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&e problem extent of the large concentration of fluoride ions in drinking water is still a central health issue. In the present study,
lanthanum doped magnetic Teff straw biochar (LDMTSB) was developed as a novel adsorbent for removing fluoride ions in the
groundwater in Rift-Valley regions, especially Hawassa city, Ethiopia. &e synthesized LDMTBC was characterized via FTIR,
XRD, SEM, and BET. And, this analysis proposed that multiadsorption techniques such as ligand exchange, precipitations, and
electrostatic interaction could be evinced throughout the fluoride ions adsorption process by LDMTSB. &e constraints that
influence the adsorption efficacy, namely, a dosage of LDMTSB, contact time, pH of the solution, and rotational speed, were
analyzed and optimized using the response surface methodology approach. Under the optimum situations, LDMTSB dosage:
3.97 g, contact time: 56.36min, rotational speed: 591.19 rpm, and pH: 3.968 demonstrate high efficacy of LDMTSB with 98.89%
fluoride removal capacity. Further, the quadratic model (R2 � 0.9841) was designated for governing the mathematical process.&e
LDMTSB was successful in the removal of fluoride ions in the groundwater.&is study provides a valuable economical solution for
the application of Teff straw.

1. Introduction

Drinkable water is not generally available owing to con-
tamination caused by both natural and human sources [1].
&e major cause of water contamination was the fast ex-
pansion of industry, mining processes, natural gas extrac-
tion, and the natural presence of high amounts of minerals.

&e ions calcium (Ca), sodium (Na), potassium (K),
sulfate (SO2−

4 ), magnesium (Mg), chloride (Cl), fluoride ion
(F), carbonate (CO3), and bicarbonate (HCO3) account for
more than 90% of the dissolved solids in groundwater [2].
More than 70% of groundwater from deep wells contains F
levels higher than the WHO’s drinkable limit. F levels in all
hot spring water tests were above the WHO drinkable limit,
with the highest value of 57.4mg/L [3]. &ese all ions are
present in drinkable water in a high amount as it affects the

health of human beings, animals, and aquatic organisms
[4, 5]. Fluoride concentrations of more than 1.5 g/L are
designated contaminants by the WHO because they impair
the life of living things. Excessive fluoride consumption
causes serious health problems, such as dental fluorosis,
which has a concentration range of 1.5 to 4.0mg/L, skeletal
fluorosis, which has a concentration range of 4.0–10.0mg/L,
and gradually debilitating scourge-skeletal fluorosis, which
has a concentration greater than 10mg/L. Fluoride has a safe
level when its concentration is less than 1.5mg/L, which is
necessary to avoid tooth decay and anxiety [6, 7]. More than
200 million people are now suffering from high levels of
fluoride concentration in their drinking water, which is
caused by fluoride being naturally poisoned in the water [8].
&e groundwater containing fluoride ions is abundant in the
East African Rift Valley basin, particularly in Hawassa,
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Zeway, Shashamane, and Adama. &e research of acceptable
fluoride treatment procedures is required to lower the
content of fluoride in drinking water [9].

Within physical methods, several drinking water treat-
ment techniques were developed and implemented to
remove such contaminants by high fluoride concentration.
Ion exchange, electrokinetic coagulation, membrane sepa-
ration processes, and adsorption techniques are the widely
utilized methods. Each of which has its cons and pros [10].
Electrokinetic coagulation yields poor outcomes from
fluoride removal, meaning that it is not that much applicable
method. Membranes are unable to resist severe conditions
such as high temperature, reactive environments, and
contaminated feed. As a result, industrialists do not prefer
them as a separation mechanism [10, 11]. In contrast, ad-
sorption is considered as the preferredmethod of wastewater
treatment as it is a method that is easy and suitable to operate
and effective in purifying waste water as it has high efficiency
of deodorizing, detoxifying, and easy removal of harmful
components from wastewater [11]. Adsorption-based
methods use microporous materials that are a very prom-
ising cost-efficient technology, which is commonly accepted
as the most attractive, efficient, and affordable due to its
simple control, low operating and capital investment costs,
and higher energy efficiency [12, 13]. &e adsorption
technique was utilized to decrease the fluorine content in the
drinking water for this investigation.

Biochar is prepared through thermal degradation of
biomass at moderate temperature by pyrolysis process in the
absence of oxygen [14]. Biochar is known for being cheap,
safe, and it has a plentiful supplier of raw resources that are
used for the production of it such as municipal sludge,
livestock manure, and agricultural residues [15]. It also has
unique physicochemical characteristics, such as a vast
number of pore structures, large specific surface area, sta-
bility, and effectiveness. As a result, biochar is ideally suited
for use as an adsorbent [16]. Biochar can be prepared from
different lignocellulosic materials, and Teff straw can be used
for the preparation of magnetic biochar.

Teff straw is a plentiful and indigenous lignocellulose
material in Ethiopia, and it is a residual waste obtained after
the seeds of Teff were removed. According to Mottaleb and
Rahut [17], Ethiopia is a significant producer of Teff in the
globe, presently producing a considerable amount of Teff
annually in various locations, and Teff accounted for roughly
24% of all grain-cultivated land in Ethiopia in 2017. Teff
straw was freely available in all regions of Ethiopia once Teff
seeds were removed, and Teff straw was considered a waste
[18].

According to Huang et al. [19], to increase the ad-
sorption efficiency, Teff straw biochar can be doped with
hydrated metal oxides, such as Zr (IV), La (III), Fe (II), Fe
(III), and Ce (IV), that were widely investigated for treat-
ment purposes because it could supply a large number of
coordination sites and had a particular affinity for fluoride
ions. From those, lanthanum has gotten a lot of interest since
it is nontoxic, low-cost, chemically stable, and has an ex-
ceptionally high affinity for fluoride even at low concen-
trations [20].

