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A B S T R A C T

Geogenic contamination of groundwater due to elevated fluoride (F−) concentrations is a significant issue world-
wide (including in Tanzania). The present study focussed to assess the adsorption capacity of thermally treated
(calcined) bauxite to remove the F− from contaminated water. Characterization of bauxite by X-ray fluorescence
spectroscopy (XRF) revealed , , and as the major oxides in both raw and calcined bauxite. The
major mineral phase in the raw bauxite was gibbsite, which disappeared after calcination. The optimum calcina-
tion temperature, dosage and contact time for F− removal by calcined bauxite were 400 °C, 40 g/L and 8 min, re-
spectively. The experimental data revealed Freundlich isotherm as the best model to fit the F− adsorption process
with and being 0.1537 mg/g and 0.8607, respectively. The pseudo-second-order kinetic and intra-particle
diffusion models explained well the F− adsorption process with the rate constants of 115.43 g/mg min and
0.0025 mg/g min0.5, respectively. The values of , and indicate the F− adsorption on bauxite surface in-
dicated that the adsorption process was spontaneous, endothermic and structural changes occurred during the
adsorption process. The F− adsorption under optimum conditions lowered the pH and F− concentration to WHO
and Tanzania Bureau of Standards (TBS) standards.

Nomenclature

List of symbols

the initial fluoride concentration (mg/L)
the equilibrium fluoride concentration (mg/L)
the amount of fluoride adsorbed by 1 g of the
adsorbent at equilibrium (mg/g)
the mass of adsorbent (g)
the volume of the F− solution (L)
the fluoride concentration at any time (mg/

L)
the amount of fluoride adsorbed on the sur-
face of the adsorbent at any time (mg/g)
the Gibbs free energy change for the reaction
(kJ/mol)
the entropy change for the reaction (kJ/mol K)
the enthalpy change for the reaction (kJ/mol)
the universal gas constant (8.314 J/mol K)
the temperature (K)
the adsorption equilibrium constant
the measure of adsorption capacity
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Table 1
The countries with largest bauxite reserves (Hache et al., 2021; USGS 2020,
2021).
Country Reserves of bauxite (thousand metric tons) Percentage (%)

Guinea 7,400,000 24.92
Australia 5,100,000 17.17
Vietnam 3,700,000 12.46
Brazil 2,700,000 9.09
Jamaica 2,000,000 6.73
Indonesia 1,200,000 4.04
China 1,000,000 3.37
India 660,000 2.22
Russia 500,000 1.68
Saudi Arabia 190,000 0.64
Malaysia 170,000 0.57
Kazakhstan 160,000 0.54
Other countries 4,920,000 16.57
Total 29,700,000 100

the adsorption intensity
the Langmuir isotherm constant that relates
to the energy of adsorption (L/mg)
the amount of adsorbate at complete mono-
layer coverage (mg/g)
the Langmuir equilibrium factor
the time (min)
the equilibrium rate constant for pseudo-first-
order adsorption (min−1)
the initial adsorption rate (mg/g min)
the particle rate constant (min−1)
the intra-particle rate constant (mg/g min0.5)
the thickness of the boundary layer

1. Introduction

Fluoride intake in humans is essential for the formation and mainte-
nance of healthy bones and teeth as long as it is within the WHO-
acceptable limits (0.5–1.5 mg/L) (Kimambo et al., 2019; Maity et al.,
2021). However, consumption of water with F− above 1.5 mg/L can
cause skeletal and dental fluorosis (Zhao et al., 2015). Surface water in

several parts of the world does not meet the quality requirements of dif-
ferent sectors, such as domestic, agricultural, and industrial sectors
(Ahmad and Bhattacharya 2021; Bhattacharya and Bundschuh 2015).
Therefore, groundwater serves as the major source of global freshwater
(Bhattacharya and Bundschuh 2015; Coomar and Mukherjee 2021;
Mukherjee et al., 2021). High concentrations of F – have been reported
in more than 35 countries of the world, exposing approximately 200
million people at the risk of fluorosis (Ayoob et al., 2008; Ijumulana et
al., 2021, 2022). In northern parts of Tanzania, the F− concentrations in
groundwater have been observed above 10 mg/L (including Tanga,
Arusha, Manyara, and Kilimanjaro regions). These regions lack alterna-
tive sources of drinking water (Ijumulana et al., 2021). This situation
calls for attention to mitigate the problem by lowering F− concentration
below the maximum allowable concentration (Ndé-Tchoupé et al.,
2015).

