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Abstract: Excess fluoride in drinking water causes both dental and skeletal fluorosis among other
problems. As such there is need to develop affordable and easily accessible techniques for fluoride
removal from drinking water. This work assessed surface modified diatomite mixed with brick for
fluoride removal. Diatomite samples were modified using aluminium hydroxide and the mixture was
optimized for fluoride removal through response surface methodology (RSM) using the Box-Wilson
central composite design. Batch experiments showed that, individually, a 28 g/L dose of the surface
modified diatomite sufficiently removed fluoride to the acceptable level of 1.5 mg/L from an initial
concentration of 10 mg/L fluoride while a 300 g/L dose of brick powder was required to remove
an equal amount of fluoride in the same water samples. RSM optimization showed that a mixture
of surface modified diatomite and brick in the mass ratio 1.8:17.8 grams per milligram of fluoride
in water can be used to remove fluoride in water to an acceptable level. Adsorption of fluoride by
surface modified diatomite fit better into the Freundlich adsorption isotherm (R2=0.9753) compared to
the Langmuir (R2=0.8954), while adsorption by brick better fit the Langmuir adsorption mechanism
(R2=0.9804) in comparison to the Freundlich adsorption (R2 =0.9372). Kinetic studies revealed that
chemisorption was the main mechanism for both surface modified diatomite and brick adsorbents.
Conclusively, an optimal mixture of surface modified diatomite and brick can be successfully used for
fluoride removal in areas for which water has high fluoride contamination.
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1. Introduction

The presence of fluorides in drinking water is a subject that continues to attract attention globally. It
is considered a double-edged sword in drinking water due to its positive and negative effects depending
on its levels [1]. It is considered a safe and simple means of preventing dental caries in children when
the levels are within the set standard, but detrimental to health, possibly resulting in dental fluorosis
when the levels are above the recommended limits [2]. Several countries have set standards for fluoride
in water in efforts to fight the devastating effects of low or excess fluoride in water. South Africa for
example has a fluoride upper limit of 0.75 mg/L [3], while Malawi uses a previous WHO standard
value of 6 mg/L [4]. The regional prevailing temperatures are among the key factors that determines
the appropriate limits that various countries have set for fluoride in drinking water [5].

The current World Health Organization (WHO) acceptable limit of fluoride is 1.5 mg/L [6, 7]. It is
noted that high levels of fluoride above this value have risks of dental and skeletal fluorosis [8]. Several
countries have adopted this WHO standard as the guideline of fluoride in water, and Kenya is among
them [9]. Despite legislation that regulates the fluoride levels in drinking water, cases of fluorosis are
still reported in countries affected by fluoride contamination in water. In Kenya for example, cases of
crippling fluorosis have been reported for more than a decade in some areas, such as those around Lake
Baringo [10, 11]. The water from Lake Baringo has been reported to have fluoride levels as high as
5.2 mg/L [12], while other parts of the country, such as Nakuru, have reported levels of up to 7.6 mg/L
in piped water [13]. Therefore, more effort on fluoride removal in water is of great significance.

Currently, there are several techniques for removal of fluoride from contaminated water [14]. These
methods include adsorptive and additive techniques, membrane filtration, electrodialysis, and advanced
oxidation processes, among others, which fall into adsorption, ion-exchange, coagulation-precipitation,
membrane processes, and biological methods [15]. Several works have been dedicated to the review of
these methods, including the findings, merits, and demerits of each technique [16–18]. Among these
methods, adsorption is considered a primary technique for water defluoridation [19]. This is due to its
simplicity in design, ease of operating,and reusability of the adsorbent [15]. However, the cost of the
adsorbents used in defluoridation is one of the challenges that derail the efforts of removal of excess
fluoride in water.

Surface modification of commonly available adsorbents is promising in improving the adsorbents’
ability to remove the contaminants in water. There are several surface modification techniques for
the adsorbents, including protonation, metal and metal oxide impregnation, amine group grafting,
use of organic compounds, and heat treatment, which are broadly grouped into chemical and
physical techniques [20]. Several studies have been carried out on the modification of diatomite
for its improvement as an adsorbent. Methods including thermal, hydrothermal, alkaline, and acid
modification, among others, have been used, although the focus has been on the use for removal of
dyes and metal ions in water [21]. Akafu et al. [22] applied surface modified diatomite for fluoride
removal in water; however, there is still limited information on the use of surface modified diatomite
for fluoride removal.