Up to date, no research has been done on the removal of
fluorides ion from groundwater using Teff straw biochar
magnetic composite doped with lanthanum. Further, pro-
cess parameters, namely, adsorption dosage, pH, rotational
speed, and adsorption time, that affect the efficiency of the
composite on the removal of fluorides was optimized using
central composite response surface methodology (RSM-
CCD) as a statical tool. RSM-based CCD has been proved as
a reliable statical tool to estimate and optimize various
variables on removal efficiency [21, 22]. Supplementary
characterization of the obtained Teff straw biochar magnetic
composite doped with lanthanum by X-ray diffraction
(XRD), scanning electron microscope (SEM), Fourier
transforms infrared (FTIR), and proximate analysis were
executed.

2. Materials and Methods

2.1. Materials and Chemicals Used. &e raw material Era-
grostis tef (Teff straw) was collected from Yebu, 10 kilo-
meters from Jimma town, Ethiopia, and high fluoride water
content was transported from Hawassa city to Jimma In-
stitute of Technology’s Department of Material Science and
Engineering to treat and characterize the application, as well
as to determine the optimal defloration capacity of the
adsorbent. For the current study, ferrous chloride
(FeCl2.4H2O), ferric chloride hexahydrate (FeCl3·6H2O),
lanthanum chloride (LaCl3), potassium nitrate (KNO3),
hydrochloric acid (HCl), sodium hydroxide (NaOH), so-
dium chloride (NaCl), ethylenediaminetetraacetic acid
(EDTA), and sodium fluoride (NaF) were analytical grade
chemicals purchased from Hi-Media Rankem PLC, Addis
Ababa, Ethiopia. Distilled water was used throughout this
study. &e following tools were used to synthesize and
characterize the adsorbents: Muffle furnace, sonicator, FTIR
(Furrier transmission infrared spectroscope), XRD (X-ray
diffraction), TGA (thermogravimetric analysis), BET (Bru-
nauer-Emmett-Teller), and SEM (Scanning Electron Mi-
croscope) were employed, as well as UV-spectrophotometer
and AAS (atomic absorption spectrophotometer) to test the
adsorption of fluoride ions.

2.2. Methods

2.2.1. Biochar Synthesis from Teff Straw (Eragrostis Tef ).
Hand-sorting was used to eliminate contaminants such as
non-Teff straw, grasses, sand, leaves, and dirt. &e Teff straw
was then steeped in tap water overnight. &e next day, the
stocked Teff straw was cleaned three times with distilled
water that was produced through the reverse osmosis
process. &e size of the sun-dried Teff straws was reduced
using a knife and other size reduction tools, and the size was
analyzed by mesh analysis, and the size between 1mm and
2mm was taken, followed by impregnation with diluted (1%
v/v) sodium hydroxide to remove the mineral and other
impurities from the sample. &en, in the absence of oxygen,
it was placed in a muffle furnace at 500°C for 2 hours. After
the carbonization process was completed, it was chilled
overnight in an L31M muffle furnace. Finally, the Teff straw
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biochar was crushed and sieved to achieve a particle size of
fewer than 63 μm, which was put on pun and kept in a glass
container for later use.

2.2.2. Lanthanum Doped Magnetic Biochar Nanocomposite
Adsorbent Preparation. Teff straw biochar was doped with
lanthanum salts to create nanocomposites for adsorption
purposes. &e chemical coprecipitation technique was uti-
lized to create lanthanum doped magnetic Teff straw biochar
[23]. Nanocomposites doped with lanthanum metal salts
such as iron salts and lanthanum salts were used to create
biochar. Teff straw biochar (8 g) was added to an aqueous
solution containing 80ml of FeCl2.4H2O (2.54 g),
FeCl3·6H2O (6.5 g), and LaCl3 (1.96 g), then it was stirred
until a homogeneous solution was formed, followed by
sonication for further 20 minutes. Following sonication, 1M
sodium hydroxide solution was added to the solution until
the pH reached 11 at room temperature. To complete the
reaction, the entire mixture was swirled at a rotational speed
of 400 rpm at a temperature of 90°C for 1 day, and then it was
cooled at room temperature. After cooling, the separation
procedure was carried out usingWhatman filter paper with a
pore size of 42 μm, and the adsorbents were rinsed re-
peatedly in distilled water until the pH reached seven [24].
&en, the black precipitate was separated through a 42 μm
Whatman filter with the help of an external magnet and
washed repeatedly with deionized water until the pH de-
creased to seven. &en, the final precipitate was dried in an
oven overnight, followed by calcination in a muffle furnace
at 300°C for about two hrs. Finally, the milled lanthanum
doped magnetic biochar composite adsorbent was passed
through the 1mm sieve to obtain the constant particle size.
To test the adsorption effectiveness of single Teff straw
biochar and Teff straw biochar doped with lanthanum, two
samples were produced, one without the presence of lan-
thanum salt and the other with 0.15, 0.2, 0.25, and 0.3 w/w
ratios of LaCl3 to biochar. Based on the results of the five
trials experiments, magnetic biochar containing lanthanum
has better fluoride removal efficiency and was thus chosen
for future adsorbent preparation by taking into account
previous work on minor changes.

