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A B S T R A C T   

In this study, facile synthesis of α-Fe2O3 biocomposite was mediated by cassava starch as a soft template. Batch 
mode evaluated its sorption behavior for fluoride removal from aqueous media. Characterization studies using 
analytical techniques confirmed the existence of porous α- Fe2O3 biocomposite with heterogeneous surfaces 
having a varied affinity for fluoride. The sorption process was optimized using central composite design (CCD) in 
response surface methodology (RSM) with a good model prediction (R2 = 0.9066). A study of the interaction 
effect showed the synergy of process variables on fluoride removal with the result’s intensity indicated by the 
nature of contour plot curvature. Based on the RSM optimization, an optimum fluoride removal efficiency of 
85.26 % can be achieved at an initial fluoride concentration of 55 mg/L, α- Fe2O3 biocomposite dose of 0.55 g, 
pH of 7.5, and contact time of 95 min. Sorption equilibrium data were well modeled by Freundlich isotherm 
(0.9916), indicating multilayer sorption on a heterogeneous surface of the sorbent with a varied affinity for 
fluoride. Presence of co-existing anions reduced fluoride removal efficiency in the order PO4

3− > HCO3
− > SO4

2− >

NO3
−
> CƖ− . At the same time, its kinetics was better modeled by pseudo-second-order kinetics (R2 

= 0.9764), 
showing that the sorption process is rate-limiting. The sorption thermodynamics study showed that the process 
was spontaneous, exothermic, and entropy-driven physisorption. Hence, the results signify that the green syn
thesized α- Fe2O3 biocomposite could be a potential sorbent for sustainable defluoridation.   

1. Introduction 

The green chemistry approach to the synthesis of iron oxide nano
particles has garnered much scientific research due to its enormous 
applications in catalytic, medical, and environmental remediation, 
development of sensors, electrodes, and magnetic storage devices 
(Hoque et al., 2019; Raghav & Kumar, 2019; Xu et al., 2017). Further
more, the superior physicochemical characteristics of iron oxide poly
morphs and their composites make them suited for numerous 
applications. For example, Hoque et al.(2019) and Murambasvina & 
Mahamadi (2020) reported efficient sequestration of inorganic 

pollutants from water employing iron oxides and their composites syn
thesized from biopolymers, including starch, cellulose, and alginates. In 
addition, these materials have higher sorption efficiency and stability 
than biopolymers alone (Hegde et al., 2020). Consequently, research 
into the synthesis and application of composites with metal oxides/ 
metal oxyhydroxides entrapped into the matrices of biopolymers has 
gained momentum over the last decades(Mondal & Purkait, 2019; Singh 
et al., 2018). Furthermore, composites containing metal oxides/ oxy
hydroxides dispersed into the biopolymer matrices have shown great 
potential in removing dyes, metal ions, and anionic pollutants such as 
fluoride from water (Abbo et al., 2021; Hegde et al., 2020; Sasireka & 

Abbreviations: RSM, Response surface methodology; CCD, Central Composite Design; CS, Cassava starch; ICP-OES, Inductively Coupled Plasma- Optical Emission 
Spectrometer; TEM, Transmission electron microscope; SEM, Scanning electron microscope; EDS, Energy dispersive spectroscopy; XRD, X-ray powder diffractometer; 
FTIR, Fourier-transformed infrared spectrometer; BET, Brunauer-Emmett-Teller; BJH, Barrett-Joyner-Halenda. 
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Lalitha, 2021). 
Xu et al.(2017) entrapped Zr4+ onto porous starch biopolymer and 

reported a remarkable maximum defluoridation capacity of 25.41 mg/g 
over a wide pH range. This study reveals the extraordinary ability of 
metal oxide/oxyhydroxide biocomposite from starch to remove fluoride 
and other pollutants from aqueous media. 

Fluoride is a globally distributed contaminant occurring in ground
water, affecting over 200 million people in some 28 countries (Ojok 
et al., 2021; Wang, 2020). Ingestion of fluoride-rich water is a significant 
route of fluoride entry into the human body. At low concentrations (<
1.5 ppm), fluoride is essential for the healthy human mineralization of 
skeletal structures. However, a high fluoride concentration can cause 
several health problems, including dental and skeletal fluorosis, 
neurological and digestive disorders, decreased fertility, and lowered 
human intelligence (Alhassan et al., 2020; Erdal & Buchanan, 2005). 
Such health risks make fluoride contamination a public health risk 
worldwide, requiring amelioration strategies. 

