a function of pH at different KCl concentrations are 
shown in Fig. 2. The surface proton charges of the samples 
increased with increasing ionic strength. This can be attributed to 
the screening effect of background electrolyte 18. The pH at the 
intersection point of the three q

H
-pH curves was the pHpznpc of 

sample surface, which is independent on background electrolyte 
concentration. The pHpznpc of the F sample appeared at around 
8.0 and those of the K and KF seemed to be in the range of 3.6-4.3 
and 6.2-7.2, respectively. Because the surface of kaolinite 
possesses a small amount of permanent charges so that the 
pHpznpc of the K and KF shifted slightly with the electrolyte 
concentration 18. As shown in Fig. 2, when the pH of mineral 
suspension was lower than the pHpznpc surface proton charge 
was positive due to the protonation reactions of surface 
hydroxyls, otherwise negative charge occurred on mineral surface 
due to the deprotonation reactions. Moreover, the surface proton 
charge increased gradually with the pH of suspension becoming 
farther from the pHpznpc of mineral sample. 

At the background electrolyte of 0.01 M KCl some of the key 

data of potentiometric titrations are listed in Table 2. The total 
amount of H+ ions consumed from pH 11 to 3 was positively 
correlated to the hydroxyl density of mineral surface. The F sample 
consumed the most H+ ions when the pH of the suspension was 
adjusted from 11 to 3, indicating that the F sample displayed the 
highest buffering capacity for H+ ions. This can be attributed to 
the fact that the F sample possessed large specific surface area 
and high density of surface hydroxyl groups 10, 13-15. The amount 
of H+ ions consumed by the KF was much lower than the average 
value of the H+ ions consumed by the two pure samples, indicating 
that the interactions between ferrihydrite and kaolinite decreased 
the hydroxyl amount of mineral surface by the following way. The 
functional groups with negative charge on the kaolinite surface 
replaced the active hydroxyls on the ferrihydrite surface 
(≡R-O-+HO-Fe≡→≡R-O…Fe≡+ OH-, R stands for Si or Al), which 
detached some iron hydroxyls from the mineral surface 18. 

Compared to the average value of the two charges of the K and 
F samples, both the positive charge at pH 3 and the negative 
charge at pH 11 on the KF surface decreased considerably. 
According to literature 18, 27, these observations can be attributed 
to the following facts: firstly, the overlap between electric double 
layers of ferrihydrite surface with positive charge and kaolinite 
surface with negative charge is apt to happen in suspensions; 
thus, the surface charges of both ferrihydrite and kaolinite were 
weakened or screened by each other. Secondly, as previously 
mentioned, the interactions between ferrihydrite and kaolinite 
decreased the hydroxyl amount of mineral surface; thereby, the 
variable charge sites of mineral surface were decreased. 

At pH 5.5, the surface charges of the K, F and KF samples were 
-0.123, 0.542, and 0.358 mmol/g, respectively. Clearly, positive 
charges occurred on the surface of the F and KF samples and 
negative charges on the surface of the K. These differences of the 
charges on the mineral surfaces can significantly influence their 
adsorption capacity, which will be further discussed in the 
adsorption properties for fluoride by the three samples. 

Adsorption properties of the samples for fluoride:  The isotherm 
adsorption data obtained at different fluoride concentrations are 
plotted in Fig. 3. With the increase of fluoride equilibrium 
concentrations, the adsorbed amount increased sharply at low 
equilibrium concentrations and then slightly at high equilibrium 
concentrations. The adsorption data points were fitted using the 
three common adsorption isotherms, viz. one-site Langmuir, two- 
site Langmuir and Freundlich isotherms shown in Eqs. 2-4, 
respectively. 

q
e 
= q

max
.b.c

e 
/ (1 + b.c

e
)                                                                     (2) 

q
e 
= q

1
.b

1
.c

e 
/ (1 + b

1
.c

e
) + q

2
.b

2
.c

e 
/ (1 + b

2
.c

e
)                                             (3) 

q
e 
= k.c

e
1/n                                                                                                                              (4) 

where q
e
 is the adsorption amount for fluoride (mg/g) and C

e
 is 

the remaining fluoride concentration in bulk solution (mg/L); q
max

 
and b is the maximum adsorption capacity (mg/g) and energy 

Sample 
BET surface area 

(m2/g) 

Micropore area 

(m2/g) 

External surface area 

(m2/g) 

Total pore volume 

(cm3/g) 

Surface fractal dimension 

(D) 

