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1. Introduction
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The presence of fluoride ions in water poses a significant danger to human health. In Tanzania, where the Rift Valley passes, some
people are impaired due to elevated levels of fluoride in water. The purpose of this study was to prepare thermally activated
Adansonia digitata fruit pericarp biosorbents at 450, 500, 550, and 600°C for defluoridation. Using the Brunauer-Emmett-Teller
analyzer, the surface area and pore diameter were measured. The scanning electron microscope and Fourier transform infrared
spectrometry were used to determine morphological features and functional groups of biosorbents. To analyze the effect of pH,
adsorbent dose, contact time, and initial concentration, the response surface methodology was applied. Adsorption isotherms,
kinetics, and regeneration studies were also conducted. There were considerably wide surface areas of 385.44, 399.27, 445.71,
and 447.70 mz/g and pore diameters of 0.3055, 3.0341, 3.0375, and 3.0471 nm for biosorbents activated at 450, 500, 550, and
600°C, respectively. FT-IR spectra indicated the oxidation of alcoholic ~-OH to carboxylic ~-OH during the activation process,
which is proved by the shifting of the peak at 3500-3000 cm™ from raw biosorbent to a very broad and strong band at 3500-
2000 cm! from the activated biosorbent. The maximum removal efficiencies of biosorbents activated at 450, 500, 550, and 600°C
were 95.55, 96.50, 97.65, and 98.36%, respectively, for all biosorbents at a pH of 2, an initial concentration of 27.50 ppm, a
contact period of 75.00 minutes, and an adsorbent dose of 5.50g, which indicates that the adsorbents were successful for
fluoride removal. The isotherms and kinetics indicated that the adsorption fitted well with Freundlich (R? = 0.95661-0.98445)
and pseudo-second-order (R? =0.94230-0.99634) kinetic adsorption models, respectively. The results showed that the removal
of fluoride by biosorbents prepared is effective and could be used for defluoridation of drinking water.

ments in various chemical forms. It is widely distributed,
both in inanimate and living things, in nature [3]. While

Water is one of life’s fundamental needs on earth. Natural
sources or anthropogenic activities such as mining, farming,
and construction may contaminate it. Fluoride is one of the
noxious and detrimental pollutants. The presence of high-
level fluoride ions in water bodies, including several regions
of Africa, Asia, and China, is a global concern. More than
30 million people are seriously affected by fluorosis, and
another 100 million are exposed to it in China, according to
recent reports [1].

Fluoride is a naturally occurring product present in
rocks, geochemical deposits, and natural water systems
and enters the food chain via drinking water or plants
and cereals [2]. It occurs in conjunction with other ele-

fluoride is an important component, it can be either ben-
eficial or detrimental to human health depending on the
level of fluoride in drinking water [4]. The tolerance limit
for the fluoride content of drinking water is 1.5mg/L,
according to the World Health Organization [5]. Dental,
skeletal, and nonskeletal fluorosis occurs when the concen-
tration of fluoride in drinking water is above 1.5mg/L due
to its intense attraction to positively charged calcium ions
in teeth and bones [6]. Tanzania is one of the countries in
the world where the harmful effects of high levels of fluo-
ride in drinking water are toxic to a large number of its
population. Groundwater is used by people in many
regions of Tanzania as their primary source of potable
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water in rural areas. Groundwater contains high fluoride
ion concentrations in some areas of Tanzania where the
Great Rift Valley passes, as recommended by WHO [5].
Dental, skeletal, or debilitating fluorosis may be caused
by fluoride concentrations varying from 1.5 to 10mg/L
[7]. People from rural areas, especially in Arusha, Kiliman-
jaro, Singida, and Shinyanga, are vulnerable to fluorosis
because fluoride ion concentrations greater than 1.5mg/L
are found in groundwater in these regions.

To tackle the issue of fluoride in water, many remedi-
ation strategies have been identified. Precipitation, ion
exchange, reverse osmosis, electrodialysis, distillation,
chemical reduction, nanofiltration, and electrocoagulation
are all used in these techniques. These approaches face
challenges in terms of planning and operating costs and
requirements for qualified engineers and manpower,
despite the high remediation performance. A certain
degree of fluoride remediation capability has been shown
by these methods, but some of them can only be used in
a small pH range (5-6), and some of them are too costly
to consider for full-scale water treatment [8]. The adsorp-
tion process has therefore been reported to be effective for
removing contaminants at the level of households and
small community schemes [9]. It has many advantages,
such as low adsorbent preparation costs, easy accessibility,
a broad variety of industrial use, biological and domestic
waste, low operating costs, ability to extract pollutant ions
across a wide pH range and to a much lower level, and
ability to remove complex types of contaminants that are
not normally possible by other methods. It is also environ-
mentally friendly, considering the use of biomaterials [10].

The study of fluoride removal using natural, synthetic,
and biomass materials such as activated alumina, fly ash,
alum sludge, chitosan beads, red mud, zeolite, calcite,
hydrated cement, attapulgite, and acid-treated spent
bleaching earth has received considerable attention in
recent years [11]. It is therefore paramount to plan and
analyze cost-effective, environmentally safe, and locally
available defluoridation products that can be accessible
by all individuals and capable of reducing fluoride ion
concentrations to appropriate levels. Thermally activated
biosorbents prepared from Adansonia digitata fruit peri-
carp (ADFP) have shown the capability to attenuate fluo-
ride ion concentrations into acceptable levels suggested
by WHO and UNICEF [12]. Therefore, these materials
are suitable for removing fluoride ions from water at an
affordable cost. But there are no studies on the activated
biosorbents prepared from ADFP for defluoridation.
Therefore, the present study focused on the development
and characterization of biosorbents that will be robust,
porous, and able to effectively remove fluoride in subse-
quent operations and must be environment-friendly. In
this study, thermally activated biosorbents were prepared
from Adansonia digitata fruit pericarp (TAADFP) to
remove fluoride from an aqueous solution. Moreover,
TAADFPs developed in the present study were prepared
differently by soaking in distilled water overnight and then
dried to increase the number of pores, stability of the
adsorbents, and cleanliness of the filtrate.
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2. Materials and Methods

2.1. Materials. For the preparation of thermally activated bio-
sorbents, the precursor, Adansonia digitata fruit pericarps,
was collected from Dodoma, Tanzania. This study used sul-
phuric acid (AR, 98 percent assay, RANKEM India), glacial
acetic acid (AR, 99.5 percent assay, RANKEM India), iodine,
potassium iodide, sodium fluoride, hydrochloric acid, and
sodium hydroxide.