Mumtaz et al. (2015) and other researchers reported fluoride 
removal from water using several methods, including chemical precip
itation, reverse osmosis, ion exchange, nano-filtration, electro-dialysis, 
surface adsorption, and electrolysis. Due to its high efficiency and 
pecuniary advantage, the sorption technique is favorably chosen (Gupta 
et al., 2021). However, suitable sorbents must be available for sorption 
to be economically viable. Therefore, many sorbents, including carbon 
nanotubes, metal oxides/hydroxides, their composites, resins, industrial 
solid wastes, agricultural waste-based materials, and natural minerals, 
have been utilized(Abbo et al., 2021; Raghav & Kumar, 2019). Though 
agricultural waste-based sorbents are of low cost, their efficiency is 
limited since regeneration is a challenge(Egor et al., 2021; Gautam et al., 
2019; Prabhu & Meenakshi, 2015; Raghav& Kumar, 2019). 

Herein, we report an ecologically friendly method for scalable and 
economical production of α-Fe2O3 composite using cassava starch as a 
soft template by incorporating α-Fe(OOH) moieties into the cassava 
starch matrix. Starch is one of the most attractive biopolymer that is 
widely used in the food industry and nanotechnology(Visinescu et al., 
2010). In this research, the starch was obtained from cassava waste, 
produced by scrubbing off the outer part of peeled cassava tuber during 
cassava preparation for food in Uganda. Although starch serves as a 
protecting, hosting, binding, structure tailoring, and separating agent in 
nanotechnology, it quickly disperses in water when alone, even in a 
calcined form. However, when a lewis acid like Fe3+ is co-precipitated in 
the starch matrix, it affords numerous benefits to the composite(Visi
nescu et al., 2010). Again, it is easier to remove the starch template than 
other sol-gel chelating agents such as ethylenediamine tetra acetic acid 
and citric acid, by calcination at a lower temperature(Shah et al., 2022). 
Xu et al.(2017) successfully incorporated Zr4+ into porous starch 
matrices for effective fluoride removal from water. However, such rare 
earth metals are usually precarious, making sorbent production expen
sive for water treatment. Iron is relatively abundant and less costly than 
other metals such as Ce, La, and Zr. Fe3+ is a strong lewis acid and easily 
attracted to electron-rich species. Several iron oxide/oxyhydroxides and 
their composites have been utilized in the sequestration of pollutants 
from water(Fardood et al., 2017; Hoque et al., 2019). By increasing 
active sites, incorporating the FeOOH into starch matrices improves its 
fluoride removal ability. Again, the iron oxyhydroxide in the composite 
affords it rigidity and high surface area due to its high charge density 
numerous coordination sites for bonding(Shah et al., 2022). Hence, 
α-Fe2O3 can be used as a less resource-intensive material for fluoride 
removal from water. This study also investigated the effect of cassava 
(Manihot esculenta Crantz) starch on the growth, size, and shape of the 
α-Fe2O3 composite. The efficiency of the synthesized α-Fe2O3 bio
composite for aqueous phase removal of fluoride was also evaluated in 
batch experiments to contribute to the search for an efficient sorbent for 
sustainable fluoride removal from water. The physicochemical attri
butes of the as-synthesized α-Fe2O3 biocomposite were studied using 
standard analytical instruments before and after fluoride sorption to 

understand the sorption mechanism. The interactive effect of pH, con
tact time, initial fluoride concentration, and sorbent dose on fluoride 
removal efficiency was determined using the classical Central Compos
ite Design (CCD) at different process conditions and a multivariate 
quadratic regression model developed to optimize the process. 

2. Materials and methods 

2.1. Materials 

All chemicals were of analytical grade and were used without further 
purification. Sodium hydroxide, sodium fluoride (NaF), iron (III) chlo
ride (FeCƖ3), and nitric acid (HNO3, 36 %) were purchased from Sigma 
Aldrich Co. USA, and the total ionic strength adjustment buffer (TISAB) 
from HACH company. Sodium chloride (NaCƖ), sodium nitrate(NaNO3), 
sodium sulfate (Na2SO4), potassium hydrogen carbonate (KHCO3), and 
sodium phosphate (Na3PO4) were purchased from Loba Chemie Pvt.Ltd., 
India. Deionized water with electrical conductivity ∼0.05 μS/cm was 
used for the preparation of solutions. 