2.3. Characterization of Teff Straw (Eragrostis Tef ). &e
ASTM (American Society for Testing and Materials) stan-
dards were utilized to establish the proximate analysis for
moisture content, ash content; volatility contents were ex-
amined to estimate the fixed carbon content in Teff straw
biomass. &e raw Teff straw maintained below 2mm in
thickness weighed 5 grams. &e prepared Teff straw was
dried in an oven at 1050 degrees Celsius until it formed a
uniformmass.&e experiment was repeated three times.&e
ash composition of raw Teff straw ash was determined using
a muffle furnace with model number L31M. &e 3 g of Teff
straw sample was placed in a crucible and burnt at 1000
degrees Celsius until the Teff straw ash was completely
transformed to ash. &e ash content may be calculated using
equation (2).&e volatile matter was measured by ASTM (E-
872). &en, 2 g of Teff straw samples were burnt in a muffle

furnace with a model number of L31M by using a crucible at
650°C for 6 minutes; hence, it allowed cooling in a desic-
cator. &e volatile matter content was determined by using
equation (3). Fixed carbon was determined by subtracting
the entire sample content from the sum of the percent
moisture, ash, and volatile matter. As a result, the fixed
carbon was determined by equation (4)

TSMC �
WB − WA

WB

× 100%, (1)

where TSMC is the moisture content of raw Teff straw, WB
represents the weight of the Teff straw in its natural state, and
WA represents the weight of the oven-dried sample.

TSAC �
WC+BA − WC

WC+AA − WC

× 100%, (2)

where TSAC is the ash content of Teff straw sample,WC is the
weight of the crucible, WC+BA is the weight of the cruci-
ble + sample weight before the ash process, andWC+AA is the
weight of the crucible + sample after the ash process.

TSVC �
TSIW − TSFW

TSIW
× 100%, (3)

where TSVC stands for the volatility content of the Teff straw
sample, TSIW stands for the initial weight of the Teff straw
sample, and TSFW stands for the final weight of the Teff straw
sample.

FCC � 100% − TSMC + TSAC + TSVC􏼂 􏼃 × 100%, (4)

where FCC stands for fixed carbon content, TSMC stands for
the moisture content of raw Teff straw, TSAC is the ash
content of Teff straw samples, TSVC stands for volatility
content of Teff straw sample.

2.4. Characterization of Biochar Produced. &e fixed carbon
content is ground to produce biochar from Teff straw raw
material [25]. Biochar produced characterized by using
different types of equipment such as FTIR, XRD, TGA, SEM,
yields of biochar obtained from Teff straw, point zero
charges were determined.

2.4.1. FTIR Analysis. FTIR was used to determine the
functional groups found in the raw Teff straw, sample, Teff
straw biochar, and lanthanum modified Teff straw biochar
comparatively. &e bond stretching and vibrations of
functional groups were studied using an FTIR analyzer at
room temperature with a spectrum 400-IR (Perkin Elmer) in
the range 4500–400 cm−1 and KBr pellets as a reference. &e
chemical functional groups were then identified by looking
at the wavenumbers associated with signals in the FTIR
spectra and comparing them to the standard absorbance of
functional groups [26].

2.4.2. X-Ray Diffraction (XRD) Analysis. According to Yao
et al. [27], XRD was used to determine the crystallinity index
analyses purpose by using crystallinity peak area and
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amorphous peak area for Teff straw biochar as well as
modified biochar with lanthanum. &e device used to
conduct X-ray diffraction was the XRD-7000 apparatus for
studies on the produced material powder. &e studies were
carried out with the angle of diffraction (2θ) kept between 10
and 80 degrees. Using the crystallinity index equation, de-
termine if the material is crystalline, semicrystalline, or
amorphous.

CI �
AC

AT

× 100%, (5)

where CI stands the crystallinity index, AC crystallinity peak
area, and AT the total area obtained from both crystallinity
peak area + amorphous peak area.

2.4.3. SEM Analysis. SEM analysis was performed to ex-
amine the changes in the surface morphology of the biochar
before and after modification with iron and lanthanum
oxide nanoparticles [28].

2.4.4. :ermal Stability Analysis. &e weight loss of the
sample was measured using the TGA-4000 Perkin Elmer
instrument [29]. &is was done with nitrogen gas for all
samples. Under the influence of nitrogen gas, the samples
were heated from 25°C to 500°C. &e nitrogen gas flow rate
was 20ml/min, with a heating rate of 10°C/min. &e data
fromDerivative&ermogravimetric (DTGA) was also taken.
&is aids in determining the thermal stability of Teff straw
biochar as well as the modified biochar.

2.4.5. BET Analysis. &e BET instrument was used to de-
termine the specific surface area of Teff straw biochar,
magnetic biochar, and lanthanum doped magnetic biochar.
&e Brunauer-Emmett-Teller (BET) technique was used to
calculate the volume of adsorbed nitrogen gas based on the
adsorption and desorption of various gas concentrations at
atmospheric pressure and ambient temperature. &e three
samples were first treated for 1 hour at 230°C to eliminate air
and water molecules from the pore. Finally, the samples were
tested.

2.4.6. Point Zero Charge Analysis. Point of zero charges for a
concept that a certain substance has a specific pH at which it
is neutral. &e point of zero charges is the pH value at which
the surface is neutral. &e solid addition technique was used
to study the point of zero charges for biochar and lanthanum
doped Teff straw biochar. In eight separate flasks, 500ml of
KNO3 (0.1M) with a pH range of 3 to 10 was produced.
45ml of KNO3 (0.1M) was drawn from 500ml, the pH of the
solution was adjusted with drops of 0.1N NaOH and 0.1N
HCl solutions, and 0.5 g of powdered Teff straw biochar and
Modified biochar with lanthanum samples were added to
each flask and shaken at room temperature. &e final pH of
all samples was measured after 2 days and plotted against the
pH change; the intersection point of the curve with the line
passing through the origin was used as a reference for de-
termining the point of zero charge value.

