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Abstract The use of waste or natural resources is an interesting approach to preparing adsorbent

materials. Most adsorption materials are powder-based, making them impractical for a variety of

applications. In this work, the natural kaolin clay and hydroxyapatite synthesized from biogenic

waste were studied as defluoridation materials. The point of zero charge (pHPZC), the fluoride

adsorption capability and the adsorption isotherm of calcined kaolin and mixed calcined kaolin/hy-

droxyapatite in both powdered and moulded forms were investigated. The hardness of the moulded

(post-formed) samples was tested before and after in immersion in a fluoride solution. The maxi-

mum hardness was 15.8 kilo-pounds for the post-formed calcined kaolin sample. Sample hardness

values slightly decreased after immersion in a fluoride solution due to the formation of micro-

cracks. Most samples presented high pHPZC values, implying that these materials are suitable for

the capture of fluoride anions. The adsorption properties varied with the ratio of calcined kaolin

to hydroxyapatite. These properties for post-formed samples were different from those in powdered

form. Post-formed samples showed higher fluoride adsorption. The maximum fluoride adsorption

capacity and efficiency of the post-formed samples (calcined kaolin) at pH 3 were 1.74 F� mg/g and

87%, respectively. The sorption of fluoride of hydroxyapatite and mixed calcined kaolin/hydroxya-
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patite powders was found to have the form of the Langmuir isotherm, which indicates a monolayer

adsorption on the adsorbent surface. Isotherms of calcined kaolin powder, post-formed calcined

kaolin and mixed calcined kaolin/hydroxyapatite samples followed the Freundlich isotherm, which

indicates multilayer adsorption on a heterogenous adsorbent surface.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Waste and waste materials are becoming more of a concern in every

country. The worldwide environment has suffered as a result of these

wastes. Due to an increase about 1 % in meat consumption (327 mil-

lion tons in 2018), large amounts of over 100 million tons a year of ani-

mal bone waste have been produced (Du et al., 2020). Like most

biological waste, animal bone waste is usually disposed of through

landfill and incineration with serious consequences for air pollution

and global climate change (Amiri et al., 2021). To avoid serious conse-

quences, promoting the efficient use of natural or waste materials is a

major challenge for our planet. Nowadays, several natural or waste

materials have been used to develop a variety of valuable products,

including adsorbent materials for water treatment. In this research,

the natural kaolin clay and hydroxyapatite synthesized from biogenic

waste (bovine bone) were studied as adsorbent materials for water

defluoridation. This not only use natural resources, but economic

and environmental benefits are obtained through waste recovery. Flu-

oride (F�) is a occurring naturally inorganic mineral that is found at

various concentrations in water, soil, and foods. High fluoride concen-

trations in surface or ground water and the risk from fluoride associ-

ated with using such water for human consumption are problems

faced by people in developing countries. The consumption of water

containing a small amount of fluoride has benefits for the human body,

such as help preventing tooth decay. Long-term consumption of high

concentrations of fluoride in drinking water can lead to health prob-

lems, including dental fluorosis, skeletal fluorosis, deformation of

bones, and even lesions of organs (Xiong et al., 2007; Singh et al.,

2016). Several techniques of fluoride removal, such as adsorption

(He et al., 2020; Zhao et al., 2021), ion exchange (Swain et al. 2010),

electrocoagulation (Oulebsir et al., 2020), chemical precipitation

(Huang et al., 2017), membrane processes (Tahaikt et al., 2008) and

reverse osmosis (Bejaoui et al., 2014) have been reported.

Adsorption is widely used in water and wastewater treatment pro-

cesses due to its convenience, ease of operation and simplicity of

design. It is a highly efficient technology that is economically viable

(Bhatnagar et al., 2011; Loganathan et al., 2013). Various types of

adsorbent materials, including hydroxyapatite (Mourabet et al.,

2015; Wang et al., 2011), bone char (Leyva-Ramos et al., 2010), kaolin-

ite (Nabbou et al., 2019; Meenakshi et al., 2008), clay (Uddin et al.,

2019), fly ash (Xu et al., 2011), bentonite (Zhang et al., 2013), activated

carbon (Pongener et al., 2018) and fluorspar and quartz (Fan et al.,

2003) have been studied for use as materials for defluorination. The

point of zero charge, pHPZC, is the pH value at which the net surface

charge of a material becomes equal to zero under given conditions

(temperature, applied pressure, and aqueous solution composition)

(Bakatula et al., 2018; Mahmood et al., 2011). Materials with low

pHPZC values are well suited to treatment of effluents contaminated

with cations, while substrates with high pHPZC are better suited to

the capture of anions. Consideration of the point of zero charge could

help to optimise the selection of materials and conditions for treatment

of fluoride contaminated water.