2.2. Preparation of Thermally Activated Biosorbents. In order
to eliminate dust and other unwanted materials, small pieces
of pericarp were washed and then treated with hot distilled
water to remove color and dried at 100°C using an oven. To
extract moisture and other volatile impurities, dried mate-
rials were kept in the furnace at 150°C for 24 hours. After
that, 100 g of the materials was treated with 50 mL of concen-
trated H,SO, and was carbonized at various temperatures of
450, 500, 550, and 600°C using an electric furnace [13]. Con-
centrated H,SO, has been used because it serves as a dehy-
drating reagent to lower the temperature of carbonization
and limit tar formation, as well as to facilitate carbon char-
ring. The materials were heated to the final temperature at
a heating rate of 10°C/min with a nitrogen flow rate of
120 cm®/min. For each final carbonation temperature, these
materials were kept inside the furnace for one hour. They
were then fully cooled under a steady nitrogen gas flow. To
extract residual organic and mineral matter, the adsorbents
were dried and then washed several times with 0.5M HCI
followed by warm distilled water. They were then washed
with cold water until the solution became neutral. Then,
overnight, they were immersed in cold water. Later, they were
dried in an oven at 150°C for 24 hours and packed after cool-
ing in sealed airtight containers for preservation so that they
did not react to the neighboring climate.

2.3. Characterization of Biosorbents

2.3.1. Moisture Content. The initial weight of the sample (5 g)
was measured and taken in a petri dish. It was then heated in
an oven at a temperature of 105°C for 2 hours. After heating,
it was cooled in a desiccator. The final weight of the dried
sample has now been measured. Using equation (1) stipu-
lated by Verla et al. [13], the percentage of moisture content
was determined:

) Weight of moisture
%Moisture content =

100. (1
Weight of original sample x100. (1)

2.3.2. Volatile Matter Content. The sample’s initial weight
(5g) was weighed and taken in a crucible closed with a lid
and combusted in a muflle furnace for 7 minutes at a temper-
ature of 925°C. The crucible was then cooled in a desiccator,
and the final weight of the sample being combusted was
weighed. By using equation (2) given by Rangari and Chavan
[14], the percentage of volatile matter content was
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determined:

Weight of volatile matter
100.

(2)

%Volatile matter content =

Weight of original sample x

2.3.3. Pore Volume and Porosity. The 1g biosorbent sample
was transferred into a 10 mL measuring cylinder, and the
particle volume was recorded. This sample was put in a
20mL distilled water beaker and boiled for 5 minutes to
replace the air in the sample. The content was superficially
dried and weighed. The pore volume for the sample was pro-
vided by the increase in the weight of the sample divided by
the water density. By dividing the pore volume of the particle
by the total volume of the particle [15], the porosity was
determined.

2.3.4. BET Analysis. The surface area and pore size of the bio-
sorbents were determined using an automated gas sorption
analyzer, Quanta Chrome Nova Win version 11.03, by mea-
suring nitrogen adsorption-desorption at 77.35K. The area
of the surface was measured according to the method of
Brunauer-Emmet-Teller (BET).

2.3.5. Iodine Number. Information about the degree of
microporosity is given by the iodine number. It is a measure
of the capacity of activated carbon to adsorb compounds of
low molecular weight. A typical solution of iodine was pre-
pared and stored in a light-resistant container by dissolving
2.7g of 12 and 4.1 g of KI in 1 liter of deionized water. The
standard solution of iodine was treated with the biosorbents
under analysis, and the number of iodines was calculated
according to the Das et al. [16] and Mopoung et al. [17]
protocol.

2.3.6. Methylene Blue Number. The methylene blue number
is described as the maximum quantity of dye adsorbed by
1.0g of adsorbent. It is intended for the determination of
the degree of adsorbent mesoporosity. The degree of meso-
porosity means that medium-sized molecules such as methy-
lene blue dye may be adsorbed by the adsorbent. At room
temperature, 10.0g of activated carbon was mixed with
10.0 mL of methylene blue solution at varying concentrations
(10, 25, 50, 100, 250, 500, and 1000 mg/L) for 24 hours. Using
a UV/visible spectrophotometer, the remaining concentra-
tion of methylene blue was analyzed. Using equation (3),
methylene blue adsorbed from each solution was determined,
as explained by Fil et al. [18] and Nunes and Guerreiro [19]:

C,—-C,
qeq(mg/g) = OM xV. 3)

2.3.7. Morphology. The morphology, pore size, area, and vol-
ume of TAADFPs were visualized using a scanning electron
microscope (SEM) (SSX-550, Shimadzu, Japan). By scanning
through an electron beam, SEM enables the visualization of
the surface features of a solid sample by images [20]. It was
coated with gold or silver to make it conductive for 30 sec-
onds at a current of 50mA and an accelerating voltage of

15KV prior to the SEM scanning of the sample. For the study,
it was then put into an SEM holder. In the range of 20x to
5000x using JSM 6380A, SEM photographs were taken at
various magnifications.