The goal of this work was to test the viability of a mixture of surface modified diatomite and
bricks as cheap adsorbent for removal of fluoride from contaminated water. Diatomite is an abundantly
available adsorbent in many locations. It is 500 times cheaper than activated carbon, yet as equally
effective as activated carbon in filtration [22]. It is noted to have high voidage of 80-90% [23], with pore
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size distribution of 10-200µm [22]. Diatomite fluoride removal capacity is low, but can be improved
through surface modification. On the other hand, bricks have been found to remove fluoride in water
due to the presence of oxides of elements including iron and aluminium [24, 25].

In this work, diatomite samples were modified using aluminium hydroxide and then tested for
fluoride removal. Similarly, brick powder was studied for its fluoride removal. The mixture of
both surface modified diatomite and brick were optimized for fluoride removal by response surface
methodology (RSM) using central composite design (CCD).

2. Materials and methods

2.1. Surface modification of diatomite

The diatomite samples were collected from African Diatomite Industries Limited (ADIL) company
in Gilgil, Nakuru county in Kenya. The samples were subjected to surface modification based on
the procedure employed by Akafu and co-workers with some minor modifications introduced [22]. A
mass of 100 grams of the raw diatomite sample was weighed and washed with distilled water to remove
dirt. The washed samples were then transferred to 1 litre glass beakers and 400 ml of 1M aluminium
chloride solution was added. An equal volume of 3M sodium hydroxide solution was immediately
added to the mixture. The mixture was then stirred at 200 rpm for 4 hours using a magnetic stirrer.
After 4 hours, the mixture was acidified to a pH of 2 using 0.1M hydrochloric acid, and then stirred for
another 30 minutes. The solid obtained was then washed with distilled water with the aid of a vacuum
filter until the pH of the supernatant was 6. The solid was then dried in an oven at 80°C for 12 hours.
After the drying process, the dried solid was removed, covered with aluminium foil, and left to cool to
room temperature. It was then crushed and sieved through a 280 µm sieve to obtain fine powder. The
powder was then corked in a plastic container and kept ready for use.

2.2. Preparation of brick

Burnt clay red bricks were obtained from the brick making site in Kesses, near Moi University in
Eldoret, Kenya. The collected bricks were crushed to reduce the particle sizes. The crushed particles
of bricks were then passed through a 280 µm sieve to obtain a fine powder. The fine powder was kept
in sealed polythene bag ready for use.

2.3. Adsorbent characterization

Samples of raw diatomite, modified diatomite, used diatomite, and brick were characterized for their
surface morphology and elemental composition. Scanning electron microscopes (SEM) with energy
dispersive x-ray (EDX) capability (CamScan 24 and CamScan 44) were used. About 1 cm2 of the
sample was mounted on flat aluminium stubs using a two-sided adhesive film to adhere the sample to
the stub. The samples were then sputtered with a thin coating of gold layer using the Pirani 10 sputter
coater (Edwards Sputter Coater S150B). The SEM was equipped with secondary electrons (SE) and
backscattered electrons (BE) detectors, which enabled the microscopic observation. The microanalyses
provided detailed information on the morphological characteristics and the elemental composition of
the samples.
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2.4. Preparation of fluoride solutions

A 1000 mg/L fluoride stock solution was prepared by dissolving 1.01 g of sodium fluoride (99%
NaF, Loba Chemie Pvt. Ltd, India) in distilled water in a 1L volumetric flask, then diluting to the mark.
Solutions containing 10 mg/L fluoride were then obtained through dilution of the stock solution using
distilled water.

2.5. Determination surface modified diatomite and brick doses for fluoride removal

The amount of surface modified diatomite required to remove fluoride to a residual level of 1.5 mg/L
from 10 mg/L was determined by dosing varied masses of the surface modified diatomite to 250 ml
of 10 mg/L fluoride solution. Stirring was carried out for 1 hour in a batch process using a magnetic
stirrer, at which point the residual fluoride in the water was measured using the Palintest method, a
technique which is based on the zirconyl chloride and Eriochrome cyanine R method [26]. The ELE
International PaqualabT M Photometer (England) was used alongside the Palintest reagents (Fluoride
AP179). This process was repeated for brick dosage to determine the mass of brick required to reduce
the fluoride content to the WHO standard of 1.5 mg/L fluoride concentration.