Hydroxyapatite (HAp; Ca10(PO4)6(OH)2) is one of the most impor-

tant calcium phosphates. HAp can be produced from biogenic wastes

by various methods (Laonapakul, 2015; Laonapakul et al., 2021),

including thermal decomposition (Sutthi et al., 2020). This method

has many advantages, including its simple synthesis, favourable eco-

nomic approach, use of biogenic wastes and the potential for mass
production. Various powdered forms of HAp (including nano-HAp,

glass-delivered HAp, and HAp synthesized from animal bones and

shells) have attracted attention for their fluoride adsorption capabili-

ties. Maximal fluoride adsorption occurs in the pH range of 5 to 7.3,

with a variation of adsorption capacity depending on the properties

and characteristics of the prepared HAp (Jimenez-Reys and Solache-

Rios, 2010; Liang et al., 2011; Sundaram et al. 2009; Samant et al.,

2017; Asgari et al., 2019). In the literature, only HAp in powdered

form was used to study fluoride adsorption. Use of powdered HAp

may be inconvenient for a variety of practical reasons. In the adsorp-

tion process, the adsorbents (such as chitosan and cerium oxide) often

used in the form of flakes or powders could cause the high pressure

drop, column blockage, and low flow rate. It affects the filtration dur-

ing field applications and not suitable for the large-scale column oper-

ation (Habuda-Stanić et al., 2014; Lin et al., 2018). Calcined kaolin

(CK) is one of the most important clay minerals containing SiO2

and Al2O3 as its main components. CK can be produced by heating

kaolin clay to high temperatures. The calcination process further

increases its usability and creates an engineered product that increases

whiteness, hardness and adjusts the size and shape of the kaolin parti-

cles. It is used as a starting material to obtain geopolymer composites

with high strength. The mechanical properties of CK geopolymer are

enhanced by hot curing (Davidovits and Davidovics, 2009;

Pangdaeng et al., 2015; Hassaan et al., 2015; Rowles and O’connor,

2003). However, only the literature of kaolin clay (kaolinite) is avail-

able on fluoride adsorption. Nabbou et al. (2019) and Ayalew (2020)

studied groundwater defluoridation using natural kaolin powder in

an adsorption technique. Fluoride ion removal was efficient at pH val-

ues from 4 to 6, achieving maximum fluoride removals of 75 % to

90 %. Fluoride removal efficiency depends on a number of factors such

as pH, particle size, adsorbent dose and contact time. To the best of

our knowledge, there has been no attempt to produce a combined

CK and HAp material to study fluoride ion adsorption. This study

is thus directed towards the fabrication of a novel material for fluoride

removal from water. The effect of forming on fluoride adsorption

enhancement of CK/HAp was investigated to access the feasibility

for practical application. The point of zero charge (pHPZC), the fluo-

ride adsorption capability and the adsorption isotherm of calcined

kaolin and mixed calcined kaolin/hydroxyapatite in both powdered

and moulded forms were investigated as they are the important param-

eters of fluoride adsorption materials. The mechanical property of

moulded materials was also evaluated.

2. Materials and methods

2.1. Sample preparation and mechanical testing

The CK powder used in this study was prepared by calcination
of kaolin clay at 600 �C in an electric furnace. Kaolin clay was
obtained from the southern region (Ra-Nong province) of

Thailand. The chemical composition of the resulting CK pow-
der determined using an X-ray fluorescence (WDXRF, AXios
mAX) is shown in Table 1. The HAp powder used in this study

was prepared from bovine bones using a thermal decomposi-
tion method (Sutthi et al., 2020). This method produced a
highly crystalline phase of HAp. CK and synthesised HAp

http://creativecommons.org/licenses/by/4.0/


Table 1 Chemical composition of the CK powder.

Chemical composition SiO2 Al2O3 Ti2O Fe2O CaO MgO SO3 LOI

wt (%) 58.68 36.71 1.43 1.06 0.25 0.07 0.03 1.77

Fluoride adsorption enhancement of Calcined-Kaolin 3
were crushed into a powder and then sifted through a 100-
mesh screen and stored in a desiccator. Sodium hydroxide
(10 M, AGC Chemicals, Thailand), sodium silicate (15.32 %

Na2O, 32.87 % SiO2, and 51.81 % H2O, Eastern Silicate, Thai-
land) were used as liquid activated binders for the formation of
mixed CK and HAp powders.