2.3.8. Ion Exchange Capacity. To assess the cation and anion
exchange power of sorbents, Boehm titration was used [21].
In an Erlenmeyer flask, a known amount of adsorbent (1 g)
was put. A volume of 20mL of 0.1 M NaOH solution was
applied. The suspension was shaken at a rate of 200 rpm for
24 hours at room temperature (27 +2°C) to reach equilib-
rium. The residual NaOH concentration was calculated after
filtration by titration with 0.1 M HCI using phenolphthalein
as an indicator. The quantity of NaOH adsorbed by the bio-
sorbent was calculated.

2.3.9. pH at the Point of Zero Charge. The point of zero
charge, pH,,., quantifies the acidic or basic character of the
carbon. The carbon surface is positively charged at pH < p
H,,. and negatively charged at pH > pH,,.. The pH at the
point of zero charge (pH,, ) for each adsorbent was deter-
mined by using the solid addition method. 1.0 g of activated
carbon was introduced into six 100 mL Erlenmeyer flasks
containing 100mL of 0.1 potassium nitrate solution, and
the flasks were sealed. Initial pH values of the six solutions
were adjusted to 2, 4, 6, 8, 10, and 12 by adding a few drops
of either 0.1 M HCl or NaOH solutions. The pH of each solu-
tion was measured by using a pH meter (B729 Eutect-Singa-
pore). The solution mixtures were allowed to equilibrate in
an isothermal shaker (25 + 1°C) for 24 hours at a rate of
200 rpm. Then, the suspension in each sample was filtered,
and the final pH was measured. The value of pH,,, was deter-
mined from the plot of ApH versus pH [22]. The pH at which
the x-axis is crossed by the curve was taken as pH,,,.
2.3.10. Functional Group Analysis. The Fourier transform
infrared (FT-IR) spectrophotometer was used, as defined by
Adewuyi and Pereira [23], to identify the functional groups
present and bonding patterns of the thermally activated bio-
sorbent. To obtain spectra and record characteristic peaks in
wavenumbers ranging from 350 to 4000 cm™' and 100 scans
per sample at a resolution of 4cm', a Perkin Elmer spectrum
100 FT-IR spectrophotometer was used (United Kingdom).
By grinding with KCI, the samples were prepared (car-
bon : KCI mass ratio of 1:100).

2.4. Calibration of the Instrument. The fluoride ion-selective
electrode system (Hach, USA) was calibrated using five stan-
dards of fluoride solutions diluted from a stock solution in
the range of 1 to 50mg/L to ensure good performance of
the instrument and create a linear equation for the determi-
nation of unknown concentrations. The logarithm graph of
fluoride ion concentrations (mg/L) against potential (mV)
showed a straight line with slopes ranging from -54.94 to
-55.73 mV, within the theoretical range of -50 to -60 mV at
25°C [3]. The linearity of the graphs was shown by the corre-
lation coefficient (1) of Pearson ranging between -0.99963
and -0.99875 and R? ranging between -0.99963 and -0.99875.



2.5. Optimization of Parameters. Response surface methodol-
ogy (RSM), which is an effective statistical technique for mul-
tiparameter optimization, was used in this study to obtain a
series of experiments designed to obtain an optimal response
[24, 25]. pH, contact time, initial concentration, and adsor-
bent dose are included in the parameters. With the assistance
of the Design-Expert (version dx 7) statistical tool, the exper-
imental design was carried out. To evaluate the effect of the
operating parameters on adsorption performance, the Cen-
tral Composite Design (CCD) was used. To test multiple
parameters and their interactions, CCD reduces the number
of experimental trials needed [25]. It is useful because it gen-
erates tremendous data by carrying out a limited number of
experiments. It also offers the possibility to analyze the effects
of a single variable on the response and their mixture of inter-
actions. For all the adsorbents, the results of CCD were used
to study the mutual effects of the parameters and optimum
parameters according to RSM. The ranges analyzed were 2-
10, 30-120 min, 5-50 mg/L, and 1-10 g, respectively, for pH,
initial concentration, contact time, and adsorbent dose. To
obtain the number of experiments and the set of parameters
under consideration, these levels were introduced into the
Design-Expert statistical program.

According to the experimental conditions set by the
program, batch experiments were carried out where
100mL of simulated water was mixed with each adsorbent
and agitated at room temperature at 200rpm on a
mechanical shaker. Then, a Whatman No. 42 filter paper
was used to filter the mixture. The fluoride concentrations
were measured using the fluoride ion-selective electrode
potentiometric method. The concentration of fluoride ion
adsorbed on the adsorbent was measured as the difference
between the initial solution concentration and the post-
sorption solution concentration. The adsorption efficiency
(%) and the adsorption capacity (mg adsorbate adsorbed/g
of adsorbent) for each experiment were determined using
equations (4) and (5), respectively [20]:

Adsorption efficiency = [G-¢l x 100, (4)

C,-C
Adsorption capacity = [G-¢C] x V. (5)
m

2.6. Adsorption Isotherms. The isotherms of Langmuir and
Freundlich adsorption were studied at a pH of 6.90+ 0.10
by varying the adsorbent dosage from 2 to 10g and mixing
for 24 hours with 50 mL fluoride solution (50 mg/L) to allow
equilibrium at room temperature (27 + 2°C). From the exper-
imental results, all the values needed to plot the isotherms
were determined as shown elsewhere [26].

2.7. Kinetic Studies. Kinetic studies were carried out at differ-
ent time intervals of 10-50 minutes by adjusting the pH at
6.90 +0.10 and room temperature (27 +2°C). All of these
tests were performed by taking 50 mL of fluoride solution
with an initial 50 mg/L concentration. As explained by Fan
et al,, the findings obtained from kinetic experiments were
analyzed using pseudo-first- and second-order models [27].
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2.8. Regeneration and Reusability. To regenerate the adsor-
bent, desorption experiments were carried out using NaCl
(0.1M) in the desorbing media-distilled water. After the
adsorption process, the adsorbent was separated and washed
several times with deionized water to remove any unad-
sorbed pollutant ions, and then, desorption studies were per-
formed. The pollutant-loaded biosorbents were transferred
and agitated with 1L of eluant solution, NaCl in the water
shaker bath for 1 hour. It was again filtered, and then, the
concentrations of pollutant ions desorbed in the filtrate were
determined. The eluted biosorbents were washed several
times with distilled water to remove excess salt and acid.
The biosorbents regenerated were then used in the next bio-
sorption process. Three cycles of biosorption-desorption
were conducted, and the experiments were operated under
the same conditions during the entire process. For each cycle,
the adsorption efliciency of the regenerated adsorbent was
determined.