2.6. Adsorbent mixture optimization

The mass ratio of the surface modified diatomite and brick was optimized through experimental
design. The design of the experiment was done using Box-Wilson central composite design (CCD) of
the response surface methodology (RSM). Design expert software version 13.0 was used. Central
composite design was chosen due to its ability to predict optimized conditions accurately with a
minimum number of runs [27]. In the design, five levels and two factors were used, which yielded
a total of 13 experiments with 5 replications at the center points. Table 1 shows the independent
variables and their levels for the experiment.

Table 1. Independent variables and their levels in CCD design. Codes: X1-mass of modified
diatomite (g), X2-mass of brick (g)

Variable Levels
Variable -α:-1.414 -1 0 1 α:1.414
X1 0.237 5 16.5 28 32.864
X2 10.294 60 180 300 349.706

The limits for the variables X1 and X2 were set as the masses of the adsorbents determined through
the procedure in section 2.5 (28g and 300g, respectively). The value of α is as per the formula α =
(2k)0.25, where k is the number of factors [28].

2.7. Isotherm studies

2.7.1. Surface modified diatomite

The studies on isotherms were carried out for the surface modified diatomite by dosing 2g of the
surface modified diatomite to 125 ml samples of water with varied concentrations of fluoride ions.
The fluoride ion concentrations ranged from 100 mg/L to 5 mg/L. The mixtures were stirred for a
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constant time of 30 minutes at a rate of 200 rpm, after which the equilibrium concentration of the F−

ions was measured using the photometer and recorded for each sample. All studies were carried out
at room temperature (20°C) and a pH of 6. The results were analyzed and fitted to both Langmuir and
Freundlich isotherms.

2.7.2. Brick

The studies on isotherms were carried out for brick by dosing 20 g of powdered brick to 125 ml
samples of water with varied concentrations of fluoride ions. The fluoride concentration was 100 mg/L
to 10 mg/L. The mixtures were stirred for a constant time of 30 minutes at a rate of 200 rpm. The
equilibrium concentration of the F− ions was then measured using the photometer and recorded for
each sample. The experiments were conducted at room temperature (20°C) and a pH of 6. The results
were analyzed and fitted to both Langmuir and Freundlich adsorption isotherms.

2.8. Kinetic studies

2.8.1. Surface modified diatomite

The kinetic studies for surface modified diatomite were carried out with the optimum mass of the
surface modified diatomite. Mass of the adsorbent (3.5 g) was dosed in 125 ml of water samples
containing 10 mg/L of F− ions. Each water sample was stirred at a rate of 200 rpm for varied periods
of time of 0 to 150 minutes. Residual fluoride concentration was determined after every set of time
and recorded. The experiments were conducted at room temperature (20°C) and a pH of 6. The data
collected was analyzed and fitted to both pseudo first-order and pseudo second-order kinetic models.

2.8.2. Brick

The kinetic studies for brick were carried out with the optimum mass of powdered brick. Mass of
the brick (37.5 g) was dosed in 125 ml of water samples containing 10 mg/L of F− ions. Each water
sample was stirred at a rate of 200 rpm for varied periods of time of 0 to 135 minutes. Residual fluoride
concentration was determined after every set of time and recorded. The experiments were conducted
at room temperature (20°C) and a pH of 6. The data collected was analyzed and fitted to both pseudo
first-order and pseudo second-order kinetic models.

3. Results and discussion

3.1. Diatomite morphology and EDX microanalysis

The microstructural features of diatomite in its raw, modified, and used forms were obtained by
SEM imaging. The SEM micrographs of the raw diatomite samples are shown in Figure 1. The
micrographs showed that the diatomite was mainly composed of centric diatom particles, but with
presence of pinnate structures as well (Figure 1a). Figure 1a also shows high void volume in the
structure. A close view of the particles (Figure 1b) shows high porosity in the diatomite particles. This
agreed with the work done by Hong et al. who researched diatomite samples obtained from China. The
authors found that diatomite was mainly composed of centric diatom particles with two discs attached
to each other by circular girdle. In addition, they observed numerous skeletal pores and interparticle
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pores between the diatom particles, which is akin to the high porosity of diatomite [29]. Similarly,
Izuagie et al. found pinnate structures on the diatomite sourced from the Kariandusi mine in Kenya,
with high porosity too [30].