K 16.62 3.07 13.58 0.021 2.21 

F 347.42 76.74 270.68 0.364 2.24 

KF 194.25 39.83 154.42 0.203 2.61 

Table 1. Pore structural properties and surface fractal dimensions of the samples. 
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Figure 1. XRD patterns of kaolinite (a), ferrihydrite (b) and kaolinite- 
ferrihydrite association (c). For (a) and (b), the reflection data were 
indexed. In (c), K and F are marked to denote the peaks arising from 
kaolinite and ferrihydrite respectively. 
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constant (L/mg) for one-site Langmuir isotherm, respectively 28-30; 
q

1
 and q

2
 are the maximum capacity (mg/g) for the high- and low- 

energy sites on the surface adsorbents and the total maximum 
capacity (q

t
, mg/g) is quantified as q

1
+q

2
; b

1 
and b

2 
are the 

corresponded affinity coefficients (L/mg) in the two-site Langmuir 

isotherm 29, 31; k (mg1"(1/n)L1/n/g) and 1/n (dimensionless) are the 
Freundlich constants related to the adsorption capacity and 
intensity, respectively 10, 30. The n value lying in the range of 1-10 
confirms the favourable conditions for adsorption 28, 29. 

One-site Langmuir isotherm, a classical isotherm model, is 
suitable to explain the mono-layer adsorption onto a homogeneous 
surface with a finite number of identical sites 10, 30. Two-site 
Langmuir isotherm, a modification of the one-site Langmuir 
isotherm, is used to describe adsorption onto two sites with 
different binding energies and may overcome some of the 
constraints of one-site Langmuir equation, such as the 
heterogeneity of sites involved in the adsorption in the solid 
surface 29, 31. The Freundlich isotherm describes the multilayer 
adsorption model of an adsorbate onto the heterogeneous surface 
of an adsorbent 10, 32. 

The results of fitting one-site Langmuir isotherm to the 
experimental data are listed in Table 3. In order to predict the 
efficiency of one-site Langmuir isotherm, the dimensionless 
equilibrium parameter (r) was determined by the following 
equation: 

r = 1 / (1 + b.C
i
)                                                                                    (5) 

where C
i
 is initial fluoride concentration and b is Langmuir isotherm 

constant; r value represents the type of isotherm to be irreversible 
(r = 0), favourable (0<r<1), linear (r = 1) or unfavourable (r>1) 33. 
The r values corresponded to 5 mg/L initial fluoride concentration 
were found to be 0.583 for the K, 0.881 for the F and 0.946 for the 
KF sample, and those corresponded to 100 mg/L initial fluoride 
concentration were 0.065 for the K, 0.047 for the F and 0.2010 for 
the KF, respectively. r values obtained in the present study 
indicated the highly favourable adsorption. The maximum 
adsorption capacity (q

max
) of the three adsorbents calculated by 

one-site Langmuir isotherm followed the order of F > KF > K. The 
correlation coefficients (R2) indicated that the experimental data 
can be represented using one-site Langmuir model. 

The fitted results of two-site Langmuir isotherm (Table 3) 
indicated that fluoride ions were adsorbed by different active sites 
on the mineral surface and the total adsorption capacity (q

t
) of the 

three adsorbents were all more than the corresponding monolayer 
adsorption capacity (q

max
) obtained by one-site Langmuir model. 

As for the K sample the higher energy sites had a significantly 
greater affinity coefficient (b

1
/b

2
= 7.38) and a relatively lower 

adsorption capacity (q
1
/q

2
= 0.19) for fluoride ions. The high- and 

low-energy sites of the F sample displayed an adsorption capacity 
ratio of q

1
/q

2
= 0.943 and a similar affinity coefficients (b

1
/b

2
= 0.997). 

As for the KF, the high- and low-energy sites displayed the 
adsorption capacity ratio of q

1
/q

2
= 0.902 and the affinity coefficient 

ratio of b
1
/b

2
= 0.981. The correlation coefficients (R2) indicated 

that two-site Langmuir isotherm also gave a good fitting for the 
experimental data, especially for the adsorption data of the F 
sample (R2 = 0.992). 
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Figure 2. Proton binding isotherms of kaolinite, ferrihydrite and kaolinite- 
ferrihydrite association as a function of pH at different KCl concentrations. 