Several defluoridation techniques have been discussed in the litera-
ture, e.g. nano-filtration, adsorption, ion-exchange, coagulation, re-
verse osmosis, and electrochemical method (Maity et al., 2018). Each of
these techniques has its strength and limitations. For example, ion ex-
change, coagulation, and electrochemical membrane methods require
high installation and maintenance costs (Habuda-Stanić et al., 2014;
Sivarajasekar et al., 2017). On the other hand, adsorption techniques
require relatively modest investment and maintenance due to their sim-
ple design and availability of a wide range of materials that can be used
as adsorbents (Bhatnagar et al., 2011). However, the applicability of
some adsorbents is limited due to their low F− removal capacity. Typi-
cally, the selection of adsorbent materials depends on the removal ca-
pacity, capital investment and running cost, local availability of materi-
als, user preference, and acceptance by the community (Kimambo et al.,
2019).

Bauxite is a naturally abundant mineral. The current estimation of
global bauxite resources range between 55 and 75 billion tons (USGS
2021). Bauxites are divided into two main categorizes which are lat-
eritic and karst bauxites. The main producers of lateritic bauxite are
countries such as Guinea, India, Australia, North and South America
while most of karst bauxite is produced by countries such as Jamaica,
Greece, France, China, Russia, and Kazakhstan (Hache et al., 2021). The
countries with largest bauxite reserves are shown in Table 1. Bauxite
contains aluminium oxide, iron oxide, silica, and titanium oxides in
variable amounts. The composition of different bauxites differs as a re-
sult of differences in the production and formation process (Alhassan et
al., 2020).

Table 2
The fluoride adsorption capacity of bauxite under different adsorption conditions.
Adsorbent Type of

water
Initial F-
Concentration (mg/
L)

Particle
size (mm)

Adsorbent
dose (g/L)

Contact
time (min)

pH Temperature
(°C)

Shaking
speed (rpm)

Adsorption
capacity (mg/g)

References

Raw bauxite RW 5 0.8–1.12 10,560 7 20 100 0.129 (Salifu et al.,
2016)

Granular aluminum-coated
bauxite

RW 5 0.8–1.12 10,560 7 20 100 0.335 (Salifu et al.,
2016)

Granular aluminum-coated
bauxite preheated at
500 °C

RW 5 0.8–1.12 10,560 7 20 100 0.426 (Salifu et al.,
2016)

Bauxite calcined at 200 °C SW 6 0.25 15 90 7 25–27 0.31 (Malakootian et
al., 2015)

Bauxite calcined at 200 °C DW 2.46 0.25 15 90 7 25–27 0.087 (Malakootian et
al., 2015)

Raw bauxite SW 12 0.1 2 120 5–7 30 Not
specified

2.4 Sujana and
Anand (2011)

Bauxite calcined at 200 °C GW 12.62 0.5 – <1.0 1 180 8.72 125 1.05 (Thole et al.,
2012a)

RW = Raw water.
SW = Synthetic water.
DW = Drinking water.
GW = Groundwater.
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Fig. 1. Map showing the (a) location of Tanzania in Africa continent, (b) districts with bauxite mines in Tanzania.

Table 3
Percentages of oxides present in raw and bauxite calcined at 400 °C measured
by using XRF.
Oxide Raw bauxite Bauxite calcined at 400 °C

57.67 66.98
7.39 7.48
5.79 6.47
0.86 0.85
0.28 0.65
0.17 0.14
0.17 0.19
0.07 <0.01
<0.01 <0.01
<0.01 <0.01
<0.01 <0.01
<0.01 <0.01
<0.01 <0.01
<0.01 <0.01
<0.01 <0.01
<0.01 <0.01