3. Results and Discussion
3.1. Characterization of Adsorbents

3.1.1. Moisture Content. The moisture contents of TAADFPs
activated at 450, 500, 550, and 600°C were found as 3.5, 3.3,
3.1, and 2.8%, respectively. It decreased as the activation tem-
perature increased. This is because the dehydration rate of
the activated carbon increased with an increase in activation
temperature. Any porous material tends to absorb moisture.
The moisture content of all the adsorbents was near normal
and comparable with the values reported elsewhere [14].
An adsorbent with a lower amount of moisture is better than
that higher. This is for three reasons. The first one is a part of
external moisture which is combined with the adsorbent sur-
face by wetting action and which occupies a certain amount
of adsorptive space. Secondly, there will be competition
between the moisture and the fluoride toward active sites of
the adsorbent. Thirdly, the moisture will block the fluoride
ions from passing into the pore channels [28]. Therefore,
TAADEFPs have better adsorption characteristics concerning
the moisture content. According to Gumus and Okpeku [15],
the recommendable moisture content ranged between 3 and
6%. The moisture contents portrayed by the TAADPs were
within the recommendable range.

3.1.2. Volatile Matter Content. Volatile matter is due to the
presence of organic compounds present in the raw material.
This gives information on the suitability of the precursor
for carbon preparation. The volatile matter content of
TAADEFPs activated at 450, 500, 550, and 600°C was found
as 11.2, 10.3, 9.2, and 8.5%, respectively. The volatile matter
content of activated carbon decreased with an increase in
activation temperature. When activation temperature was
increasing, devolatilization was increased, and hence, the
prepared activated carbon had a low volatile matter content.
This implies that most of the volatile organic matter escaped
during the preparation of the materials, and it is an indica-
tion that the activated carbons were well devolatilized.
Research by Veena Devi et al. [29] reported volatile matter



Adsorption Science & Technology

content ranging from 20.67% to 22.67%, which means that
better adsorbents are TAADFPs. This suggests that Adanso-
nia digitata fruit pericarp is suitable for preparing
biosorbents.

3.1.3. Pore Volume and Porosity. The pore volumes of
TAADEFPs activated at 450, 500, 550, and 600°C were found
as 3.0, 3.8, 4.0, and 4.8 cm®/ g, respectively. The pore volumes
increase with an increase in activation temperature. This is
due to the increase in the rate of evaporation and devolatili-
zation of small molecules leaving behind pores. The recom-
mended pore volume ranged from 2 to 5cm®/g [30]. The
values obtained in this study are within the recommendable
range for the biosorbent prepared from agricultural wastes.
The pore volumes are between medium (mesoporous) and
small (microporous), suggesting that both small and large
molecules can be removed from aqueous solutions by
TAADFPs.

Porosity is the ratio of a material’s pore volume to the
bulk volume (adsorbent). The number of pores present in
the adsorbents is defined by porosity. Therefore, porosity
increases the adsorption power of the adsorbent [13]. The
porosity values of TAADFPs activated at 450, 500, 550, and
600°C were found as 0.35, 0.38, 0.50, and 0.56, respectively.
Most of these values are different for activated carbons pre-
pared from snail shell waste from the recorded values (0.28
and 0.38) by Gumus and Okpeku [15]. Similar trends of
porosity as that of pore volume were exhibited by the biosor-
bent for the same reason.

3.1.4. BET Analysis. The surface areas of TAADFPs activated
at 450, 500, 550, and 600°C were 385.44, 399.27, 445.71, and
447.70 m*/g, respectively. All the adsorbents had a consider-
ably large surface area and thus had a high adsorption poten-
tial on the surface. Adsorbents with a very high surface area
of 200-300 m*/g have a significant number of active sites
including functional groups to promote the adsorption of
different anions and cations from water [8].

The pore diameters of TAADFPs activated at 450, 500,
550, and 600°C were 0.3055, 3.0341, 3.0375, and 3.0471 nm,
respectively. A pore diameter of less than 2 nm is known to
have microporosity, and greater than 2nm is mesoporous,
according to the IUPAC classification [30]. Both surface area
and pore diameter increased with an increase in activation
temperature with proper development of the porous struc-
ture. This is an indication that there was the formation of a
well-developed porous structure and an abundance of surface
functional groups on the adsorbent’s surface; adsorbates
could be removed through interaction with these functional
groups. In the present study, the pore diameter obtained
revealed that TAADEFP activated at 450°C was microporous
and that the rest was mesoporous [11, 31].

3.1.5. Iodine Number (mgl/g). It is a measure of the adsor-
bent’s ability to adsorb low-molecular-weight compounds
as the iodine molecule is relatively small and so provides a
measure of the surface area available to small adsorbates such
as fluoride. The iodine number gives information about the
degree of microporosity. Generally, the higher the iodine

number, the greater the sorption capacity. The iodine num-
bers of TAADEFPs activated at 450, 500, 550, and 600°C were
found as 515, 590, 620, and 650mg/g, respectively. It
increased from low activation temperature to high activation
temperature. This is due to an increase in dehydration and
devolatilization rate as the result of an increase in processing
temperature. The values obtained in this study are within the
reported values (440-700 m*/ g) by Veena Devi et al. [29] and
Das et al. [16]. In this study, the iodine numbers obtained
revealed that the adsorbents have a greater sorption capacity.