(a) (b)

Figure 1. SEM Images of the raw diatomite. (a) The images show a diverse structures in the
material (b) The material depicts high porosity

Figure 2 shows the diatomite after modification of the surface with Al(OH)3 ( Figure 2a) and
after use in the defluoridation process (Figures 2b and 2c). Figure 2a shows that a new layer has
been attached to the surface of diatomite and the pore sizes were reduced after modification. This is
an indication of successful surface modification. On the other hand, the clear features of diatomite
emerge again on the used diatomite, which is an indicator that the layer formed during the surface
modification was used up in the defluoridation process (Figure 2b). In addition, regular shaped deposits
are observable on the surface of the used diatomite as seen in Figure 2c. This could be attributed to the
deposits of aluminium fluoride (AlF3) in some metastable phase. Metastable phases of AlF3, such as
γ, t, and ϵ, exist and may be indicative of the impure form or mixtures of beta phases [31].

(a) (b) (c)

Figure 2. Surface morphology of the modified and the used diatomite. (a) Surface modified
diatomite; a new layer has been attached to the surface and the pore sizes were reduced after
modification (b) Used diatomite (c) New features identifiable on the used diatomite
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Figure 3 shows the results of EDX analysis on the diatomite samples before and after modification.
From Figure 3, raw diatomite was shown to have silicon (Si), aluminium (Al), potassium (K), calcium
(Ca), iron (Fe), and oxygen (O). Silicon had the highest peaks in all the samples, which means its
composition was highest. This is because diatomite is mainly composed of silica (SiO2.n H2O) in its
structure. Modification of the diatomite by Al(OH)3 resulted in an increased composition of oxygen
and aluminium, reduction in silicon composition, and introduction of chlorine (Cl) in the sample. On
the other hand, the other elements, including K, Ca, and Fe, were not detected after modification of the
diatomite sample. Similarly, the oxygen count in the sample further increased after the defluoridation
process. However, the Al count after the defluoridation process decreased. The decrease in the Al
count can be attributed to some of the ions being used in the defluoridation process. The increase
in the oxygen count after modification and after the defluoridation process could be attributed to the
oxygen coming from the water molecules retained in the silica or the alumina matrix of the diatomite,
during diatomite modification as well as during the defluoridation process [32]. The absence of K, Ca
and Fe after modification can be attributed to the ions of these elements replacing the aluminium in
the aluminium chloride to form soluble chloride washed off in the solution at the time of diatomite
modification. Chlorine in the modified diatomite is from the aluminium chloride and hydrochloric acid
used in the modification process. Similarly, the reduction in the Si count after diatomite modification
can be due to the removal of silicon ions by aluminium hydroxide and sodium hydroxide during the
process of modification [33].

Figure 3. Diatomite EDX analyses for raw, modified, and used diatomite samples. The
microanalyses shows a difference in elemental composition for the three samples.
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3.2. Brick Morphology and EDX Microanalysis

Surface morphology of brick was studied using a scanning electron microscope to determine any
unique features in its structure. The findings showed the presence of particulate matter distributed
in its structure (Figure 4a). The presence of the space in between the particles is evidence of good
porosity in the bricks. In addition to this, further focus on the structure of the particles in the brick
revealed a structure similar to that of quartz (Figure 4b). This agreed with the findings of Ouyang
et al. [34]. The study by Ouyang and coauthors compared the morphological structure of clay brick
powder to commercial quartz and found that there was little difference in terms of morphological
features between clay brick powder and quartz [34].

(a) (b)

Figure 4. Morphology and elemental analyses of brick. (a) Morphological analysis of brick
through a scanning electron microscope. (b) A close view of brick particle structure.

The EDX analysis in the present study agreed with these findings by Ouyang et al. It is noted that a
typical brick powder is a mixture of oxides of silicon, aluminium, iron, calcium, and magnesium [35].
On the other hand, quartz is composed of 98.8% silicon dioxide [34]. Figure 5 shows the EDX analysis
of the brick sample. The presence of highest counts of silicon and oxygen respectively in Figure 5
confirms the composition of brick to be mainly quartz. It is however evident from Figure 5 that bricks
have many other elements present including aluminium, titanium, selenium, potassium, and hafnium.
Ouyang et al. found traces of calcium, magnesium, and sodium metals in addition to silicon dioxide in
their clay brick powder [34]. The difference in the elemental composition of brick as revealed by the
microanalyses of brick in different studies can be attributed to the difference in the soil compositions
of the areas from which the bricks were sourced. The defluoridation capacity of brick is aided by this
presence of the metal oxides in the brick, which interacts with the fluoride in water [35].
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Figure 5. Energy dispersive x-ray chromatogram showing elemental analysis of brick.