LOI 27.59 17.24

Although raw bauxite can be used as an adsorbent for F− removal
from water, it contains impurities that can interfere with the adsorption
and may leach unwanted ions into the treated water (Alhassan et al.,
2020; Sajidu et al., 2012). The bauxite can be modified in order to im-
prove its adsorption efficiency, ability to regenerate adsorbent, and the
pH range in which it can adsorb F− ions. The modification of adsorbent
can change its surface chemistry and/or functional properties. Further-
more, the bauxite can be modified by metal impregnation, heating,
acidifying, and crushing (Alhassan et al., 2020). The impregnation us-
ing metals e.g., Al3+ increases the content of the gibbsite compared to
hematite which increases F− removal efficiency. Gibbsite being an alu-
minum-based oxide that possesses higher defluoridation capabilities
than hematite which is an iron-based oxide (Salifu et al., 2016). Heat-
ing causes dehydroxylation which increases the surface area for binding
(Ndé-Tchoupé et al., 2015) and lowers the time to reach equilibrium
(Alhassan et al., 2020). Crushing increases the F− removal capacity by
increasing the surface area for binding (Alhassan et al., 2020). The F−

adsorption capacity of any adsorbent can be affected by several factors

(Kimambo et al., 2019). The adsorption capacity for F− removal using
bauxite at different experimental conditions is given in Table 2.

In Tanzania, large bauxite deposits are observed in Mbeya and
Tanga regions. The total estimate of bauxite reserves in Kidundai-
Magamba and Mabughai-Mlomboza bauxite deposits in the Tanga re-
gion is about 37 million tons (Mutakyahwa et al., 2003). Few studies on
the application of bauxite from Tanzania for the defluoridation of water
have been carried out (Thole et al., 2012a, 2012b, 2013). However,
only few parameters which affect the F− removal from water were
tested. The current study aims to investigate the usability of bauxite
from Tanzania and the factors which can affect its F− removal capacity.
The systematic batch experiment was performed and compared with
modeling to better understand the removal of F− by Tanzanian bauxite.
The outcome this investigation intends to provide an effective and low-
cost method for F− removal from water.

2. Materials and methods

2.1. Geographical origins of the adsorbent and water samples

The bauxite used in this study was obtained from bauxite mine lo-
cated in Lushoto District in Tanga Region, northeastern Tanzania. Fig. 1
shows the sampling location for the studied bauxite and other districts
with bauxite mines in Tanzania.

The water sample used in this study was obtained from a natural
spring (Supplementary Figure SF1) in the Arusha region, which is one
of the largest regional F− hotspots in northern Tanzania (Ijumulana et
al., 2020). Water from this spring is used by the community as a drink-
ing water source. According to the national population census of 2012,
approximately 25% of the Northern Development Zone (NDZ) popula-
tion lives in the Arusha region where only 30% of the groundwater
sources are safe in terms of F− levels for drinking purposes. This per-
centage is not adequate to accommodate the large population forcing
most of the communities to depend on F− contaminated water. As a con-
sequence, the majority of community members in this region are prone
to dental, skeletal, and crippling fluorosis (Ijumulana et al., 2021).
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Fig. 2. XRD pattern for (a) raw bauxite (b) bauxite calcined at 400 °C
Abbreviations: Bhm: boehmite ( ); Brn: birnessite ( Cal: calcite ( Crn: corundum ( Gbs: gibb-
site ; Gth: goethite ; Hem: hematite ; Kln: kaolinite ( ); Mc: microcline ( ); Ms: muscovite
( ; Nrd: nordstrandite ; Qz: quartz ( ).

Fig. 3. Effect of calcination temperature on F− adsorption on calcined bauxite
which shows the loading capacity decrease after 400 °C due to sintering of ma-
terials and blockage of available pore space.

2.2. Preparations and characterization of adsorbent material

The Bauxite sample was ground and sieved until all the particles had
a diameter of <0.075 mm. The mineral phase composition was deter-
mined by BTX II X-ray Diffraction Analyzer (inXitu Inc, United States).
The measurement was done using Co Kα1 over a range of 5–55° radia-
tion at a wavelength of 1.78897 Å.

The chemical composition of bauxite material was determined by
using an ARL OPTIM’X XRF spectrometer (Thermo Fisher Scientific Inc,
Sweden).