3.1.6. Methylene Blue Number (mg/g). Large methylene blue
number values suggest that mesopores are possessed by the
materials. The degree of mesoporosity is an indicator that
medium-sized molecules such as methylene blue dye in
mesopores can be adsorbed by the adsorbent [17]. The meth-
ylene blue numbers of TAADEPs activated at 450, 500, 550,
and 600°C were found as 196, 205, 228, and 258 mg/g, respec-
tively, indicating the presence of mesopores. The values of
the methylene blue number increased with an increase in
activation temperature. This is due to the burn-oft of volatile
materials. The values obtained for TAADFPs activated above
450°C in this study were higher than those obtained for
chemically activated plants (130 mg/g) and chemically acti-
vated carbon (200 mg/g) by Bestani et al. [32].

3.1.7. Morphology. The morphology of TAADFPs activated
at 450, 500, 550, and 600°C can be seen in micrographs
obtained from a scanning electron microscope (SEM)
(Figure 1). These adsorbents are found to have an uneven
rough surface, surface channels on the surface, and a well-
developed porous surface with randomly distributed pores
of various sizes. So, the pore arrangement of these adsorbents
is heterogeneous. They have a large number of mesopores
and a small number of micro- and macropores, allowing
them to adsorb contaminants of various sizes. The generation
and widening of pores increased from 450 to 600°C as the
activation temperature increased. The results of the iodine
number, methylene blue number, and BET surface area that
showed high surface area are consistent with these SEM
results. Fluoride ion adsorption is due to the presence of
pores and channels.

3.1.8. Ion Exchange Capacity. The reduction of OH" ions in
the solution was very significant in this study. The anion
exchange capacity of TAADEFPs activated at 450, 500, 550,
and 600°C was 91, 94, 96, and 99%, respectively. All the
adsorbents can efficiently adsorb anions. The reduction of
OH’ ions in the solution was increased as the processing tem-
perature increased. This is because exposure of functional
groups and the development of pores increased as tempera-
ture increased due to complete combustion, dehydration,
and devolatilization. Also, adsorption of OH™ was mainly
attributed to ion exchange and electrostatic attraction due
to the presence of exchangeable chloride ions of adsorbent
and positively charged adsorbent surface, respectively [33].

3.1.9. pH at Point of Zero Charge. pH at point of zero charge
was studied in the pH range of 2 to 12 with an interval of 2.
The pH at which the line intersects the axis corresponding
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FIGURE 1: Scanning electron micrographs of TAADFPs activated at (a) 450°C, (b) 500°C, (c) 550°C, and (d) 600°C.

to ApH =0 is the pH,,, . Figure 2 shows that the adsorbent
TAADFPs activated at 450, 500, 550, and 600°C were neutral
atpH =6.0, 8.0, 6.5, and 9.0, respectively, where ApH = 0 and
is called as pH,,,.. The pH values below pH,,_ indicated that
there were prominences of net positive surface charges of
adsorbent and they could adsorb anions [20]. It was noticed
that the adsorbent showed more adsorption for fluoride ions
atless pH than pH,,,  and more adsorption of cations at more
pH than pH,,, .. The net charge of the adsorbent’s surface was
zero at pH,,,, and it is positively charged at pH less than that.
It can be stated that the adsorption of anions on the surface is
favored when the surface is positive. Therefore, it is expected
that TAADFPs activated at 450, 500, 550, and 600°C will
remove F~ from aqueous solution to a greater extent below
the pH of 6.0, 8.0, 6.5, and 9.0, respectively.

3.1.10. Analysis of Functional Groups. The functional groups
and the effect of the activation temperature on the surface
functional groups of TAADFPs were analyzed using the
FT-IR spectrophotometer. The FT-IR spectral analysis
showed that many functional groups for the adsorption pro-
cess are available on the surface of adsorbents.

All TAADFP spectra showed similar peaks (Figure 3).
The peak at 3500-3000cm™ from raw adsorbent shifted
to 3500-2000cm™ as a very broad and strong band indi-
cating the oxidation of alcoholic -OH to carboxylic -OH
during the activation process. This broad peak enveloped
the peaks of ~C-H stretching at 2900cm™". There is no
effect of activation temperature on the peaks at the car-
bonyl region (1700-1800cm™). There are two peaks in
the carbonyl range. The peak at 1710cm™ confirms the
presence of carboxylic acid, and another peak at
1740cm™ indicates the ester group on the surface of all
TAADFPs along with raw adsorbent. A strong peak at
1200cm™ is due to the C-O stretch of ester which gives
further evidence of the ester group on the surface. Weak

peaks at 1369-1237.40cm™ indicated ~C-H bending vibra-
tions, and 826.16-531.43cm™" indicates the presence of —
C-ClI stretching of alkyl halides [34, 35]. Some of the
peaks present in the IR spectrum of raw adsorbent are
missing in the IR spectra of TAADFPs, and some peaks
shifted, and the shapes of some peaks changed, indicating
that the functional groups present on the adsorbent chan-
ged during the activation process. The FT-IR spectra of
TAADEFPs activated at different temperatures of 450, 500,
550, and 600°C showed no significant difference. This is
because the temperature range is small, and hence, the rate
of evaporation (dehydration) and devolatilization is almost
the same.

3.2. Optimization of Parameters. To get optimal conditions
for optimum adsorption, the response surface methodology
(RSM) with Design-Expert software suggested 21 experi-
ments with different sets of operational parameters
(Table 1). The regression equation derived from the analysis
of variance (ANOVA) shows that R? is between 0.7957 and
0.9950, the multiple correlation coefficients. It should be
noted that the model’s suitability is indicated by an R? value
greater than 0.75. Results from ANOVA verified that the
quadratic model was satisfactorily adapted to the experimen-
tal results.