Fresh edible cassava (Manihot esculenta Crantz) tubers were obtained 
from a local market in Gulu City, Northern Uganda. The outer surface of 
peeled cassava tubers was carefully scrubbed with a cleaned knife and 
dried in an oven at 105 ◦C for 3 h and subsequently ground into a fine 
powder using a ball mill, further dried at 80 ◦C for 36 h, and stored in 
airtight glass containers for further studies. 

A fluoride stock solution containing 100 mg/L was prepared by 
dissolving 0.221 g of anhydrous sodium fluoride in deionized water and 
made up to 1000 mL of solution. Serial dilutions were used to obtain the 
desired concentration of the fluoride test solution for the sorption study. 
Residual fluoride was determined using a Platinum series fluoride 
electrode (Model 51,928–88, HACH Co., Ltd, Loveland, Colorado, U.S. 
A). 

2.2. Synthesis of α-Fe2O3 biocomposite 

α-Fe2O3 biocomposite were synthesized by sol-gel method with cas
sava starch acting as a soft template. Iron (III) chloride (10 g) was added 
to deionized water (250 mL) and constantly stirred to dissolve. To this, 
0.01 M sodium sulfate (10 mL) was added, and the mixture was 
magnetically shaken at 180 rpm for 5 min, followed by 20% cassava 
starch solution (10 mL) with constant stirring for another 5 min. Sodium 
hydroxide solution (4.0 M) (about 10 mL) was added drop-wise under 
vigorous stirring until its pH reached 10. The resultant dense brown 
precipitate was allowed to age for 12 h at room temperature in an 
incubator. The precipitate was then washed until pH 7 using deionized 
water to remove excess sodium hydroxide. The brown residue obtained 
by filtration was dried in an oven at 105 ◦C for 12 h and ground into a 
fine powder using a mortar and pestle. It was finally heated in a furnace 
at 600 ◦C for 3 h and allowed to cool in an airtight furnace for 12 h to 
give the α-Fe2O3 composite. The optimized protocol for synthesizing 
α-Fe2O3 biocomposite above was arrived at after adding 0, 5, and 20 mL 
of the starch solution to the same volume of ferric chloride solution and 
sodium sulfate or sodium phosphate (stabilizing agent) in separate ex
periments. The effect of cassava starch and stabilizing agent concen
tration on the physical properties of the composite was studied. In each 
case, a sample (1 g) of the powdered sorbent was shaken with deionized 
water to investigate its stability. Sodium sulfate solution was a better 
binder than sodium phosphate because its composite had almost the 
same fluoride removal performance as sample prepared without a 
binder. These and fluoride removal performances revealed that the op
timum cassava starch concentration for maximum fluoride removal ca
pacity with good stability was 10 mL of 20% cassava starch solution. 
Hence 10 mL of the 20% cassava starch solution was used to produce 
α-Fe2O3 biocomposite for the fluoride sorption study. 

W. Ojok et al.                                                                                                                                                                                                                                   
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2.3. Characterization of Fe2O3 biocomposite 

The surface texture and morphology of the α-Fe2O3 biocomposite 
were studied using a scanning electron microscope (FESEM, ZEISS, 
Germany) at an accelerating voltage of 5 kV and a transmission electron 
microscope (HRTEM, JEOL-1230). At the same time, the elemental 
composition was analyzed using Energy Dispersive Spectroscopy. The 
phase composition and crystal structure were characterized by an X-ray 
powder diffractometer (XRD, D8 ADVANCE X, Germany) using Cu Kα 
(40 kV, 40 mA) radiation in the scanning range of 10–80. The Fourier- 
transformed infrared spectrometer (Perkin Elmer, UK equipment) was 
used to study the chemical structure of the composites in the wave
number range 400 – 4000 cm− 1. The Brunauer-Emmett-Teller (BET) and 
the Barrett-Joyner-Halenda (BJH) equations from the nitrogen 
adsorption-desorption isotherms determined by Micro metrics Tristar II 
surface area and porosity analyzer were used to calculate the surface 
area and pore size distribution of the α-Fe2O3 biocomposite. The 
leaching of iron metal into the treated water was gauged using the 
Perkin Elmer Optima 7300 DV Inductively Coupled Plasma- Optical 
Emission Spectrometer (ICP-OES) following the standard US EPA 
method 200.7. 