Sample 
Amounts of H ions consumed 

from pH 11 to 3 (mmol/g) 

Surface proton charge 

at pH 3.0 (mmol/g) 

Surface proton charge 

at pH 11.0 (mmol/g) 

Surface proton charge 

at pH 5.5 (mmol/g) 

K 0.763 0.311 -0.462 -0.123 

F 3.121 2.235 -0.886 0.542 

KF 1.786 1.175 -0.611 0.358 

Table 2. Results of potentiometric titrations at the background electrolyte of 0.01 M KCl. 
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As shown in Table 3, the Freundlich adsorption intensity 
parameters (n) of the three samples were all lying between 2 to 5, 
confirming the favourable adsorption of fluoride on the three 
adsorbents. The adsorption capacity constants (k) of the three 
adsorbents showed the sequence of F > KF > K, which were in 
agreement with the orders of the experimental adsorption amount 
(q

e
) and the fitted maximum adsorption capacity (q

max
 and q

t
). The 

correlation coefficients (R2) indicated that the experimental data 
of the two pure samples can’t be well fitted using Freundlich 
isotherm which can only describe the experimental data of the KF. 

The results of fitting Langmuir and Freundlich isotherms to the 
adsorption data were in agreement with the surface properties of 
the samples. The main functional groups of kaolinite and 
ferrihydrite are ≡Al-OH and ≡Fe-OH groups, respectively 18, 23. 
The surface fractal dimension D values of kaolinite and ferrihydrite 
were relatively low (Table 1). These indicate that both the K and 
the F sample possessed a homogeneous surface with a finite 
number of identical sites 13, 26. Therefore, the adsorption data for 
fluoride by the K and F samples can be well described using the 
one-site Langmuir isotherm. Besides the ≡Fe-OH groups, the 
positive charges of ferrihydrite surface and the iron atoms at 
structural edges are also the effective adsorption sites for 
fluoride 13, 15. As for kaolinite, not only the ≡Al-OH groups, but 
also the ≡Si-OH groups on the surface, Al and Si atoms at structural 
edges and the exchangeable cations all can retain fluoride ions 
from water systems through adsorption or precipitation 16, 17. 
Therefore, the experimental data of the K and F samples could be 
also described using the two-site Langmuir isotherm. The D value 
of the KF was relatively high (Table 1). This indicates that the KF 
sample had a heterogeneous surface 26. Moreover, the surface 
sites of both ferrihydrite and kaolinite occurred on the KF surface. 
Therefore, the two-site Langmuir isotherm and Freundlich isotherm 
are suitable to fit the adsorption data of the KF. 

Adsorption capacity of adsorbents for fluoride depends on the 
surface properties of adsorbents and adsorption mechanisms. The 
adsorption capacity of the F sample was much higher than that of 
the K (Fig. 3). This result can be understood by the following 
facts: Firstly, the BET surface area, external surface area, total 
pore volume and surface fractal dimension D of the F sample was 
higher than those of the K (Table 1). Secondly, the F sample had a 
relatively high pHpznpc value of 8.0 and a positive surface charge 
of 0.542 mmol/g at pH 5.5, while the pHpznpc value of the K sample 
seemed to be significantly lower (3.6-4.3) and the surface charge 
was a negative value (-0.123 mmol/g) at pH 5.5 (Table 2). According 
to literature 10, 13, 27, 28, the above mentioned differences of surface 
properties may contribute to the greater amount of fluoride 
adsorption onto the F sample than onto the K. Perhaps more 
importantly, fluoride adsorption onto clay minerals has been 
shown to occur largely through ligand exchange at surface 
hydroxyl sites 2, 10. The F sample had a greater density of reactive 
hydroxyl sites than the K (Table 2). Moreover, the reactive 
hydroxyl sites of ferrihydrite are spread over the entire mineral 
surface, while reactive hydroxyl sites (≡Al-OH groups) on the 
surface of kaolinite are located exclusively at the edges of its 
crystal structure 19, 34. It can be therefore inferred that the ligand 
exchange between mineral surface hydroxyls and fluoride ions 
happened more largely onto ferrihydrite surface than onto kaolinite 
surface. Finally, although Fe, Al and Si atoms at the structural 
edges of minerals all can retain fluoride ions from aqueous 
solutions through surface coordination or precipitation, the 
affinity of Fe-centred sites was greater than that of Al-centred 
sites, and the affinity was probably minimal on Si-centred sites 2, 8, 34. 