3.3. Defluoridation Process. To optimize the conditions for
optimum adsorption performance, twenty-one experiments
were performed with different sets of parameters obtained
from response surface methodology (RSM). At 600°C,
TAADFP demonstrated the highest efficacy of adsorption
(98.36 percent) at pH?2, initial concentration of 27.5 mg/L,
contact time of 75 minutes, and adsorbent dose of 5.5¢,
respectively (Table 1). Increasing the activation temperature
increases the efficiency of adsorption from 450 to 600°C. This
is due to the rise in the number of pores, increased surface
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area, channels, and exposure of acidic functional groups
that have occurred during thermal activation resulting
from dehydration and devolatilization. Also, with a
decrease in pH and an increase in the dose of adsorbent,
the amount of F adsorbed increased. The pH value of
the aqueous solution is an important controlling parame-
ter in the adsorption process. The low pH value affected

the surface charge of the adsorbents, the degree of ioniza-
tion, and the speciation of adsorbate that favored F~ ion
adsorption. A decrease in pH results in an increase in pos-
itive charges that accelerate the adsorption of F~ ions. The
decrease in pH results in an increase in the positive
charges that significantly improve F~ ion adsorption. The
increase in the adsorbent dose increases the potency of



TaBLe 1: Different experiments suggested by Design-Expert
software for the optimization of conditions of pH, initial
concentration (IC), contact time (CT), and adsorbent dose (AD)
for defluoridation using TAADFPs.

Adsorption efficiency (%) for

IC CT AD TAADFPs activated at

Run  pH (mg/L) (min) (g) different temperatures
450°C 500°C 550°C 600°C
1 12.00 5.00 30.00 10.00 57.12 78.72 70.55 72.73
2 2.00 50.00 120.00 10.00 91.72 9397 89.70 93.17
3 7.00 2750 75.00 550 9299 9447 84.43 89.16
4 3.00 50.00 25.00 550 71.24 78.79 70.37 78.80
5 6.00 5.00 30.00 1.00 68.63 67.68 79.19 91.94
6 4.00 2750 75.00 550 9237 93.15 91.27 91.57
7 2.00 2750 75.00 550 67.61 92.57 90.52 98.36
8 5.00 5.00 120.00 10.00 63.85 91.22 91.70 89.60
9 10.00 50.00 120.00 1.00 68.26 78.71 53.85 5891
10 5.00 27.50 30.00 5.50 92.68 9396 77.42 96.36
11 8.00 2750 30.00 5.50 91.01 93.70 77.39 88.70
12 4.00 2750 2500 550 8891 93.17 86.22 87.16
13 6.00 50.00 25.00 1.00 79.35 7848 7195 7694
14 3.00 27.50 120.00 10.00 95.55 96.50 96.88 94.67
15 6.00 2750 75.00 550 9429 56.62 9194 93.44
16 2.00 50.00 30.00 10.00 88.41 91.92 80.05 64.94
17 12.00 5.00 30.00 5.50 5398 50.94 7545 59.49
18 10.00 2750 75.00 5.50 87.46 93.15 85.05 93.15
19 6.00 2750 75.00 1.00 46.34 75.87 63.85 7199
20 4.00 27.50 120.00 5.50 9326 93.17 97.65 94.67
21 8.00 5.00 120.00 1.00 63.02 75.92 6296 71.54

the active sites and thereby increases the efficacy of
adsorption. At a lower adsorbent dose, adsorption effi-
ciency increases rapidly and then decreases slightly as it
increases to the optimum dose. It is, however, of interest
to note that any increase in the adsorbent dose above
the maximum value results in a reduction in the efficacy
of adsorption. This is because the adsorbent dose increases
the development of intraparticle interactions such as
aggregation, resulting in a decrease in the total surface
area of the adsorbent, an increase in the length of the dif-
fusion path, and thus a decrease in the density of adsorp-
tion [20]. The pH and adsorbent dose pattern
demonstrated by all TAADEPs is consistent with the find-
ings of previous studies [3]. Adsorption efficiency and
capacity increased with the increase in contact time for
all the adsorbents up to 75 minutes above which they
started to decline. This is because, after this time, the
available active sites and pores were occupied and satu-
rated with adsorbates. When the pH is high, contact time
seems to have little effect, suggesting that the biosorbent
adsorption mechanism is controlled by pH. The interac-
tion between the functional groups and F™ is a function
of the pH of the medium to which the adsorbent is sub-
jected. Defluoridation wusually increases with a pH
decrease, similar to previous studies [9].

Adsorption Science & Technology

3.4. Mutual Effects of Parameters on Adsorption
Efficiency of Fluoride

3.4.1. Effect of pH and Contact Time. Figure 4 shows that con-
tact time did not affect the adsorption process at high pH, but
at low pH, fluoride adsorption efficiency improved as contact
time increased. In an acidic medium, the surface of the adsor-
bent is highly protonated due to which it is positively
charged, and hence, more fluoride ions can be attracted
toward the surface. The presence of positive charges on the
surface of the adsorbent creates a Coulombic force of attrac-
tion between a positively charged adsorbent’s surface and
negatively charged fluoride. For all adsorbents, the adsorp-
tion efficiency decreased with an increase in pH. This is due
to the deprotonation of the adsorbent surface. Thus, the pH
of 2 gave maximum fluoride removal (98.36 percent). This
is due to the generation of positively charged surfaces of the
adsorbent at low pH. The surface of the adsorbent is strongly
protonated in the acidic medium, and more fluoride ions can
therefore be drawn to the surface. At low pH, they also exhib-
ited high adsorption efficiency (2 to 6). At different pHs, var-
ious adsorbents showed distinct adsorption efficiencies.
TAADFEFP activated at 450°C has the highest adsorption per-
formance of 95.55% at pH 3, TAADFP activated at 500°C is
95.50% at pH 3, TAADFP activated at 550°C is 97.65% at
pH4, and TAADEFP activated at 600°C is 98.36% at pH?2
(Table 1).