2.3. Water sampling and analysis

A total of 60 L of water sample was collected from the spring and
packed in three 20 L polyethylene cans. The GPS receiver Mobile Map-
per 20 was used to record the location of the sampling site. The sam-
pling procedures were followed during water sampling (EPA 2017).
The samples were then transported to the Water Quality Laboratory of
the University and Dar es Salaam and stored at 14 °C. Before the solu-
tion was mixed with the adsorbent, the pH and F− concentrations were
measured by using Hach® potable water quality multimeter (HQ40D).
The pH calibration standards (4, 7, and 10) and ion concentration cali-
bration standard solution of F− (1, 5, and 10 mg/L) were usually ap-
plied (accuracy ± 0.5%). The concentration of anions (Cl−, NO3−,
SO42−, HCO3−) were determined by using Dionex DX-120 Ion Chro-
matography (IC). The concentration of cations (Al3+, As3+, Ba2+, Ca2+,
Cd2+, Cr3+, Cu2+, Fe2+, Na+, Ni2+, Pb2+, Se2+, V5+, Zn2+, B3+) were
analyzed by using Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES). The speciation of inorganic ions and complexes in
water samples before and after defluoridation were done by using Vi-
sual MINTEQ 3.1.
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Fig. 4. Effect of (a) contact time (b) adsorbent dose (c) particle size and (d) temperature on fluoride removal by calcined bauxite.

Fig. 5. Adsorption isotherms plot (a) Freundlich and (b) Langmuir for fluoride removal by calcined bauxite (adsorbent dose 40 g/L, shaking speed 200 rpm and tem-
perature 30 °C).

2.4. Batch experiments

Bauxite with 0.075 mm diameter was calcined in a Muffle furnace
LE 1/11 (Nabertherm, Germany) at temperatures between 300 and
600 °C for 2 h. The batch experiments were designed to examine the ef-
fect of calcination temperature using 50 mL of 8.27 mg L−1 F− raw wa-
ter in conical flask, mixed with 2 g of bauxite with a shaker speed of
200 rpm for 4 min at 30 °C. After 4 min, the pH and F− concentration in
remaining solution was measured. The calcination temperature which
gave the highest adsorption capacity was used in subsequent experi-
ments performed at different conditions i.e. contact time (1–10 min),
adsorbent dose (20–140 g/L), particle size (0.075–1.0 mm) and tem-
perature (30–50 °C) in order to determine the optimum conditions for
the adsorption. The anions and cations in the water sample treated at
optimum condition and were analyzed by using Dionex DX-120 Ion

Chromatography (IC) and Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES), respectively.

The percent F− removal from aqueous media was calculated using
Eq. (1) (Izuagie et al., 2015):

(1)

The amount of F− adsorbed by 1 g of the adsorbent at equilibrium
(mg/g) was calculated using Eq. (2) (Maiti et al., 2011):

(2)

The amount of adsorption at time t, (mg/g) was calculated by Eq.
(3) (Zhao et al., 2015):

5
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Table 4
Isotherm parameters for the removal of F− by calcined bauxite at 400 °C.
Model Parameters R2

Freundlich = 0.154 mg/g
= 0.861

0.968

Langmuir 0.742 mg/g = 0.261 L/mg
= 0.317

0.298

(3)

2.5. Adsorption isotherms

The two major adsorption models i.e. Freundlich and Langmuir ad-
sorption isotherms were used to determine the mechanism and maxi-
mum adsorption capacity for F− adsorption on bauxite surface.

2.5.1. Freundlich isotherm
Freundlich isotherm model uses to describe the behaviour between

adsorbate and adsorbent (Maity et al., 2018). Freundlich adsorption
isotherm assumes multilayer adsorption on the heterogeneous surface
(Sujana and Anand 2011) and the maximum adsorption occurs when
the adsorbent surface is covered by adsorbate is given by Eq. (4):

(4)

The values of and are calculated from the intercept and slope
of the plot of against (Chen et al., 2010). The value of
between 0 and 1 indicates the adsorption process was favourable
(Gogoi and Dutta 2015).

2.5.2. Langmuir isotherm
Langmuir isotherm model assumes monolayer adsorption on a ho-

mogeneous surface and there is no interaction between adsorbate mole-
cules on adjacent sites. This means the adsorption capacity is the maxi-

mum (Maity et al., 2018). Langmuir equation which is purely empirical
is given by Eq. (5):

(5)

The slope and intercept of the graph of against give the value
of and (Meenakshi and Viswanathan 2007).