The adsorption capacity of the KF was much higher than the 
average value of the two pure samples (Table 3), indicating that 
the interactions between ferrihydrite and kaolinite increased the 
adsorption capacity for fluoride. Therefore, the KF sample was an 
effective adsorbent for fluoride removal from aqueous solutions. 
Firstly, the interactions between ferrihydrite and kaolinite increased 
the BET surface area, external surface area and surface fractal 
dimension D of the KF (Table 1). Moreover, compared to the K 
sample the KF has a high pHpznpc (around 6.8) and a positive 
surface charge (0.358 mmol/g at pH 5.5 ) which were slightly lower 
than those of the F sample (Fig. 2 ,  Table 2). Clearly, the surface 
properties (porosity structure and surface charge) of the KF may 
contribute to the large amount of fluoride adsorption. Secondly, 
F- ions may act as a bridge between ferrihydrite and kaolinite. 
According to literature 8,31, this is one of the adsorption 
mechanisms for fluoride by binary and ternary systems. Finally, 
probably ferrihydrite occurs as coatings on kaolinite in the KF 
sample and the external surfaces of the KF sample are mainly 
ferrihydrite surface; thereby the KF possessed an active surface 
that was apt to adsorb the substances with negative charge. On 
the contrary, the interactions between ferrihydrite and kaolinite 
decreased the hydroxyl amount of mineral surface (Table 2), which 
would decrease the adsorption for fluoride by the KF. It can be 

One-site Langmuir Two-site Langmuir Freundlich 
Sample 

qmax b R2 qt q1 q2 b1 b2 R2 k n R2 

K 1.45 0.143 0.991 1.48 0.23 1.25 0.782 0.106 0.984 0.47 4.09 0.937 

F 20.20 0.323 0.990 20.63 10.01 10.62 0.322 0.323 0.992 6.58 3.57 0.925 

KF 12.83 0.054 0.981 12.84 6.09 6.75 0.053 0.054 0.986 1.58 2.25 0.975 

Table 3. Langmuir and Freundlich isotherm parameters of fluoride adsorption by the samples. 

q e (
m

g/
g)

 

Ce (mg/L) 

Figure 3. Adsorption data of the samples at different equilibrium 
concentrations of fluoride (adsorbent dose: 2 g/L; temperature: 303 K; 
background electrolyte: 0.01 M KCl; contact time: 300 min; pH 5.5). 

Kaolinite 
Ferrihydrite 
Kaolinite-ferrihydrite 
association 
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concluded that the effects of the interactions between ferrihydrite 
and kaolinite on the adsorption for fluoride were double aspects. 
The combining result that the interactions between ferrihydrite 
and kaolinite increased the adsorption capacity was observed in 
our experiments. 

The results of fitting Langmuir and Freundlich isotherms to the 
experimental data were also helpful to understand the adsorption 
capacity of the three adsorbents. The experimental data for fluoride 
by the K sample may be well fitted using one-site Langmuir model 
(R2 = 0.991). This gives some indication of the mono-layer 
adsorption for fluoride occurring onto kaolinite surface with finite 
sites 30, 34. Therefore, the adsorption capacity for fluoride by the K 
sample was relatively low. Both two-site Langmuir model and 
Freundlich equation can fit the adsorption data of the KF (R2 = 
0.986 and 0.975). This indicates that a fraction of fluoride can be 
adsorbed onto the KF surface through heterogeneous adsorption 
sites and a multilayer adsorption model 31, 34. These present results 
lead to a better understanding of the adsorption for fluoride by 
clays-iron oxides associations and also demonstrate that the 
associations of clays and iron oxides in natural environments are 
important to the defluoridation from the soil solutions and ground 
water systems of high fluoride content. 

Conclusions 
Interactions between kaolinite and ferrihydrite in suspensions 
may influence the surface properties of colloid minerals. Compared 
to the average values of the pure kaolinite and ferrihydrite, the 
BET surface area, external surface area, total pore volume and 
surface fractal dimension of kaolinite-ferrihydrite association 
increased, but the surface hydroxyl density and proton charge of 
the association decreased considerably. The pHpznpc of the 
association is significantly higher than that of kaolinite and slightly 
lower than that of ferrihydrite. In the suspensions of pH 5.5 the 
maximum adsorption capacity (q

max
) for fluoride of ferrihydrite 

was significantly higher than that of kaolinite, and the q
max

 of 
kaolinite-ferrihydrite association was much higher than the average 
value of the two q

max
 of the pure kaolinite and ferrihydrite. The 

adsorption for fluoride by the three samples could be well fitted 
by one-site Langmuir and two-site Langmuir models. The 
Freundlich model was suitable for describing the adsorption for 
fluoride by the association. The adsorption mechanisms for fluoride 
by the tested samples may include anion ligand exchange, 
electrostatic attraction, and surface coordination. In addition, F- 
ions acting as a bridge between kaolinite and ferrihydrite may 
contribute to the fluoride adsorption of the association. 
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