3.3. Fluoride removal by diatomite and brick

The removal of fluoride in water by diatomite and brick was studied to determine the required
doses of the individual adsorbents that can remove the fluoride to the WHO standard of 1.5 mg/L. In
addition, the raw and modified diatomite samples were compared to determine the impact of surface
modification of diatomite on fluoride removal. Figure 6 shows the fluoride removal by both diatomite
and brick. From Figure 6a, the fluoride removal by raw diatomite is low. For a litre of water containing
fluoride, at an initial concentration of 10 mg/L fluoride, 28 g of raw diatomite removes fluoride to
a residual value of 9.5 mg/L. On the other hand, the surface modified diatomite is very effective.
A similar dose of the modified diatomite under the same conditions removes fluoride effectively to
1.5 mg/L. This was the optimum dose for the modified diatomite for removal of fluoride in water.
With similar initial concentration of fluoride of 10 mg/L, Akafu and coauthors found the optimum
dosage of Al(OH)3-surface modified diatomite to be 25 g/L [22]. The difference between the optimum
values obtained by Akafu et al. and the present study could be due to the slight difference in diatomite
modification procedures used. Figure 6b, indicated low fluoride removal in water by the use of brick
as an adsorbent. To achieve a residual fluoride content of 1.5 mg/L, a total of 300 g/L dosage of the
brick powder is required. Despite this low capacity, the low cost of brick and its ease of accessibility
makes it of interest in defluoridation [35].
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(a) (b)

Figure 6. Fluoride removal by diatomite and brick samples (a) Raw and modified diatomite.
Modification of the diatomite surface greatly improves its fluoride removal capacity (b) Brick

3.4. Response Surface Methodology

The experimental outcome of the design of experiment together with the predicted outcome is
presented in Table 2. The predicted outcome is with respect to the quadratic model presented in
Equation 3.1. With the consideration of the p-value and the predicted R2 values, the quadratic model
was suggested and chosen in the present study. This model had the highest adjusted R2 and predicted
R2 (0.9466 and 0.9502 respectively). Similarly, its p-value was the lowest (<0.0001). As observed in
Table 2, the model prediction of the residual fluoride in the water closely matches the experimental
results.

Table 2. CCD matrix with experimental and predicted residual fluoride

Run Residual F-: Experimental (mg/L) Residual F-: Predicted (mg/L)
1 8.00 8.01
2 8.20 8.20
3 4.80 4.34
4 8.00 7.97
5 4.80 4.34
6 8.40 8.40
7 3.80 4.34
8 3.70 4.34
9 7.90 7.95
10 4.60 4.34
11 7.20 7.18
12 7.30 7.25
13 6.60 6.64
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Table 3 shows the analysis of variance (ANOVA) results for response surface quadratic model for
residual fluoride. From Table 3, we can see that the model was significant. The model F-value of
43.54 implies the model is significant. There is only a 0.01% chance that an F-value this large could
occur due to noise. p-values less than 0.0500 indicate model terms are significant. In this case X1,
X1

2, and X2
2 are significant model terms. Values greater than 0.1000 indicate the model terms are not

significant. Although the (X1.X2) term was not significant, it cannot be dropped because it was part
of the model hierarchy. Furthermore, the lack of fit F-value of 0.0086 implies the lack of fit is not
significant relative to the pure error. The lack of fit p-value >0.05 indicates the absence of evidence
that the model did not fit. There was a 99.87% chance that a lack of fit F-value of this magnitude could
occur due to noise.

Table 3. ANOVA for response surface of the quadratic model for residual fluoride

Analysis of Variance Table Partial Sum of squares Type III

Source Sum of Squares df Mean Square F value p value
Model 37.31 5 7.46 43.54 < 0.0001 significant
X1: Diatomite 1.88 1 1.88 10.98 0.0129
X2: Brick 0.0656 1 0.0656 0.3826 0.5558
X1X2 0.0625 1 0.0625 0.3647 0.5650
X1

2 15.50 1 15.50 90.41 < 0.0001
X2

2 24.26 1 24.26 141.56 < 0.0001
Residual 1.20 7 0.1714
Lack of Fit 0.0077 3 0.0026 0.0086 0.9987 not significant
Pure Error 1.19 4 0.2980
Cor Total 38.51 12

Table 4 further highlights the summary of the fit statistics of the model. The predicted R² value of
0.9502 is in reasonable agreement with the adjusted R² of 0.9466. The difference is less than 0.2. On
the other hand, the signal to noise ratio (Adeq precision) value of 14.437 indicates an adequate signal.
A signal to noise ratio greater than 4 is desirable [36]. This model can therefore be used successfully
to navigate the design space.