The percentage of fluoride removal decreased with ris-
ing pH for all adsorbents. This is due to a rise in OH"
concentration, which competed for adsorption with F.
The surfaces of the adsorbents were negatively charged
above pH,,. (pH=6), retarding the diffusion of fluoride
ions. The reduction in adsorption above pH,. is due to
the repulsive interaction between the anionic fluoride and
the surface of the adsorbent that is negatively charged.
Similar findings were recorded elsewhere for fluoride ion
adsorption on other biosorbents [11].

In this study, the contact time ranged from 30 to 120
minutes. Initially, adsorption increased from 30 and 75
minutes between two phases, that is, adsorbent and solu-
tion containing adsorbate ions (Figure 4). When it reaches
the optimal value, maximum adsorption occurs due to the
attainment of an equilibrium state. After this, there is no
considerable increase or decrease in adsorption by increas-
ing contact time. Hence, a further increase in contact time
did not enhance the biosorption in all the prepared adsor-
bents; therefore, the optimum contact time was 75
minutes. This may be justified by the fact that initially,
all the binding sites were vacant and available for sorption,
and adsorbate ions became easily bounded to these sites;
moreover, the solute concentration gradient was high
[36]. As time passes, more and more adsorbate ions get
attached to these active sites. Afterward, the uptake of
fluoride ions decreased due to a decrease in the number
of available adsorption sites. When reaching the optimal
time value, all the available adsorbent sites become satu-
rated or occupied, and after this, a continuous process of
adsorption and desorption starts, due to which no further
increase or decrease in adsorption occurs [37].
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FIGURE 6: Langmuir adsorption isotherms for fluoride adsorption by TAADFPs activated at (a) 450°C, (b) 500°C, (c) 550°C, and (d) 600°C.

3.4.2. Effect of Adsorbent Dose and Initial Concentration. The
entire adsorption process is a function of the initial concen-
tration of the pollutant ions, which makes it an important
factor to be determined for effective sorption. The effect of
initial concentration was investigated from 5 to 50 mg/L.
The removal efficiency of adsorbents increased with increas-
ing initial fluoride concentrations (Figure 5). This is due to
the higher concentration gradient. Removal efficiency
increases up to a concentration of 27.5mg/L and then
decreases as concentration rises. The decrease in removal
efficiency with increasing fluoride is because there are not
enough available active sites on the adsorbent surface in com-
parison with the large number of active sites which are
required for a high concentration of fluoride. This concurs
with several previous studies [37].

The adsorption efficiency increased with an increase in
the adsorbent dose (Figure 5). This is due to a large num-
ber of available F° binding sites resulting from the
increased adsorbent dose. The increase in load capacity is
due to the availability of a higher number of fluoride ions
per unit mass of adsorbent, ie., a higher fluoride/adsor-
bent ratio [26]. Thus, the defluoridation efficiency (%) sig-
nificantly increased with dose as can be reflected by the
results in Table 1. The removal rate at the beginning of

the adsorption process was observed to be faster, which
is consistent with several other studies [26]. This is prob-
ably due to the large available surface area of the
adsorbent.

3.5. Adsorption Isotherms. There was a consideration of
adsorption isotherm studies to describe the nature of the bio-
sorbent surface and the affinity of the adsorbent at a fixed
operating condition. Both Langmuir and Freundlich adsorp-
tion isotherm models were studied.

3.5.1. Langmuir Isotherms. Langmuir isotherm is based on
the assumption that a point of valance exists on the surface
of the adsorbent and that each of these sites is capable of
adsorbing one molecule. It is assumed that the adsorption
sites have equal affinities for molecules of adsorbate and that
the presence of adsorbed molecules at one site will not affect
the adsorption of molecules at an adjacent site [3]. The Lang-
muir isotherm assumes monolayer adsorption onto a surface
containing a finite number of adsorption sites of uniform
strategies of adsorption with no transmigration of adsorbate
in the plane of the surface. The Langmuir adsorption
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Ficure 7: Freundlich adsorption isotherms for fluoride adsorption by (a) TAADFP at 450°C, (b) TAADFP at 500°C, (c) TAADFP at 550°C,

and (d) TAADFP at 600°C.

isotherm equation in a linearized form is represented in

c, ¢, 1
e P ©)
qe qo quo

where g, is the amount of fluoride adsorbed per unit
weight of adsorbent (mg/g) at equilibrium, C, is the equilib-
rium concentration (mg LY, and q, and k; (dm’g™") are the
Langmuir constants, related to the adsorption capacity and
energy of adsorption, respectively.

A plot of C,/q, versus C, gives a straight line with inter-
cept 1/k;q, and slope 1/q,. According to Figure 6, the Lang-
muir isotherm did not have a good fit for the adsorption
process but indicated favorable adsorption having R* close
to one for all the TAADFPs.

3.5.2. Freundlich Isotherms. The isotherm of Freundlich was
interpreted as sorption to heterogeneous surfaces or surfaces
that support varied affinity sites. Freundlich isotherm
assumes unlimited sorption sites which correlate better with
the heterogeneous surface of the adsorbent media. It is also
believed that it first occupied the stronger binding sites and

that with increasing degree of site occupation the binding
strength decreases. The energy of fluoride ion binding to a
site on an adsorbent in this model depends on whether the
neighboring sites are already occupied or not. The expression
for Freundlich adsorption isotherm is represented by the fol-
lowing linearized equation:

1
Ing,=Ink; + - InC,, (7)

where k; is the Freundlich constant that relates to sorption
capacity and n is the Freundlich exponent that relates to
sorption intensity.