Sodium hydroxide and sodium silicate were prepared in a
weight ratio of 1:1 to produce a liquid binder (alkali activator
solution) (Pangdaeng et al., 2018). A 1:1 ratio of mixed powder

to liquid binder was used to prepare the paste samples. CK/
HAp powders with CK to HAp weight ratios of 1:0
(CK100), 3:1 (CK75), 1:1 (CK50), and 1:3 (CK25) were pre-

pared by mixing the necessary materials in a planetary mixer
for 5 min. An activated binder solution was then added and
mixing was continued for another 5 min. The resulting fresh
pastes were then poured into acyclic round tablet moulds

(2 mm in thickness and 5 mm in diameter). They were vibrated
for 15 s to remove entrapped air and wrapped in a cling film to
prevent moisture loss. The samples were then cured in an elec-

tric oven at 60 �C for 14 days (Sutthi et al., 2018). The samples
were demoulded (denoted as post-formed samples) and stored
in a desiccator.

The post-formed samples were soaked in aqueous water
with a 10 mg L�1 concentration of fluoride for 24 and 48 h
to study the effect of fluoride adsorption on sample hardness.
After soaking, the samples were taken out of the fluoride solu-

tion, gently washed with distilled water, dried at ambient tem-
perature for 3 h, and then at 30 �C for one day in an incubator.
The hardness tests were conducted using a Varian table hard-

ness tester (Varian VK 200, Varian). The results were reported
as averaged values of ten samples. The crystallinity of sample
powders was investigated using X-ray Diffraction (XRD, Bru-

ker D8) at a scan rate of 2.4� 2h/min scanning in 0.02� 2h incre-
ments with CuKa radiation. Morphological observations of
the products were done using scanning electron microscopy

(SEM, TESCAN MIRA, backscattered electron detector) at
a 15 kV accelerating voltage.

2.2. Measurement of pHPZC

The pHPZC of both powders and post-formed samples were
measured using a salt addition method to evaluate the appro-
priate pH conditions for fluoride sorption of materials. 0.1 M

sodium chloride (NaCl) solutions at pH 2, 3, 4, 5, 6, 7, 8, 9, 10,
11, and 12 were prepared. The pH values of the NaCl solutions
were adjusted with 0.1 M hydrochloric acid (HCl) or 0.1 M

sodium hydroxide (NaOH), as appropriate. A mass of 0.1 g
of mixed powders or post-formed samples was added to
50 mL of a 0.1 M NaCl solution in a 60 mL polyethylene

(PE) bottle. The initial pH value in each tube was denoted as
pHi. The liquid samples were shaken for 48 h using a rotary
agitator at 200 rpm and room temperature (25–28 �C). After
that, the liquid samples were left to settle for 1 h. The pH value
of the supernatant in each bottle was then measured and
denoted as pHf. The pHPZC of each sample was obtained from

a plot of DpH (=pHf – pHi) against pHi.

2.3. Fluoride adsorption

2.3.1. Effect of pH

A study of fluoride adsorption was conducted in batch-mode

experiments to optimise initial pH values, which had some
effect on the adsorption ability of materials. Batch-mode
adsorption studies were carried out with 100 mL of a solution

with an initial fluoride concentration of 10 mg/L in a 150 mL
PE bottle. The effect of pH on the adsorption capacity and
efficiency was investigated by adding 0.5 g of mixed powders
or post-formed samples to the prepared fluoride solutions

(pH of 2 to 12). A batch adsorption test was carried out for
48 h for each tested sample using a rotary agitator at
200 rpm. The pH value was re-adjusted to the initial values

every 3 h. Calibration of the pH meter was done before every
measurement using calibration buffers. All experiments were
conducted at room temperature. The fluoride concentration

was analysed with a wavelength scanning method using a spec-
trophotometer (Hach, DR 6000). The fluoride adsorption
capacity, qe (mg/g), of the adsorbent at equilibrium was calcu-

lated using the following equation (Gitari et al., 2020;
Goswami and Purkait, 2014):

qe ¼
C0 � Ceð Þ � V

m
ð1Þ

where C0 and Ce are, respectively, the initial and equilibrium
concentrations of the fluoride solution in mg/L, m is the mass
of adsorbent in g, and V is the volume of fluoride solution in L.