Table 4. Summary of the fit statistics

Std. Dev. 0.4140 R² 0.9688

Mean 6.41 Adjusted R² 0.9466
C.V. % 6.46 Predicted R² 0.9502

Adeq Precision 14.4373

The model generated from this design is shown in Equation 3.1.

Y = 11.9 − 3.98x10−1X1 − 4.44x10−2X2 − 9.06x10−5X1X2 + 1.13x10−2X12 + 1.30x10−4X22

(3.1)
This equation was used to plot the response surface and the contour shown in Figure 7. Figure 7
presents the interaction of the surface modified diatomite with brick in removing fluoride in water,
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with the response being the residual fluoride. The optimization in this case is a minimization problem,
with optimum performance being achieved when the residual fluoride in the water is minimum.

From Figure 7, the optima are shown to be obtained when the diatomite dose is close to 18 g, and the
brick dose is about 180 g for a liter of fluoride contaminated water, whose initial fluoride concentration
is 10 mg/L. Analysis of the experimental data using design expert software with the goal being the
minimization of the residual fluoride gave the optimum conditions with a desirability of 0.872. The
optimum adsorbent mixture per milligram of initial fluoride in a liter of water was found to be 1.8 g
: 17.8 g surface modified diatomite : brick, respectively. This optimized mixture was experimentally
tested for fluoride removal and was able to remove fluoride to a residual value of 1.5 mg/L in 1 hour
for an initial concentration of 10 mg/L fluoride in the water. This level meets the desired level of
fluoride in drinking water. It is clear from these results that mixing the two adsorbents reduces the
amount of the surface modified diatomite required in the defluoridation process by approximately 36%
(28g to 18g) and the amount required for brick from by approximately 41% (300g to 178g). This
reduction in adsorbent requirement is of great significance given that high amount of aluminium -
modified diatomite used in defluoridation could pose a concern for the residual aluminium in water.
High residual aluminium in water is noted to cause Alzheimer’s disease [3].

Figure 7. Response surface plot. The effect of brick and surface modified diatomite on
removal of fluoride in water (residual fluoride).
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3.5. Isotherm studies

The adsorption data was fitted to the adsorption models to understand the adsorption characteristics
and the nature of adsorption involved in the individual adsorbents. Both Langmuir and Freundlich
isotherms were used in the study because they are useful in describing the adsorption in water and
wastewater applications [37, 38]. Figure 8 shows the Langmuir and Freundlich isotherms for the
adsorption of fluoride from water by surface modified diatomite and brick. As shown in Figure 8, the
adsorption by surface modified diatomite is better explained by the Freundlich isotherm (R2 = 0.9753).
This agrees with previous studies, which found the adsorption of fluoride by aluminium hydroxide
treated diatomite to involve a multilayer sorption mechanism [22].

(a) (b)

(c) (d)

Figure 8. Isotherms for surface modified diatomite and brick, (a,b): Surface modified
diatomite, (c,d): Brick, (a,c): Langmuir isotherms, (b,d): Freundlich isotherms. The
adsorption was carried out at 20°C and a pH of 6.
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The adsorption by brick fit better to the Langmuir isotherm, as shown in in Figure 8c (R2 = 0.9804),
in comparison to the Freundlich isotherm (Figure 8d, R2 = 0.9372). The assumptions by Langmuir
that each site is singly occupied by the adsorbate molecules and that there are no lateral interactions
between the adsorbed species are applicable [39]. The present study agreed with a number of previous
studies. Priyantha and colleagues in their study of the adsorption behaviour of fluoride on normal
brick found the highest regression coefficient on the Langmuir isotherm [40]. Similarly, Kooli and
coauthors, while using waste brick to remove basic blue 41 from aqueous solution, found that the
removal conformed to the monolayer adsorption isotherm [41].