2.5. Experimental Design. &e response surface approach
was analyzed using the design of expert (v.11) software to
evaluate the experimental effects. &e optimum strategy for
optimizing the process variable, namely adsorption dosage,
pH, rotational speed, and adsorption time, is the response
surface methodology. It was utilized to determine which
component had the most impact on adsorption. To answer
such problems, the response surface approach central
composite design was selected to evaluate linear interaction
and quadratic connections between independent and de-
pendent variables during the optimization of fluoride ions
removal from the groundwater. &e CCD generates 30 data
points based on equation (6), comprising 16 factor points, 8
axial points, and 6 center points (Table 1).

To examine the experimental effects, the response sur-
face approach was evaluated using the design of expert (v.11)
software. &e optimum adsorption efficiency of modified
lanthanum doped magnetic Teff straw biochar was calcu-
lated using the response surface approach. &is study was
conducted to discover which components had the most
influence on fluoride ion adsorption, allowing researchers to
understand which components have the biggest impact on
yield.

Y � 2b
+ 2b + bc, (6)

where Y represents the number of trials done, b represents
the number of independent variables, and bc represents the
number of replicates utilized to determine if the above-
mentioned experiment was accurate or not.

M � ao + 􏽘
n

i�1
aixi + 􏽘

n

i�1
aiix

2
i + 􏽘

n−1

i�1
􏽘

n

j�i+1
aijxij, (7)

where M stands for the predicted response of surface
methodology. &e number n denotes the number of inde-
pendent factors utilized to optimize the adsorption capacity.
Constant coefficients, first-order (linear) coefficients, sec-
ond-order (quadratic) interaction coefficients, and second-
order (quadratic) noninteraction coefficients are all repre-
sented by the coefficients ao, ai, aii, aij.

3. Results and Discussion

3.1. Proximate Analysis of Raw Teff Straw (Eragrostis Tef ).
In this section, the proximate analysis was analyzed to de-
termine the fixed carbon contents of Teff straw by using
equation (4). Hence, to investigate the ash content, moisture
content, and volatile matter content was mandatory to
determine the fixed carbon content in Teff straw. According
to the study conducted by Bageru and Srivastava [18], the
proximate analysis for Teff straw was reported as moisture
content of 6.0 to 8.0%, ash content of 3 to 6%, volatile matter
of 70 to 80%; also this study had similar results reported by
the previous study. For the current study, the proximate
analysis performed was presented in Table 2, the same as that
reported in a literature review from another study, the ash
content, moisture content, and volatility matter had 4.88%,
6.98%, and 73.61%, respectively. Based on this, the result
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obtained for fixed carbon content was 14.53%. From the
total bases, including ash content, moisture content, and
volatile matter, the yield of biochar produced from Teff straw
was 12.11 percent, while from fixed carbon, the yield was
83.23 percent. &is result was obtained at a temperature of
500°C for 120 minutes.

3.2. Teff Straw Biochar and Magnetic Biochar Modified
Lanthanum Physiochemical Properties. When compared to
modified biochar containing lanthanum and biochar made
from Teff, straw has distinct properties. &e bulk densities of
Teff straw biochar and lanthanum dopedmagnetic Teff straw
biochar were 0.42 and 0.592 gcm−3, respectively, as indicated
in Table 3 for the experimental findings. &is indicates that
the bulk density of lanthanum doped magnetic Teff straw

biochar was higher than that of Teff straw biochar, owing to
the presence of rare Earth metals within it, which increased
its density. Similarly, the pH value of Teff straw biochar is
higher than that of lanthanum doped biochar. Teff straw
biochar was discovered to have a higher hydroxyl group than
lanthanum doped Teff straw biochar, which was attributed to
the hydroxyl group contained to make it high pH. Point of
zero charge value for Teff straw biochar and lanthanum
doped Teff straw biochar were 4.3 and 8.1, respectively. Teff
straw biochar had a smaller pH surface area for becoming
zero than lanthanum doped Teff straw, which was because
Teff straw biochar consumes more acid during point zero
charge generation. Teff straw biochar had a surface area of
120.61m2g−1, while lanthanum doped Teff straw biochar had
a surface area of 321.52m2g−1, indicating that lanthanum
doped Teff straw biochar has a larger surface area than Teff

Table 1: Central composite design matrix for defluoridation efficiency.

Run
Independent variable (factors) Dependent variable (factor)

Dosage LDMTSB (g/L) Contact time (min.) Rotational speed (rpm) pH Defluoridation efficiency (%)
1 4 30 600 3 85.94
2 3 45 500 4.5 95.94
3 4 60 400 6 83.46
4 2 60 400 3 81.77
5 3 45 500 4.5 95.91
6 4 60 400 3 93.03
7 2 30 600 6 73.97
8 4 60 600 6 92.95
9 3 45 500 4.5 90.89
10 3 45 700 4.5 91.98
11 2 30 600 3 73.47
12 3 45 500 7.5 78.15
13 4 60 600 3 97.95
14 3 45 500 4.5 95.90
15 3 75 500 4.5 88.58
16 2 60 600 6 82.50
17 2 30 400 6 71.12
18 4 30 400 6 83.23
19 4 30 600 6 87.34
20 4 30 400 3 90.55
21 1 45 500 4.5 69.75
22 3 15 500 4.5 76.46
23 2 60 400 6 71.67
24 3 45 300 4.5 84.83
25 2 30 400 3 78.88
26 3 45 500 1.5 85.76
27 3 45 500 4.5 95.93
28 3 45 500 4.5 95.95
29 2 60 600 3 83.45
30 5 45 500 4.5 90.46

Table 2: Proximate analysis experimental results for Teff straw.