The plot of Ing, versus In C, gives a linear graph
(Figure 7). From the graph, n and k; were determined.
The linear plots of In g, versus In C, for all the TAADFPs
showed that the experimental data is better fitted to the
Freundlich isotherm model with correlation coefficient
(R?) values of 0.95661-0.98445 close to 1. The values of
n (1.0251-1.3989) that lie between 1 and 10 indicate a
favorable adsorption process. According to the results of
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Ficure 8: Pseudo-first-order plots for fluoride adsorption by the adsorbents (a) TAADFP at 450°C, (b) TAADFP at 500°C, (c) TAADFP at

550°C, and (d) TAADEFP at 600°C.

this study, the correlation coefficient of the Freundlich
model was higher than that of the Langmuir model, indi-
cating that the Freundlich model is suitable for describing
the adsorption equilibrium of F onto the adsorbents. A
similar result was reported by Lavecchia and coworkers
on fluoride removal from aqueous solutions by a high alu-
mina content bauxite [1].

The adsorption capacities q, of TAADFPs activated at
450, 500, 550, and 600°C are 0.1900, 0.5143, 0.4469, and
0.4470 mg/g, respectively. These values indicate that as acti-
vation temperature increased, the adsorption capacity
increased. The adsorption intensities n were 1.3989, 1.3560,
1.0316, and 1.0491, with values ranging from 1 to 10, indicat-
ing a favorable adsorption process [20]. The higher fluoride
removal capacity at equilibrium indicates the heterogeneous
nature of the adsorbent surface which is characteristic of
adsorption following the Freundlich adsorption isotherm
model.

3.6. Kinetics of Fluoride Adsorption. To illustrate the mecha-
nism of fluoride adsorption, kinetic experiments have been
performed. To research the adsorption process, pseudo-first-
and pseudo-second-order kinetics have been used.

3.6.1. Pseudo-First-Order Kinetics. The pseudo-first-order
model is described by the linear equation:

In(q,-q,)=Ingq, -kt (8)

where g, is the fluoride concentration adsorbed on adsorbent
at any time (mg of fluoride/g of adsorbent), g, is the amount of
fluoride adsorbed per unit weight of adsorbent (mg/g) at equi-
librium, and k, is the adsorption rate constant (min™). The
pseudo-first-order plots of In (g, — gq,) against ¢ for the adsorp-
tion of fluoride by TAADEFPs are presented in Figure 8. The
correlation coefficient R* can be obtained from the graph.

3.6.2. Pseudo-Second-Order. The pseudo-second-order
model is described by the linear equation:

(&)= x50 <9>

where k, is the adsorption rate constant (g/mg min). Pseudo-
second-order kinetic data was used to draw pseudo-second-
order plots of t/q, against ¢, and they gave the linear graph
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F1GURE 9: Pseudo-second-order plots for fluoride adsorption by the adsorbents (a) TAADFP at 450°C, (b) TAADFP at 500°C, (c) TAADFP at

550°C, and (d) TAADEFP at 600°C.

TaBLE 2: Desorption and resorption of fluoride by TAADFPs activated at 450, 500, 550, and 600°C using distilled water and 0.1 M NaCl (pH 5,
initial fluoride concentration 5 mg/L, contact time 1 hour at room temperature).

TAADEPs ] First cycle ] S?cond cycle ] 'l_“hird cycle

activated at (:C) F resorbed F desorbed  Percent F resorbed F desorbed  Percent F resorbed F desorbed  Percent
(mg/L) (mg/L) removal (%) (mg/L) (mg/L) removal (%) (mg/L) (mg/L) removal (%)

450 431 3.92 86 4.25 3.80 85 3.52 3.10 70

500 4.34 3.94 87 4.32 3.55 86 4.14 3.45 82

550 4.46 4.21 89 4.39 3.85 88 4.25 3.64 85

600 4.58 4.32 92 4.35 4.13 87 4.26 3.95 85

(Figure 9). The correlation coefficient R* can be obtained
from the graph.

The mean value of the correlation coefficient R? for all the
TAADFPs for the pseudo-second-order model (0.97266) is
greater than that of the pseudo-first-order model (0.85634).
As it can be seen from Figure 9, the data fitted well with the
second-order kinetic model (R?>0.97). Similar kinetic
results have been reported by Mapfaire and coworkers in
the defluoridation of water by rice husk ash silica-
hydroxyapatite adsorbent [26]. Therefore, the best-fit model
for all adsorbents (TAADEFPs) is the pseudo-second-order
model. This implies that all stages of adsorption such as

external film diffusion, diffusion, and internal particle diffu-
sion took place. This model assumes that the adsorption pro-
cess involves a chemisorption mechanism including sharing
or transferring electrons between the adsorbent and adsor-
bate. It takes place in heterogeneous conditions because it
depends on the amount of solute adsorbed at a time, ¢, and
considers adsorption to be the rate-controlling step.

3.7. Desorption, Regeneration, and Reuse. Desorption experi-
ments were conducted to evaluate the reusability of the spent
adsorbents. According to Table 2, the removal efficiency
reached as high as 86, 87, 89, and 92% for TAADFPs
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activated at 450, 500, 550, and 600°C, respectively, and
started to diminish as the process was repeated (Table 2).
These results indicated that SMADFP and TAADFPs could
be repeatedly used in the biosorption process by regenerating
using the distilled water-NaCl medium. Table 2 shows the
ability of regenerated adsorbent for defluoridation as the
number of cycles versus percentage removal. There is only
a marginal loss of adsorption capacity, and substantial
amounts of fluoride can be removed. It is noted that the per-
centage of removal has not fallen below 70% even in the third
cycle. Hence, the spent active biosorbents were found to
regain their lost sorption nature after treatment, in distilled
water-NaCl conditions, to a great extent.

4. Conclusions

The adsorbents exhibited good physical and chemical char-
acteristics to act as biosorbents as depicted by SEM, BET,
and IR analysis. The maximum removal efliciencies of
TAADFPs activated at 450, 500, 550, and 600°C were 95.55,
96.50, 97.65, and 98.36%, respectively, which means that
the adsorbents were effective for the removal of fluoride. All
the TAADFPs researched in the present study followed the
Freundlich isotherm model and second-order kinetics for
the removal of fluoride. The TAADFPs examined in this
study showed promising properties as a low-cost and effec-
tive adsorbent for the removal of fluoride from water.
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