Table 5 presents the summary of the parameters for both Langmuir and Freundlich isotherms for the
surface modified diatomite and brick. From Table 5, the RL values for both surface modified diatomite
and brick indicate favourable sorption of fluoride by both surface modified diatomite and brick ( 0 <
RL < 1) [22]. It is also evident from the qm values that the surface modified diatomite has very high
adsorption capacity for fluoride in water (2.59 mg/g), more than 10 times that of brick (0.191 mg/g).
This is in agreement with the values of KF from the Freundlich isotherm, which also suggests high
adsorption capacity by the surface modified diatomite due to its large value. The value of 1/n < 1
is indicative of the existence of heterogeneous adsorption surfaces in both diatomite and brick [22].
On the other hand, the high value of 1/n on the surface modified diatomite, as compared to that of
brick suggests high bond strength between the adsorbent and the adsorbate for the case of the surface
modified diatomite as opposed to brick [42].

Table 5. Calculated Langmuir and Freundlich isotherm parameters

Langmuir
Isotherm

Freundlich
Isotherm

KL

(Lmg−1)
RL

qm

(mg/g)
R2 1/n

KF

(mg/g)(mg/L)n R2

Modified
Diatomite

0.0239 0.8071 2.5913 0.8954 0.6623 0.1022 0.9753

Brick 0.2342 0.2992 0.1913 0.9804 0.2925 0.0569 0.9372

3.6. Kinetic studies

The experimental data were fitted to both pseudo first-order and pseudo second-order kinetic models
in order to understand the adsorption mechanism of fluoride involved on the surface modified diatomite
and brick. Figure 9 shows the linear plots of both the pseudo first-order and pseudo second-order
models. From Figure 9, it is observed that all the adsorbents followed the pseudo second-order kinetic
model in the removal of fluoride. This is evident in the high values of the regression coefficients, for
the pseudo second-order model compared to the pseudo first-order model for each of the adsorbents.
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(a) (b)

(c) (d)

Figure 9. Adsorption kinetics. (a,b) Pseudo first-order kinetic models, (c,d) Pseudo second-
order kinetic models, (a,c) Surface modified diatomite, (b,d) Brick. The adsorption was
carried out at 20°C and a pH of 6.
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Table 6 presents the summary of the kinetic constants from the experiment. From Table 6, the
constants indicate the adsorption process by each of the adsorbents favoured the pseudo second-order
kinetics model. Other than the high regression coefficients for the pseudo second-order kinetics for
each of the adsorbents, the calculated equilibrium capacity of the adsorbents for the pseudo second-
order model (qe2) had minor deviation from the experimental equilibrium capacity (qeex p) as compared
to the pseudo first-order kinetic model equilibrium capacity (qe1), which largely deviated from the
experimental values. The large values of the rate constants K2 support this. It is therefore clear that the
adsorption process by both the brick and the surface modified diatomite involved the chemisorption
process, an assumption of the pseudo second-order kinetics [43].

Table 6. Calculated pseudo first-order and pseudo second-order kinetic constants, for the
modified diatomite, brick, and optimized mixture.

Pseudo-first-order Pseudo-second-order
K1

(min−1)
qe1

(mg/g)
R2

1
K2

(g.mg−1min−1)
qe2

(mg/g)
R2

2
qeexp
(mg/g)

Modified
Diatomite

0.052 0.3423 0.9499 0.1981 0.3801 0.9843 0.3131

Brick 0.0387 0.0248 0.9393 2.2418 0.0328 0.9754 0.0291
Modified
Diatomite

+
Brick

0.0532 0.0527 0.9315 2.416 0.052 0.9908 0.0490

4. Conclusion

Diatomite samples were modified using aluminium hydroxide and tested for its fluoride removal
together with brick. Surface modification of diatomite with aluminium hydroxide greatly improved its
fluoride removal capacity. Optimization of a mixture of surface modified diatomite and brick reduced
the amount of surface modified diatomite and brick by approximately 36% and 41%, respectively. The
reduction in the amount of aluminium hydroxide surface modified diatomite through optimization is
of great significance in reducing the potential of high residual aluminium in water. Overally, both
surface modified diatomite and brick had favourable sorption for fluoride in water, with chemisorption
dominating in both adsorbents. It is therefore clear that an optimized mixture of aluminium-hydroxide
surface modified diatomite and brick can be considered for fluoride removal in areas with high fluoride
concentration in water.

Further studies on improving the fluoride adsorption by brick should be conducted. Additionally,
future research should include the monitoring of the residual aluminium in the treated water when
aluminium hydroxide is used for surface modification to ascertain that the treatment process does not
leave residual aluminium above the acceptable levels in the water.
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