In order to find the practicability of the isotherm, the Langmuir
isotherm was expressed in terms of the equilibrium factor ( ) by using
Eq. (6)

(6)

The value between 0 and 1 indicates the adsorption is favourable
(Masindi et al., 2015).

2.6. Adsorption kinetics

Adsorption kinetics is one of the significant features of adsorbents
which gives the awareness on the type and rate of adsorption (Haddad
et al., 2019). The two major types of kinetics models which are the reac-
tion and diffusion-based models were employed to study the kinetics of
the adsorption process (Viswanathan et al., 2009, 2010).

2.6.1. Reaction based models
The reaction-based model is used to determine the rate of reaction

(kinetic adsorption constant) for F− adsorption on calcined bauxite sur-
face which is important in drawing valid conclusions and performing
accurate modeling (Hosseini-bandegharaei and Chao 2017).

The reaction-based models were used to study the adsorption of
solutes from a liquid solution. The pseudo-first-order means the rate of
reaction is proportional to the concentration of only one reactant
(Maity et al., 2018). The pseudo-first-order kinetic model is given by
Eq. (7):

Fig. 6. Adsorption kinetics (a) pseudo-first-order, (b) pseudo-second-order, (c) particle diffusion controlled adsorption and (d) intra-particle diffusion controlled
adsorption for fluoride removal by calcined bauxite (adsorbent dose 40 g/L, temperature 30 °C and shaking speed 200 rpm).
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Table 5
Thermodynamic parameters for F− adsorption on bauxite calcined at 400 °C.

(kJ/mol) (kJ/mol K) (kJ/mol)

303 K 308 K 313 K 318 K 323 K

19.892 0.078 −3.75 −4.14 −4.53 −4.92 −5.31

(7)

The value of was obtained from the slope of the graph of
against (Viswanathan and Meenakshi 2008a, 2009).

The pseudo-second-order means the rate of reaction is proportional
to the square of reactant concentrations (Maity et al., 2018). The linear
pseudo-second-order is given by Eq. (8):

(8)

The values of and are obtained from the slope and intercept of
the plot against . The pseudo-second-order rate constant (g/mg
min) is given by (Suneetha et al., 2014;
Viswanathan et al., 2010).

2.6.2. Diffusion-based models
In a solid-liquid adsorption process, the solute transfer is usually

controlled by either particle or intra-particle diffusion. The contribu-
tion of diffusion on the rate of F− adsorption on calcined bauxite surface
was studied by using particle and intra-particle diffusion models
(Hosseini-bandegharaei and Chao 2017).

The likelihood of the particle diffusion resistance affecting the ad-
sorption behaviour was investigated using the particle diffusion kinetic
model given by Eq. (9):

(9)

The graph of against gives the straight line with the
value of as the slope (Sundaram et al., 2008; Viswanathan and
Meenakshi 2008b).

The intra-particle diffusion kinetic model was employed to study the
contribution of intra-particle diffusion on the adsorption behaviour us-
ing Eq. (10):

(10)

The plot of against gives the value of as a slope (Haddad et
al., 2019).

2.7. Thermodynamic parameters of adsorption

The thermodynamic properties were studied by changing the tem-
perature in the thermostat-controlled shaker from 30 to 50 °C
(303–323 K). The thermodynamic parameters , and associ-
ated with the adsorption were calculated in order to determine the na-
ture of F− adsorption process.

The of the adsorption process is calculated from Eq. (11) (Sujana
and Anand 2011):

(11)

The was also expressed in terms of and by using Eq. (12):

(12)

The value of for the reaction is used to predict whether the reac-
tion can take place spontaneously ( < 0) or the application the en-
ergy is required in order to promote the reaction ( > 0).

The adsorption distribution constant was expressed in terms of
and as a function of temperature using Eq. (13):

(13)

The values of and were calculated from the slope and inter-
cept of the plot of against . The negative and positive indi-
cates exothermic and endothermic reaction, respectively. The value of

> 0 means the reaction irreversible and stable (Viswanathan and
Meenakshi 2008a).