Std. Analysis conducted Experimental results Obtained from literature
(1) Ash content 4.88% 3 to 6%
(2) Moisture content 6.98% 6.0 to 8.0%
(3) Volatile matter content 73.61% 70 to 80%
(4) Fixed carbon content 14.53%. 12–17%

Experimental result Bageru and Srivastava [18]
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straw biochar. As a result, modified biochar had greater
adsorption effectiveness than nonmodified biochar. Because
the modified biochar is a nanocomposite, it has high surface
area availability. Teff straw activated carbon (552.23m2g−1)
has a higher surface area than coffee husk activated carbon,
according to another study (400m2g−1). Tef straw biochar
surface area (120.61m2g−1) was higher than coffee husk
biochar, as was the case with activated carbon (90.2m2g−1).
Research conducted by Kong et al. [30] on the removal of
phosphate and fluoride using rice lanthanum doped
nanocomposite reported that the surface area of the
nanocomposite is 123.28m2g−1. &e point zero charge for
both TSBC and LDMTSB is shown in Figure 1.

3.3. Characterization Teff Straw BC and Lanthanum Doped
Magnetic Teff Straw BC

3.3.1. Crystallinity Index for TSBC and LDMTSB.
Figures 2(a) and (b) show how X-ray diffraction (XRD) may
be used to determine the crystalline, amorphous, and
semicrystalline phases. As illustrated in Figure 2 (a), the
lanthanum doped magnetic Teff straw biochar exhibited an
amorphous phase due to the random distribution of atoms
inside the modified Teff straw biochar. In addition to this,
lanthanum dopedmagnetic Teff straw biochar has crystalline
peaks, and its crystallinity index was around 43.45 percent.
&e lanthanum doped magnetic Teff straw biochar after
fluoride adsorption had crystal peaks, as illustrated in Fig-
ure 2 (b), due to the presence of metals such as lanthanum
and irons in biochar. &e total crystallinity index after ad-
sorption is 43.81 percent.&is indicates themodified biochar
after adsorption was found in the amorphous phase. &e
metal ions and fluoride ions found in water are absorbed by
an active site found in a nanocomposite. Due to this reason,
the ions are randomly distributed, whichmakes themodified
biochar after adsorption in the amorphous phase.&emetals
exhibit crystalline peaks as a result of the crystallinity nature
of the metals, and the crystalline peak in modified biochar is
owing to this [31]. &e peak represented by 24.10°, 37.05°,
45.49°, and 50.61° represents lanthanum peaks. Peaks for
iron (II) and (II) were also found in X-RD patterns 45.00°,
64.62°, and 69.47°. &e peak found around 22.11, 53.73, and
69.47 represents the peaks for fluoride absorbed.

3.3.2. Functional Group Analysis. From Figure 3(a), the
Fourier transmission infrared spectrophotometer (FTIR)
spectra of TSBC contained a variety of peaks that begin ion
adsorption. &e number of peaks detected in TSBC shows
the presence of several functional groups within it; these
peaks’ functional groups were determined using

wavenumber (cm−1) and transmittance (percent). &e graph
of the TSBC spectra shows a large peak bond stretch between
3500 and 3000 cm−1, indicating the existence of free and
bond hydroxyl (O-H) functional groups bond stretch [32].
&e peaks found at 1800 to 1200 cm−1 may be ascribed to a
strong carboxyl stretch (C�O) stretched at 1294 cm−1 [33].
C-H and carboxylic acid may be attributed to the peak at
1465 to 1000 cm−1 [34]. Other prominent peaks identified
between 1000 and 695 cm−1 reflect significant C-O and C�C
[34]. &e overall surface of biochar is characterized by the
presence of several negatively charged functional groups
[35]. Similarly, similar results with other biomass-derived
biochars have been published regularly. As seen in
Figure 3(b), the LDMTSB clearly shows a decrease in hy-
droxyl, carboxyl, and carbonate functional groups, with the
following alteration when compared to Teff straw biochar.
However, minor peaks at 3200, 1846, 1675, 1620, 1500, 1440,
692, 621, 556, and 461 cm−1 were detected, which can be
ascribed to the presence of residual O-H, C-O, and C≡N
functional groups. Furthermore, novel bond lengths were
discovered at 650 to 500 cm−1, which can be ascribed to the
existence of the La-O (621 cm−1) and Fe-O (556 cm−1) bonds
stretch, respectively. In different studies’ findings, the metal
oxide bond stretches were found within these ranges [36].
&e peak is shown in Figure 3(c), LDMTSB, pecks are re-
moved through the adsorption process. &e free O-H, C≡N,
C�O, and other free bonds found in modified biochars then
adsorb the fluoride ions prevalent in water, causing some
bond stretch to be lost [37]. &e bond stretch for hydroxyl
was found at about 3200 cm−1; OH bond stretch did not exist
after the adsorption process. Bond stretch for C�O, C≡N,
and C-O accessible about 1635 cm−1, 1410 cm−1, 2951 cm−1,
and 2345 cm−1 has not been detected after adsorption, as
shown in Figure 3(c), analogous to that of OH.&is is owing
to the lone pair found in each bond stretch being filled with
fluoride ions.