The fluoride adsorption efficiency (percent fluoride adsorp-

tion) was calculated using the following equation (Gitari et al.,
2020; Goswami and Purkait, 2014):

percent fluoride adsorption ¼ C0 � Ce

C0

� 100 ð2Þ
2.3.2. Adsorption isotherms

Fluoride adsorption on mixed powders or post-formed sam-

ples was performed in batch-mode experiments. A 0.5 g mass
of adsorbent was suspended in 100 mL of fluoride solutions
of various concentrations (10–100 mg/L) in 150 mL PE bottles

and shaken for 48 h at room temperature using a rotary agita-
tor at 200 rpm. The pH values were re–adjusted to the initial
values every 3 h. The most frequently used isotherms, Fre-

undlich and Langmuir, were employed to model the experi-
mental data of equilibrium adsorption isotherms for fluoride
ions onto the mixed powders and post-formed samples. The
Langmuir adsorption isotherm (Chung et al., 2015; Veloso
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et al., 2020) is one of the best-known isotherms. It is often
applied to liquid systems to describe saturated monolayer
adsorption on an adsorbent surface. The equation for this iso-

therm is:

qe ¼
qmKLCe

1þ KLCe

ð3Þ

The linear form of the Langmuir adsorption isotherm is
represented as:

Ce

qe
¼ 1

KLqm
þ Ce

qm
ð4Þ

where qe (mg/g) is the amount of fluoride adsorbed per unit
mass of the adsorbent at equilibrium, qm (mg/g) is the maxi-
mum amount of fluoride per unit weight of adsorbent to form

a complete monolayer on the surface, KL (L/mg) is an adsorp-
tion equilibrium constant, and Ce (mg/L) is the equilibrium
concentration of fluoride in a solution. The defining character-

istics of the Langmuir isotherm can be classified by the separa-
tion factor RL (Ayawei et al., 2017) in the following equation:

RL ¼ 1

1þ KLCO

ð5Þ

where KL is Langmuir constant (L/mg) and Co is initial con-
centration of adsorbate (mg/L).

When:

(i) RL greater than 1 there is an unfavorable adsorption
process, encouraging a desorption.

(ii) RL = 1 indicates a linear adsorption process (the

adsorption is independent of concentration).
(iii) RL = 0 is an irreversible adsorption process where the

adsorbed adsorbate cannot diffuse or desorb. This com-

monly occurs in chemisorption.
(iv) 0 < RL < 1 indicates a favourable adsorption process,

discouraging a desorption process.

The Freundlich adsorption isotherm (Chung et al., 2015;
Veloso et al., 2020) describes multilayer adsorption with a
non-uniform distribution on a heterogeneous surface. It is

expressed as:

qe ¼ KFC
1=n
e ð6Þ

In linear form, the Freundlich adsorption isotherm is:

ln qe ¼ lnKF þ 1

n
lnCe ð7Þ
Fig. 1 The post-formed samples
where qe (mg/g) is the equilibrium amount of fluoride

adsorbed per unit mass of the adsorbent, Ce (mg/L) is the equi-
librium concentration of fluoride in the bulk solution, KF (L1/n

mg(1�1/n)/g) is a constant (Freundlich coefficient) indicative of

adsorption capacity of the adsorbent, and the dimensionless
constant 1/n indicates a function of the strength of adsorption
in the process or surface heterogeneity. Its value ranges
between zero and one. If 1/n is less than 1, this indicates a nor-

mal adsorption. Alternatively, when 1/n is greater than 1,
cooperative adsorption is indicated where adsorbed adsorbate
affects and influences the adsorption of free adsorbates (Tan

et al., 2008).

3. Results and discussion

3.1. Post-formed and crystalline structure of adsorbent samples

The appearance of post-formed samples (CK100, CK75 and
CK50) is shown in Fig. 1. A compact tablet shape is seen in
post-formed samples. The formation of samples was unsuc-

cessful when the proportion of CK was less than 50 % by
weight. The XRD patterns of the substrate (CK and HAp)
powders and mixed powders (CK75 and CK50) as well as
the post-formed samples (CK100, CK75 and CK50) are

depicted in Fig. 2 (a) and (b), respectively. Characteristic peaks
of kaolinite and quartz were observed in CK powder. The high
intensity characteristic peaks of hydroxyapatite were observed

in HAp powder produced from bovine bones using a thermal
decomposition method. The standard diffraction ICDD No.
00-001-0527 was referenced to kaolinite, ICDD No. 01-070-

7345 to quartz and ICDD No. 09-0432 to HAp. Characteristic
peaks of the substrate powders of CK co–existing with HAp
were clearly observed in CK75 and CK50 mixed powders.
The characteristic peak intensities of HAp increased with the

HAp mixing ratio into CK. After formation, the characteristic
peaks of the samples for each of the mixing ratios were not sig-
nificant different between the mixed powders and post-formed

samples. However, increases in the broad peaks on the XRD
patterns were observed due to the geopolymerization reaction
of substrates.