2.8. Regeneration of bauxite

The used bauxite was regenerated by shaking them in 0.015 mol/L
NaOH solution for 2 h and filtered (Das et al., 2005). The filtrate was
then washed using distilled water in order to remove excessive NaOH
from the adsorbent. The material was dried for 24 h at room tempera-
ture before oven dried at 105 °C for 3 h. The regenerated bauxite was
used for F− removal under optimum conditions.

3. Results and discussion

3.1. Characterization of the adsorbent materials

3.1.1. Chemical composition
The data shows that the , and were the major ox-

ides in untreated and calcined bauxite (Table 3) however, the percent-
ages of the major oxides differ from that reported in another study. A
study by Thole et al. (2013) reported 30.33% ( ), 14.3% ( )
and 15.0% ( ).

3.1.2. Mineralogical composition
The XRD data indicate the gibbsite is the major con-

stituent of raw bauxite (Fig. 2a). The presence of the gibbsite is indi-
cated by characteristic peaks at ‘d’ values of 4.81, 2.45, and 1.99, etc.
The other minerals which are present in raw bauxite are presented in
Supplementary Table ST1. The results were in positive agreement with
those reported by Mutakyahwa et al. (2003).

On calcination at 400 °C gibbsite peaks disappeared (Fig. 2b) be-
cause of the loss of water molecules to form boehmite ( ) (Eq.
(14)) and corundum (Eq. (15)) (Supplementary Table ST2).
Loss of water can also be the reason for the disappearance of goethite
peaks and the increase in the amount of hematite ( ) in calcined
bauxite (Eq. (16)). Similar results were observed in the study by Das et
al. (2005).

(14)
(15)

(16)

3.2. Raw water composition

The pH and ionic status of the water are shown in Supplementary
Table ST3. The concentrations of F−, and Ca2+ as well as pH, were ob-
served above the WHO limit (WHO 2011) and TBS standards (TBS
2009) while that of Cl−, NO3− and SO42− were below the standards.
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Fig. 7. Fluoride removal by calcined bauxite: Fitting curve between against 1/T (adsorbent dose 40 g/L and shaking speed 200 rpm).

3.3. Fluoride removal experiments

3.3.1. Impact of calcination temperature
The calcined bauxite showed different adsorption loading at differ-

ent temperatures. Initially, the adsorption loading increased with the
increase in calcination temperature from 200 to 400 °C (Fig. 3). This oc-
curred because gibbsite undergoes dehydroxylation processes to form
boehmite (300 °C) followed by (above 300 °C) which increased
the surface area of bauxite, hence increase the uptake loading (Das et
al., 2005). After 400 °C the adsorption loading started to decrease due
to the sintering of materials and blockage of available pore space. Das
et al. (2005) reported a similar F− adsorption trend. The calcination
temperature which gave the highest adsorption loading (400 °C) was
fixed as the calcination temperature for the subsequent experiment.

3.3.2. Effect of contact time
Initially, the adsorption loading increased with an increase in time

Fig. 4a. The increase was caused by the fact that initially, the large
number of active sites were vacant and the solute concentration gradi-
ents were high which favored high mass transfer on the surface of the
adsorbent (Singh et al., 2018). After 8 min, the F− removal capacity re-
mained constant that indicating the adsorption has attained the equilib-
rium. Therefore, 8 min was fixed as the contact time for subsequent ex-
periments. This indicates the reaction between bauxite and F− proceeds
at high speed.

3.3.3. Effect of adsorbent dose
Initially, the adsorption efficiency increased with an increase in ad-

sorbent dose as shown in Fig. 4b. This was caused by the increase in the
number of active sites available for adsorption per unit weight of F−

treated (Singh et al., 2018). After the dose of 40 g/L, there were no sig-
nificant increases in the adsorption efficiency. This is because of de-
crease in F− to the available active sites ratio with an increase in the
amount of the adsorbent (Fufa et al., 2014). On the other hand, the ad-
sorption loading decreased with the increase in the adsorbent dose due
to the overlapping of active sites as the amount of adsorbent increased
per unit volume (Kumar et al., 2007; Rajkumar et al., 2019).

3.3.4. Effect of particle size
Fig. 4c shows the adsorption loading decreased with the increase

in particle size. A smaller particle size increases the F− adsorption up-
take by increasing the availability of reactive surface areas on the ad-
sorbent surface. These results are in accordance with Thole et al.
(2012a) and Malakootian et al. (2017). The 0.075 mm was fixed as
the particle size for the subsequent experiment.