3.3.3. :ermogravimetric Analysis. &e breakdown of cel-
lulose, hemicellulose, and lignin, low molecular weight
molecules such as carboxylic aldehydes, alkenes, and other
components, are all linked to the thermal stability of ma-
terials during pyrolysis [1, 38]. High mass losses were de-
tected in three degradation zones on the TGA curve of the
biochar sample, as illustrated in Figures 4 (a) and (b). &e
release of water molecules caused the mass loss at 100°C [39].
Between 68°C and 273°C, there was a significant loss of mass,
which might lead to the breakdown of low molecular weight
molecules. Decomposition of larger molecular weight
compounds resulted in a significant mass loss at 400°C. High
mass losses were found at 450°C in the Teff straw biochar

Table 3: Different biochar physiochemical properties.

Std. Analysis conducted Teff straw biochar Lanthanum doped Teff straw biochar
(1) Bulk density (gcm−3) 0.42 0.592
(2) pH 10.8 6.3
(3) pHPZC 4.3 8.1
(4) Surface area (m2g−1) 120.61 321.52
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curve, as shown in Figure 4 (a). According to Figure 4(b),
after 273°C, the mass loss is stable due to nanocomposite
properties as well as the presence of metals within modified
biochar [40]. &e reduction of magnetite, hematite, and iron
carbide composites into lower oxide groups, as shown in the
above chemical process, maybe a concern during decom-
position at higher temperatures. &e catalytic actions of iron
species on the carbon surface are predicted to cause the
magnetic composite to decompose rapidly at higher tem-
peratures [41].

3.3.4. Analysis for TSBC and LDMTSB. &e SEM pictures in
Figures 5(a) and 5(b) clearly show the difference in biochar
morphology before and after metal oxide nanoparticle
modification. &e heterogeneous layer with a high

micromere structure was shown by SEM morphology
studies [42]. In contrast, the LDMTSB SEM picture in
Figure 5(b) showed a rough and white surface. In addition,
while comparing raw Teff straw biochar with lanthanum
doped magnetic biochar, many tiny holes were discovered.
&e actions of metal oxide nanoparticles on the surface of
biochar cause this morphological modification [43]. &e
development of pores on the LDMTSB adsorbent might
explain the increase in surface area. Similar morphological
structures have been reported in different previous re-
searches [43, 44].

3.4. :e Initial and Final Concentration of Fluoride Ion.
According to Haji et al.[3], the fluoride ions content in the
Rift Valley region was higher than the WHO drinking water

2

pH of TSBC
pH of LDMTSBC

2

1

0

3 4

3

4

5 6 7
Initial pH

Ch
an

ge
 p

H

8 9 10 11

-1

-2

Figure 1: Point zero charge determination for TSBC and LDMTSB.

10

In
te

ns
ity

 (a
.u

.)

20

22
.1

1
24

.1
0 27

.6
8

30
.8

0 33
.5

6
35

.2
6

37
.0

5 41
.2

3

45
.4

9

50
.6

1
51

.1
7

53
.7

3 64
.6

2
69

.4
7

30 40
2-�eta (o)

50

MBC-F (a)
MBC (b)

60 70

Figure 2: X-ray patterns for lanthanum doped magnetic BC before and after defluoridation.

Advances in Materials Science and Engineering 7



recommendation. As a result, treatment was required to
lower the concentration of fluoride ions in groundwater and
other sources of water with high fluoride content. &e
groundwater utilized in this study has a fluoride concen-
tration of 56.2mg/L and was sourced from the Rift Valley,
especially Hawassa and Zeway city. &e Rift Valley under-
ground water has the following anions and cations, namely
magnesium (Mg2+), sodium (Na+), potassium (K+), calcium
(Ca2+), sulfate (SO2−

4 ), bicarbonate (HCO−
3 ), nitrates (NO

−
3 )

silica (SiO2), chlorine (Cl−), and fluoride (F−) [3]. &e blank
solution was prepared from magnesium (Mg2+), sodium
(Na+), potassium (K+), calcium (Ca2+), sulfate (SO2−

4 ),

bicarbonate (HCO−
3 ), nitrates (NO−

3 ) silica (SiO2), and
chlorine (Cl−) ions based on their concentration in
groundwater. &e stock fluoride concentration absorbance
experiment was to create a standard curve. &e absorbance
of fluoride ions was measured using AAS.&e concentration
versus absorbance standard curve for fluoride ions was
prepared, and this helps to determine the final concentration
of fluoride ions after treatment. AAS was used to assess the
absorbance capacity of the centrifuged solution. &e stan-
dard curve was used to calculate the residual concentration
of fluoride ions [45]. Equation (4) was used to compute the
% elimination of fluoride ions.
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R(%) �
Co − Ct

Co

, (8)

where R (%) denotes the proportion of removal percent, the
starting concentration of fluoride ions is denoted by Co,
while the concentration of methyl orange after adsorption is
denoted by Ct.

3.5.DefluoridationProcess andResponse SurfaceMethodology
Analysis. &e response surface approach for the central
composite design matrix is given in Table 1. &e number of
variables is four, and the total number of experiments is
thirty, according to equation (6). &e factorial design, the
axial run, and the central run are the three primary elements
of this experiment. &e factorial design is made up of 16
experiments represented by 24, the axial run is made up of 8
experiments represented by 2× 4, and the center run is made
up of 6 experiments. &e four independent variables are
Dosage LDMTSB (g/L), Contact Time (min.), Rotational
Speed (rpm), and pH; they were investigated to calculate the
defluoridation effectiveness based on the laboratory exper-
iment presented in Table 1. &e coded variables A, B, C, and
D stood for LDMTSB dosage (g/L), Contact Time (min.),
Rotational Speed (rpm), and pH, respectively.