3.2. Effect of fluoride immersion on hardness of post-formed

samples

The mean hardness values (in kilo-pounds, kp) of samples
after post-forming and after immersion in a fluoride solution
of CK100, CK75 and CK50.



Fig. 2 The XRD patterns of (a) the substrate (CK and HAp) powders and the mixed powders and (b) the post-formed samples (CK100,

CK75 and CK50).
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at a concentration of 10 mg L�1 for 1 and 2 days are pre-

sented in Fig. 3. The hardness of post-formed samples
decreased when HAp was mixed with CK. Maximal hardness
of the post-formed sample without HAp (CK100) was 15.8

kp. The hardness of samples was less than 5 kp in samples
containing 50 % HAp. It can be concluded that the forma-
bility and hardness of the samples was affected by the reac-

tion of the CK geopolymer. The reaction was mainly
between CK and the alkaline solution (sodium hydroxide
and sodium silicate). A large amount of CK led to an
improvement in sample strength due to the dissolution of sil-

ica and alumina species in the alkali activator solution, which
subsequently promoted polycondensation phenomena and
the formation of a geopolymeric binder. This results in the

formation of an amorphous phase and a three-dimensional
aluminosilicate network structure (Prud’Homme et al.,
2011; Ren et al., 2017). Therefore, the unformable sample

(the proportion of CK less than 50 % weight) results from
Fig. 3 The average hardness value of the samples after post-

formed and after immersion in a fluoride solution at a concen-

tration of 10 mg/L for 1 and 2 days.
the less amount of silica and alumina species in sample. This

agrees with the results observed by Sutthi et al. (2016). The
alkali activator solution has high capability to dissolve
Si4+ and Al3+ ions from aluminosilicate materials in the

CK. These ions are formed into aluminate and silicate tetra-
hedral monomers due to the alkali activator and then they
polymerize as stable oligomers, according to the following

reaction (Prasanphan et al., 2019):

Al2O3 þ 3H2Oþ 2OH� ! 2 Al OHð Þ4
� �� ð8Þ

SiO2 þH2OþOH� ! SiO OHð Þ3
� �� ð9Þ

SiO OHð Þ3
� �� þ Al OHð Þ4

� ��

! OHð Þ3Al�O� SiO OHð Þ2
� �2� þH2O: ð10Þ

After fluoride immersion, no degradation of the formed
samples was observed on the basis of visual inspection. The

hardness values of the CK100 and CK75 post-formed samples
slightly decreased when the samples were immersed in a fluo-
ride solution for periods of 24 and 48 h. The mean hardness
decreased by 15 % compared to the post-formed samples for

each mixing ratio. The decreased hardness was significant for
the CK50 sample. There was no significant difference in the
hardness of fluoride-immersed samples over 24 and 48 h for

the CK100 and CK75 samples.
Observations of the surface morphology of the post-formed

samples were done before and after immersion in a fluoride

solution for periods of 24 and 48 h. Micro-cracks on the sam-
ple surfaces increased after fluoride immersion, as shown in
Fig. 4, resulting in reduced hardness. This was due to the

incomplete polymerization of mixed materials. Water or other
liquids can be absorbed by geopolymers. Two types of water
viz., free and bound water, are generally absorbed in geopoly-
mers (Azwa et al., 2013). Free water molecules can flow freely

through micro-voids or pores, while bound water molecules
are associated with the polar groups of the geopolymer matrix
(Alomayri et al., 2014). Therefore, the molecules of the fluoride

solution could move independently through the micro-voids



Fig. 4 The surface morphology of the post-formed samples and after immersed in a fluoride solution for 24 and 48 h.
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and pores of the post-formed samples. This also had the effect
of removing unreacted alkaline solution and CK, resulting in

the creation of micro-cracks on the surface and inside the
formed sample.