3.3.5. Temperature
The adsorption was increased with the increase in temperature from

30 to 50 °C (Fig. 4d). This can be caused by the decrease in thickness of
the outer surface of the bauxite which increased the rate of diffusion of
F− across the internal pores and external boundary layer of the calcined
bauxite (Suneetha et al., 2014). Also the kinetic energy of F− increases
due to the increase in temperature which can be the reason for the in-
crease in F− uptake (Kundu et al., 2017). The increase of uptake with
the increase in temperature indicated F− adsorption on calcined bauxite
is an endothermic reaction (Abe et al., 2004).

3.4. Effect of adsorption on the quality of water

The results from Supplementary Table ST3 show the adsorption us-
ing calcined bauxite was able to lower the concentration of F− and the
pH of groundwater to the WHO and TBS standard levels. After the ad-
sorption, the F− concentration and the pH of water was lower from 8.27
to 1.02 mg/L and 9.38 to 6.74, respectively. Bauxite was able to lower
the pH of water because it contains a large amount of Al2O3 which is an
amphoteric character. Being amphoteric, Al2O3 has the ability to react
as an acid in the basic water medium and lowers the pH by reducing the
concentration of OH− in water (Eq. (17)).

(17)

Then following the adsorption process whereby protons are released
to the surrounding medium hence decrease of water pH further (Eq.
(18)).

(18)

The presence of sulphite which is largely acidic can also cause de-
crease in pH. During dissolution sulphite from bauxite bind water mole-
cules and discharge protons to the surrounding medium which cause
the pH of water to decrease (Thole et al., 2013) (Eqs. (19) and (20))

(19)
(20)

After treatment the concentration of some ions i.e. Al3+ and B3+ in-
creased in water, however, they were still within the allowed values.
The concentration of and Cr3+ and Ca2+ in water after treatment did
not adhere to the upper WHO Cr3+ and Ca2+ limit.

3.5. Adsorption isotherms

Freundlich isotherm model was found to be the best fitting model
for the adsorption of F− on the adsorbent since it gives a straight line
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Table 6
Estimation and costing for the preparation of calcined bauxite per kg.
Sl.
No.

Item Unit Cost
(Tsh)

Consumption Price
(Tsh)

Price ($) (As
on June 30,
2021)

1 Bauxite Collection 1315.60 1315.60 0.56
2 Grinder 292.74 per

kWh
0.25 kWh for
0.5 h

36.59 0.02

3 Sieving 292.74 per
kWh

0.25 kWh for
0.25 h

18.30 0.01

4 Calcining 292.74 per
kWh

1.6 kWh for
2 h

936.77 0.40

Net Cost 2307.26 0.98
Other Overhead
Cost (10% of Net
Cost)

230.73 0.10

Total Cost 2537.99 1.08

with the correlation coefficient close to unity (Fig. 5a and b). This indi-
cates multilayer adsorption on the heterogeneous surface. The values

and were found to be between 0 and 1 (Table 4) which shows
that the adsorption process was favourable. These results were in agree-
ment with Salifu et al., (2016), Atasoy et al. (2013) and Malakootian et
al. (2014).

3.6. Adsorption kinetics

3.6.1. Reaction-based models
The correlation coefficient ( ) in the pseudo-second-order model

was higher than that of the pseudo-first-order model (Fig. 6a and b)
which indicates the applicability of the pseudo-second-order model
(Viswanathan and Meenakshi 2008a, 2008b). Pseudo-second-order also
has larger adsorption loading at equilibrium (0.180 mg/g) compared to
the pseudo-first order (0.008 mg/g). The rate constants for pseudo-first-
order and pseudo-second-order were observed to be 0.181 min−1 and
115.425 g/mg min, respectively. These results agreed with Malakoot-
ian et al. (Malakootian et al., 2014, 2015, 2017), Haddad et al. (2019)
and Salifu et al. (2016).