&e data in Table 4 were evaluated using analysis of
variance (ANOVA) with a significance threshold of 5%
(α-value� 5%). In addition, the F-value and p value for
models are provided in Table 4. &e p value aids in de-
termining the significance and nonsignificant of each factor,
as well as the interaction component, which was adequately
represented [46]. Dosage LDMTSB (A), contact time (B),
rotational speed (C), and pH (D) were all significantly af-
fecting the adsorption efficiency; thus, p values were less
than 0.0001. BC, CD, BD, A2, C2, B2, and D2 have a sub-
stantial influence on adsorption efficiency as well as other
interaction effects such as AB, AD, and AC because it has a p

value that is higher than the α-value. &e Model F-value of
66.19 indicates that the model is statistically significant. &e
F-value having a magnitude of 0.01 percent has a probability
of occurring due to noise. According to Mustefa Beyan et al.
[47], the sum of squares and F-value provide information
about whether factors have a substantial negative or positive

impact on the response. &e sum of squares and F-value are
presented in Table 4. Single variables of dose, contact time,
rotating speed, and pH had sums of square values of 805.51,
184.37, 60.67, and 121.59, respectively. Dosage, contact
duration, rotating speed, and pH, all had F-values of 363.80,
83.27, 27.40, and 54.92, respectively. &e model’s sum of
squares and F-value were 2051.75 and 66.19, respectively.
According to this data, the dose has a substantial impact on
defluoridation capability, followed by dosage, contact time,
pH, and rotating speed. Aside from that, this experiment’s
lack-of-fit model is 0.9565. &is means that the error terms
do not influence the adsorption efficiency. &e p value was
smaller than the level of significance (α -value). &us, the
models were approved [48].

Standard deviation, mean, CV (%), R2, adjusted R2,
projected R2, and adequacy precision were analyzed by
ANOVA are shown in Table 5 to fit statistical data. 1.49,
85.59, 1.74, 0.9841, 0.9692, 0.9520, and 26.7531 were the
values for standard deviation, mean, C.V. (%), R2, adjusted
R2, projected R2, and adequate precision, respectively.
According to Abeto Amibo [46], the adjusted and pre-
dictedR2 are in good agreement below a 20% variation. &e
adjusted square of R (R2) value was 0.9692. &is indicates
that it is reasonably close to the predicted square of R (R2)
value of 0.9520. Hence, the difference is less than 0.2. &e
signal-to-noise ratio is measured by adequacy precision [49].
It is preferable to have a ratio of more than four.&e ratio for
this model was 26.753 showing that the signal is adequate.
&e design space may be navigated using this paradigm.&e
proposed model for this study was quadratic; the coefficient
of variation (CV) and standard deviation (SD) values were
low and acceptable, with good agreements [50, 51]. &e R2 is
approaching one, and the experimental and predicted values
are well aligned. &e outcomes for this analysis were close to
1, indicating that the data fit well and were highly acceptable.

In Table 6, the coefficients for every single factor and
interaction effects are shown. &e coefficients for Dosage
LDMTSB (A), contact time (B), rotational speed (C), and pH
(D) were 5.79, 2.77, 1.59, and -2.25. From their values,
dosage LDMTSB (A), contact time (B), and rotational speed
(C) had a positive relation with adsorption efficiency, but pH
had a negative relation with the adsorption of fluoride ions.

(a) (b)

Figure 5: (a) SEM analysis of biochar and (b) lanthanum doped magnetic Teff straw biochar.
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&e adsorption efficiency rises proportionately when the
three variables, namely, dose, LDMTSB, contact duration,
and rotating speed, increase. &e relationship is reversed for
pH. As the weight of the dose increases, more pores or
adsorption sites become available, resulting in a more effi-
cient and effective adsorption process. It is very obvious that
increasing LDMTSB dosage would stream more available
active sites for fluoride ions [52]. &e adsorption process
increased proportionately as the contact time increased
because the fluoride ions had enough time to attach to the
functional groups contained within the adsorbents [50].
Because the spinning magnetic stirrer avoids the sedimen-
tation of adsorbents during the adsorption process, the
rotational speed increases during the adsorption process in
tandem with time and dose. &e attraction of intermolecular
interactions between molecules is referred to as Van der
Waals forces [53]. According to Beyan et al. [54], the pH
increase, and the adsorption process decrease, the pH de-
crease, and the adsorption capacity increase due to Van der
Waals force present due to hydrogen bonds when the pH is

lower, and acidic medium. When all other factors are
maintained constant, the coefficient estimate indicates the
predicted change in response per unit change in factor value.
In an orthogonal design, the intercept is the overall average
response of all the runs [55]. &e coefficients are changed
depending on the factor settings around that average. When
the factors are orthogonal, the VIFs are 1; when the factors
are not orthogonal, the VIFs are larger than 1, indicating
multicolinearity; the higher the VIF, the more severe the
factor correlation. VIFs of fewer than ten are considered
acceptable [56]. Table 6 shows that parameters such as
LDMTSB dose (A), contact duration (B), rotating speed (C),
and interaction effects like BC and CD all had a beneficial
impact on defluoridation efficiency. Defluoridation effi-
ciency was harmed by factors such as pH and interaction
effects such as BD, D2, C2, B2, and A2. Based on Table 6, the
model equation was developed to represent the defluor-
idation effectiveness by using coded variables in the fol-
lowing equation:

DF(%) � 95.09 + 5.79A + 2.77B + 1.59C − 2.25D + 1.87Bc − 0.7775BD + 1.92CD − 3.75A
2

− 3.15B
2

− 1.68C
2

− 3.29D
2
.