3.3. Effect of HAp mixing and sample formation on pHPZC

To clearly understand the effect of pH on the adsorption mate-
rials, the point of zero charge, pHPZC values of the substrate
powders (CK and HAp), the powders mixed various ratios,

and the post-formed samples (CK75 and CK50) were investi-
gated. The observed pHPZC values of the CK and HAp pow-
ders were 6.1 and 10.5, respectively, as shown in Fig. 5 (a)

and (b). Similar results were reported by Nabbou et al.
(2019) and Hernández-Barreto et al. (2022) that the pHPZC val-
ues of kaolin and HAp (from bone waste) were 6.4 and 9.7,

respectively. Dimović et al. (2009) reported that the pHPZC

value of HAp varied between 6.83 and 10.15. It increased with
the increasing heat-treating temperature of animal bone. The

addition of HAp powder into CK powder resulted in a change
of the pHPZC value due to the disparate pHPZC values of each
powder. The pHPZC values of the CK75 and CK50 powders
were 9.3 and 9.75, respectively, as shown in Fig. 6 (a) and (b).

Fig. 7 shows the observed pHPZC values of the samples
(CK100, CK75, and CK50) that were formed by geopolymeri-
sation. pHPZC values of the CK100, CK75, and CK50 samples

were 9.9, 10.5, and 10.9, respectively. The pHPZC of samples
for all mixing ratios slightly increased after their formation.
This phenomenon resulted from a geopolymerization reaction
between the mixed powder and binder, which changed the

properties of materials. A high pHPZC value implied that it
would be suitable to capture the fluoride anions at pH values
less than the pHPZC.

3.4. Effect of pH on fluoride adsorption

The fluoride adsorption capacity and efficiency (according to
Eqns. (1) and (2)) of materials in powdered form and post–

formed samples in various proportions were studied at various
pH values from 2 to 12 (Figs. 8–10). Fig. 8 (a) and (b) show
the fluoride adsorption capacity and efficiency of CK and

HAp powders. In CK powder, fluoride was adsorbed at pH 2
to 7. The maximum fluoride adsorption capacity of 1.75 F�

mg/g and efficiency of 87.5 %, were observed at pH 3. The flu-

oride adsorption capacity and efficiency decreased with increas-
ing pH of the fluoride solution. HAp powder adsorbed fluoride
at pH5 to 10,with amaximumfluoride adsorption of 1.4 F�mg/

g and efficiency of 65 % at pH 6. When the pH in fluoride solu-
tion was greater than 6, the efficiency of absorption decreased.
The fluoride adsorption capability changed when HAp powder
was mixed with CK powder. The pH range for fluoride removal

of mixed CK/HAp powders was between the pH ranges for flu-
oride removal of pure CK and HAp powders (Fig. 9). The fluo-
ride adsorption capacity of CK/HAp powder decreased with

increasing levels of HAp powder. The different of pH range
on the fluoride adsorption between CK and HAp powders



Fig. 5 The pHPZC of (a) the calcined kaolin and (b) hydroxyapatite powders.

Fig. 6 The pHPZC of (a) the CK75 and (b) CK50 powders.
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probably decreased the adsorption capability of mixed CK/
HAp powders. The results of the pH range on the fluoride

adsorption ofCKandHAppowders are in good agreementwith
the reports in the literatures (Nabbou et al., 2019; Jimenez-Reys
and Solache-Rios, 2010). Mixed powders had the capability of

adsorbing fluoride at pH 3 to 7. Maximal fluoride adsorption
of CK75 powder was 1.05 F� mg/g at pH 4, while that of the
CK50 powder was 0.94 F� mg/g at pH 5, as shown in Fig. 9
(a) and (b) with the corresponding maximum fluoride adsorp-

tion efficiencies of 52.7% and 46.8%, respectively. The samples
powders could absorb fluoride at pH lower than that of pHPZC

of each sample. The fluoride adsorption at this level was due to

the electrostatic interaction between the positive charged absor-
bent surface and negative charged fluoride ion. The chemical
adsorption of fluoride could be explained by the following reac-

tions (Kau et al., 1997; Sawangjang et al., 2021; Sani et al., 2016;
Zúñiga-Muro et al., 2017):

n(CK � OH)ðsÞ + nFn�ðaqÞ ! n(CK � F)ðsÞ + nOH n�ðaqÞ

ð11Þ
Ca10(PO4)6(OH)2ðsÞ + 2F�ðaqÞ ! Ca10(PO4)6 F2ðsÞ + 2OH�ðaqÞ

ð12Þ
The samples remove fluoride from aqueous solution

through an ion exchange mechanism between hydroxyl
(�OH) groups and fluoride ions.