3.6.2. Diffusion-based models
The rate constants for particle and intra-particle diffusion models

were found to be 0.1813 min−1 and 0.0025 mg/g min0.5, respectively
(Fig. 6c and d) The higher correlation coefficient ( ) values for intra-
particle diffusion models which indicate that the F− diffusion on adsor-
bent follows intra-particle diffusion models. This observation for F− ad-
sorption is consistent with the findings by Sujana and Anand (2011).

3.7. Thermodynamic parameters

The negative values of (Table 5) obtained from Fig. 7 confirm
the spontaneous nature of the adsorption process at all temperatures
studied. The value of became more negative with the increase in
temperature that indicates the F− removal process is favored by the in-
crease in temperature (Mourabet et al., 2011). The results obtained
from this study concur with those reported in earlier studies (Sujana
and Anand 2011; Salifu et al., 2016) where the spontaneous nature of
F− adsorption occurred on bauxite surface.

The value of being between 0 and -20 kJ/mol indicates the ph-
ysisorption on the bauxite surface (Salifu et al., 2016). The value of
−5.44 kJ/mol was reported by Sujana and Anand (2011). The en-
dothermic nature of F− adsorption on calcined bauxite is indicated by
the value of > 0. The positive value of indicates good affinity of
F− towards bauxite and the randomness at the solid/solution interface
increased during the adsorption process (Maity et al., 2018; Mourabet
et al., 2011).

3.8. Speciation of inorganic ions and complexes in water sample

The comparison between the concentration of Species present in wa-
ter before and after defluoridation is shown in Supplementary Table
ST4. The total concentrations of aluminofluoride (AlFx) complexes in
treated water are very low (5.18E-07 mg/L) means that its consump-
tion cannot lead to chronic kidney disease (CKD) (Wasana et al., 2015).

3.9. Regeneration of bauxite

After the regeneration, the F− adsorption efficiency of calcined
bauxite decreased from 87.67 to 78.23%. The amount of F− remained in
water when bauxite was regenerated was 1.8 mg/L which is slightly
above the WHO standard (1.5 mg/L). The effectiveness F− removal abil-
ity decreased after regeneration due to the fact that several chemical re-
actions take place on the bauxite surface during adsorption which
caused some pores to collapse (Li et al., 2020).

4. Cost analysis

The cost of adsorbent preparation is very important in order to de-
termine the overall cost for large scale applicability and economic feasi-
bility of the process. It is very difficult to select the adsorbent without
cost estimation (Tirkey et al., 2018). In this study, low cost bauxite was
proposed as the adsorbent for fluoride removal from water. Bauxite is
locally available in several regions of Tanzania and around the world.
The production cost of a unit of calcined bauxite depends on the collec-
tion and process cost which includes electricity consumption in the
oven, crusher, sieve and muffle furnace, which was found to be
8334.58 TSh (≈3.55 US$ kg−1 as on June 30, 2022) at laboratory scale
(Table 6). The cost of electricity consumption can be reduced ≈1.08
US$ kg−1 by drying the bauxite in sunlight, but it will take more time to
dry. This cost is low as compared to technologies using other adsorbents
available in the market e.g. the production of activation carbon is 8.40
US$ kg−1 (Sharma et al., 2021).

5. Conclusion

Calcined bauxite offers a higher F− removal efficiency than the raw
bauxite due to phase changes that occurred during calcination which
also increased the surface area of the bauxite. The data from adsorption
experiments fit well with the Freundlich isotherm which indicates mul-
tilayer adsorption. The adsorption kinetics model indicates F− adsorp-
tion on bauxite surface follows intra-particle diffusion and pseudo-
second-order models. The negative , positive and positive in-
dicate the F− adsorption on the bauxite surface was spontaneous, en-
dothermic, and structural changes which occurred during the adsorp-
tion process. The F− adsorption capacity was lower than that reported
in other literature. This may be due to the higher pH which caused F− to
compete with OH− for the sorption site on the bauxite surface. The ef-
fectiveness of adsorbent for F− removal is reduced after each regenera-
tion. The concentrations of inorganic ions and complexes present in
treated water indicate that it complies with the drinking water stan-
dard. The results obtained from this study revealed the potential useful-
ness of calcined bauxite for F− removal from water, however, the dis-
posal the F− loaded calcined bauxite is still a problem. The overall cost-
benefit analysis reveals that the cost of calcined bauxite for safe water
production is low as compared to other available adsorbents.
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