(9)

3.6. :e Response’s Actual vs. Predicted values. Figure 6 il-
lustrates the actual and predicted values of defluoridation
capacity, which were calculated by combining each inde-
pendent variable. Figure 6 depicts the actual and predicted
adsorption efficiency values. In this graph, the real and
anticipated values are closely aligned, with an R2 value of
0.9841. &e difference between the real experimental values
and the predicted fit value is represented by this R2 value.

3.7. :e 3D Diagram of Defluoridation Efficiency. A 3D
representation of the adsorption of fluoride ions is shown
in Figures 7(a) to 7(f ). &e adsorption results obtained in
the 3D representation ranged from 69.75% to 97.95%. &e
maximum adsorption achieved was 97.95 percent in the
3D representation of Figures 7(a) to 7(f ). &e maximum
yield was obtained at a dosage of 4 g, contact time of 60, a
rotational speed of 600, and pH of 3. &e difference

Table 4: Analysis of variance (ANOVA) results.

Source Sum of square Df Mean square F-value p value
Model 2051.75 14 146.55 66.19 <0.0001 Significant
A: dosage LDMTSB 805.51 1 805.51 363.80 <0.0001
B: contact time 184.37 1 184.37 83.27 <0.0001
C: rotational speed 60.67 1 60.67 27.40 0.0001
D: pH 121.59 1 121.59 54.92 <0.0001
AB 0.1640 1 0.1640 0.0741 0.7892
AC 0.9801 1 0.9801 0.4427 0.5159
AD 0.2970 1 0.2970 0.1342 0.7193
BC 56.18 1 56.18 25.37 0.0001
BD 9.67 1 9.67 4.37 0.0500
CD 58.91 1 58.91 26.60 0.0001
A2 386.19 1 386.19 174.42 <0.0001
B2 271.91 1 271.91 122.81 <0.0001
C2 77.17 1 77.17 34.85 <0.0001
D2 296.85 1 296.85 134.07 <0.0001
Residual 33.21 15 2.21
Lack of fit 12.08 10 1.21 0.2857 0.9565 Not significant
Pure error 21.14 5 4.23
Cor total 2084.96 29
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between the shapes of the graph in Figures 7(a) and 7(f )
was the changing and constant variables during the
experiments.

3.8. Optimization of the Defluoridation Process. From
Table 7, the optimized results for the defluoridation capacity
of the adsorbent were analyzed. For optimization purposes,

all independent variables were set in a range its importance
was assigned by number 3, and the dependent variable was
set at a maximum point that represented the importance of
number 5 [46, 47]. &e optimum results were 98.89%, and
these results were obtained at a dosage of 3.97 g, contact time
of 56.36min, a rotational speed of 591.19 rpm, and pH of
3.968. To cross check these results, the experiment was done
three times to testify the maximum adsorption of fluoride

Table 5: Values for statistics of the fitting.

Values for statistics of fitting
Std. dev. 1.49
Mean 85.59
CV % 1.74
R2 0.9841
Adjusted R2 0.9692
Predicted R2 0.9520
Adeq precision 26.7531

Table 6: Coefficients of the coded variable.

Factor Coefficient estimate D1f Standard error 95% CI low 95% CI high VIF
Intercept 95.09 1 0.6075 93.79 96.38
A-dosage LDMTSB 5.79 1 0.3037 5.15 6.44 1.0000
B-contact time 2.77 1 0.3037 2.12 3.42 1.0000
C-rotational speed 1.59 1 0.3037 0.9426 2.24 1.0000
D-pH −2.25 1 0.3037 −2.90 −1.60 1.0000
AB −0.1013 1 0.3720 −0.8941 0.6916 1.0000
AC 0.2475 1 0.3720 −0.5454 1.04 1.0000
AD −0.1362 1 0.3720 −0.9291 0.6566 1.0000
BC 1.87 1 0.3720 1.08 2.67 1.0000
BD −0.7775 1 0.3720 −1.57 0.0154 1.0000
CD 1.92 1 0.3720 1.13 2.71 1.0000
A2 −3.75 1 0.2841 −4.36 −3.15 1.05
B2 −3.15 1 0.2841 −3.75 −2.54 1.05
C2 −1.68 1 0.2841 −2.28 −1.07 1.05
D2 −3.29 1 0.2841 −3.90 −2.68 1.05
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Figure 6: Actual versus predicted values for defluoridation efficiency.
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ions from the solution.&e experiments were conducted at a
dosage of 3.97 g, contact time of 56.40min, a rotational
speed of 591.00 rpm, and pH of 3.97. In this case, the ad-
sorption efficiency for fluoride ions was 98.85%. &is result
had almost the same results as the optimized results obtained
from numerical optimization, but only the deviation was less
than 0.04%.&e desirability for this analysis was 1, and it is a
good and highly acceptable model.

4. Conclusions

An efficient and novel LDMTSB adsorbent was synthesized
and applied for the removal of fluoride ions in groundwater
of Rift Valley located in Hawassa, Ethiopia. In this research,
the following information was obtained, (I) Teff straw has
14.53% of fixed carbon, and this makes it an important
candidate for biochar preparation. (II) At a dose: 3.57 g,
adsorption time: 56.40min, a rotating speed: 591.00 rpm,
and a pH: 3.97, the optimal defluoridation (98.89%) was
obtained, and its desirability was 1, (III) LDMTSB had
hydroxyl, carbon-carbon double bond, and carbon-nitrogen
triple bond, and these functional groups facilitate adsorption
of fluoride ions, (IV) in comparison with TSBC and
LDMTSB nanocomposite, the later exhibits great thermal
stability at high temperatures and has a better ability for
removing fluoride ions from water and (V) the surface areas
of TSB and LDMTSB were 120.61 and 321.52m2/g,
respectively.

Data Availability
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