Fig. 10 shows the fluoride adsorption capacity and effi-
ciency of post-formed materials. Post-formed CK100
adsorbed fluoride at pH 2 to 7. The fluoride adsorption

capability of CK100 did not change after formation com-
pared to the powder form. The maximum fluoride adsorp-
tion capacity and efficiency of the post-formed CK100 were

1.74 F� mg/g and 87 %, respectively, at pH 3. Post-formed
CK75 and CK50 adsorbed fluoride at pH 3 to 7. Maximal
fluoride adsorption capability of post-formed CK75 and
CK50 was improved compared to the same materials in

powdered form. The maximum fluoride adsorption for
CK75 and CK50 at pH 3 were 1.54 and 1.36 F� mg/g,
respectively. Maximal fluoride adsorption efficiencies of

the post-formed CK75 and CK50 were 77 % and



Fig. 7 The pHPZC of (a) post-formed CK100, (b) CK75 and (c) CK50 samples.
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67.8 %, respectively. The enhancement in fluoride adsorp-

tion of the post-formed samples over powder samples was
due to the increasing of –OH group in post-formed samples
after geopolymerization as presented in Eqns. (8)–(10). The

increasing of –OH group may provide additional adsorp-
tion sites resulting in high adsorption fluoride uptake. Their
fluoride adsorption capacity and efficiency decreased with

increasing pH of the fluoride solutions. This effect confirms
earlier findings by Ayalew (2020), Sundaram et al. (2009)
and Liang et al. (2011) that the adsorption of ions on kao-
lin and hydroxyapatite minerals declines as the pH of solu-

tion increases. Increasing the pH value leads to an increase
in the number of negatively charged sites (hydroxyl ion,
OH) on the adsorbents resulting in a decrease of the per-

cent fluoride adsorption. This is probably due to the com-
petition for adsorption sites between fluoride and hydroxyl
ions on the absorbent surface. Geopolymerization of mixed

CK and HAp samples affected their fluoride adsorption
capability. Extensive study of their adsorption isotherms is
needed to clarify the adsorption behaviours of these
adsorbents.
3.5. Fluoride adsorption isotherms

The adsorption isotherms of adsorbents were investigated to
clarify their behaviour. Experimental equilibrium data for

adsorption of fluoride ions onto mixed powders and post–
formed samples were analyzed by two often–used isotherm
models, Langmuir and Freundlich. Batch-mode experiments

were conducted at the maximum fluoride adsorption pH values
of each adsorbent. Maximal adsorption capacity (qm) and the
Langmuir constant, as well as the values of KF and n, were

determined from the intercept and slope of linear plots using
Equations (4) and (7) employing the linear trend function of
Excel. Linear adsorption isotherm plots of 1/Ce versus 1/qe
and ln Ce versus ln qe are shown in Figs. 11 and 12. The best
fitted isotherm equations to the experimental data were evalu-
ated based on their coefficients of determination (R2) and two
error functions, the symmetrical mean absolute percentage

error (SMAPE) and the Chi–square test (v2). The data are
summarized in Table 2. Maximal adsorption capacity (qm)
and the Langmuir constant, as well as the values of KF and

n calculated from the linear plot data were used to plot non-



Fig. 9 The fluoride adsorption capacity (j) and efficiency (I) of (a) CK75 and (b) CK50 powders.

Fig. 8 The fluoride adsorption capacity (j) and efficiency (I) of (a) calcined kaolin and (b) hydroxyapatite powders.
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linear Langmuir and Freundlich isotherm using Equations (3)
and (6). Plots of non-linear isotherm models and experimental

equilibrium data are shown in Figs. 13 and 14.
The model with the best fit to experimental data was con-

sider that with a higher coefficient of determination (R2).

The symmetrical mean absolute percentage error (SMAPE)
and Chi–square tests (v2) were also considered in the case
of small differences (less than0.01) in the values of R2.

According to the results of the isotherm study, higher R2

values were obtained for the Langmuir isotherm model on
HAp powder, and CK75 and CK50 mixed powder samples.
The calculated value of RL from Equation (5) was within the

range of 0–1, thus confirming a favourable adsorption pro-
cess for fluoride by HAp powder, as well as for CK75 and
CK50 mixed powder samples. Higher R2 and lower SMAPE

or v2 values were obtained for the Freundlich isotherm on
CK powder, CK100, CK75 and CK50 post-formed samples.
Values of 1/n for these samples were less than 1 indicating a
normal adsorption process. Therefore, it can be concluded
that the Langmuir isotherm describes monolayer adsorption

of fluoride with a favourable adsorption process onto HAp
powder, as well as CK75 and CK50 mixed powder samples.
However, the Freundlich isotherm better describes multilayer

adsorption of fluoride with a normal adsorption process
onto CK powder, CK100, CK75 and CK50 post-formed
samples.

Based on the results obtained from this study, it can be
observed that the post-formed samples (CK100, CK75 and
CK50) exhibited good performance with high strength for flu-
oride removal over a wide pH range. However, the batch

adsorption study may not be applicable to the industrial scale.
The extensive studies on the adsorption kinetics, the regenera-
tion of fluoride ion and the column performance on the post-

formed samples are required because they are effective in prov-
ing the practical applicability of the adsorbents for water
treatment.



Fig. 11 Linear adsorption isotherm models of Langmuir and Freundlich for adsorption of mixed powder samples.

Fig. 10 The fluoride adsorption capacity (j) and efficiency (I) of (a) post-formed CK100, (b) CK75 and (c) CK50 samples.
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Table 2 The adsorption isotherm parameters for adsorption of mixed powder and post-formed samples.

Adsorbent (Mixed powder) pH Langmuir Model Freundlich Model

qm (mg/g) KL R2 Error function KF n R2 Error function

SMAPE v2 SMAPE v2

CK 3 12.97 0.120 0.969 19.327 0.036 1.423 1.472 0.974 5.617 0.046

HAp 6 5.07 0.192 0.742 23.032 0.184 1.198 2.580 0.709 19.366 0.434

CK75 4 50.76 0.004 0.996 7.830 0.013 0.254 1.076 0.976 9.898 0.052

CK50 5 17.06 0.011 0.966 26.183 0.095 0.156 1.008 0.896 31.840 0.158

Adsorbent (Post-forming) pH Langmuir Model Freundlich Model

qm (mg/g) KL R2 Error function KF n R2 Error function

SMAPE v2 SMAPE v2

CK100 3 24.15 0.057 0.867 19.130 0.077 1.584 1.412 0.918 15.554 0.252

CK75 3 36.76 0.023 0.865 19.265 0.078 1.170 1.375 0.912 17.214 0.280

CK50 3 126.58 0.003 0.944 15.164 0.046 0.519 1.156 0.962 16.386 0.176

Fig. 12 Linear adsorption isotherm models of Langmuir and Freundlich for adsorption of post-formed samples.

Fluoride adsorption enhancement of Calcined-Kaolin 11



Fig. 13 Non-linier isotherm model plots for (a) CK (b) HAp (c) CK75 and (d) CK50 powders.
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4. Conclusions

Tablet-shaped moulded samples of CK and CK/HAp were fabricated.

The hardness of post–formed materials was evaluated. The pHPZC and

the effect of pH of the fluoride solution on the ability to adsorb fluoride

by post-formed materials were studied and compared with the same

materials in powdered form. The conclusions of this study are as follows.

(i) Formation of CK/HAp was successful when it was prepared

with more than 50 wt% CK. The hardness of the post-formed

samples was higher than 5 kp when they contained more than

50 wt% CK. The maximum hardness of post-formed samples

was 15.8 kp for the CK100 sample. Hardness of the formed

samples slightly decreased after immersion in fluoride solutions

for 24 to 48 h.

(ii) The values of pHPZC for the post-formed samples (CK100,

CK75, CK50) and the powdered forms of CK75, CK50, and

pure HAp were greater than 9, while the pHPZC of CK powder

was 6.1. The high value of pHPZC indicates that these materials

are suitable to capture fluoride anions at pH values lower than

the pHPZC.

(iii) The sorption of fluoride of HAp, CK75 and CK50 powders fol-

lowed the Langmuir isotherm, indicating a monolayer adsorp-

tion on the adsorbent surface. Those of CK powder, post-
formed CK100 CK75 and CK50 followed the Freundlich iso-

therm, suggesting multilayer adsorption on a heterogenous

adsorbent surface.

(iv) There was no significant difference between the fluoride

adsorption capabilities of post–formed CK100 and CK pow-

der. They were efficient at pH 2–6. Maximum fluoride

adsorption capacity and percent fluoride adsorption of post-

formed CK100 at pH 3 were 1.74 F� mg/g and 87 %,

respectively.

(v) The fluoride adsorption capability of CK/HAp (CK75 and

CK50) improved after formation compared to the same

ingredients in powder form. It was efficient pH 3–7. At pH

3, the maximum fluoride adsorption was 1.54 F� mg/g for

the post-formed CK75 and 1.36 F� mg/g for the post-

formed CK50 with respective efficiencies of 77 % and

67.8 %.
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