2.4. Sorption experiments 

Batch sorption experiments were performed using the as-synthesized 
α-Fe2O3 biocomposite to evaluate their sorption efficiency in removing 
fluoride from water. All experiments were performed using a 50 mL 
fluoride solution with independent factors: initial fluoride concentra
tion, pH, sorbent dose, and contact time varied as described in Section 
2.5. A given amount of sorbent was added to the fluoride solution in a 
100 mL conical flask, then sealed and shaken at a constant speed of 180 
rpm. The desired pH was adjusted using 0.1 M NaOH and 0.1 M HCƖ 
solutions. The solution was then separated by gravity filtration using 
Whatman number 1 filter paper (0.45 μm, Whatman, USA), and residual 
fluoride was analyzed using a fluoride ion-selective electrode. The ex
periments were done in triplicate, and average values were reported to 
ensure reproducibility. 

Kinetic sorption experiments were carried out using 50 mL of a 55 
mg/L fluoride solution and 0.5 g of sorbent magnetically shaken at 180 
rpm at 0, 20, 40, 60, 80, 100, 140, 180, 220, 260, 300, 360 min. Equi
librium isotherm experiments were performed with 0.5 g of sorbent but 
different initial fluoride concentrations of 10, 20, 30, 40, 50, 60, 70, 80, 
90, 100 mg/L for 24 h. Thermodynamic sorption experiments were 
performed using 0.5 g of sorbent and 50 mL of 55 mg/L of fluoride 

Fig. 1. Proposed mechanism for the formation of α-Fe2O3 composite and its fluoride removal mechanism.  
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solution at 293, 303, 313, and 323 K. 
For the reusability study, sorbent (2 g) was initially shaken at 180 

rpm with 10 mg/L of a fluoride solution for 12 h to attain equilibrium, 
and residual fluoride was determined as described earlier. After the 
sorption experiment in the first cycle, the spent sorbent was separated by 
centrifuging, and the residue was agitated with 0.1 M NaOH solution for 
60 min. Finally, the residue was dried at 110 ◦C and used in additional 
sorption tests using the same procedure described in this section. The 
sorbent was regenerated four times in this experiment, each replicated 
three times. 

2.5. Response surface methodology (RSM) study 

The efficiency of fluoride sorption using as-synthesized α- Fe2O3 
biocomposite and interactions between sorption process parameters 
were investigated using the Central Composite Design model (CCD). The 
sorption of fluoride on the prepared iron oxide composite highly 
depended on initial fluoride concentration (10–100 mg/L), solution pH 
(3–12), contact time (10 –180 min), and sorbent dose (0.1–1.0 g) 
Table S1(Supplementary material). The magnitude of each of these 
factors could affect the sorption process, with possible synergistic effects 
of the variables. Therefore, with different ranges of each variable, there 
will be different permutations and combinations to conduct experi
ments. Response surface methodology (RSM) enables the systematic 
design of an experimental matrix, which minimizes wastage by using 
fewer experiments and cannot be underscored in the overall process. In 
this study, CCD in Design-Expert Software (Version 13.0.0, Stat-Ease Inc. 
Minneapolis, Minnesota, USA) was used to model the interactive effects 
of the four independent variables on the removal efficiency of fluoride 
ions by the as-synthesized α- Fe2O3 biocomposite. Central composite 
design (CCD) was selected because it is a classical 5-level design for 
process optimization with excellent statistical properties (Dehghani 
et al., 2021; Lingamdinne et al., 2020). Overall, 30 experiments were 
conducted, representing the different space types in a cubical repre
sentation. The interaction between independent sorption process vari
ables on the removal efficiency and optimum conditions for maximum 
fluoride removal efficiency was studied. A multivariable data-driven 
model was identified to predict fluoride removal efficiency for 
different ranges of the sorption process variables. 

3. Results and discussion 

3.1. Synthesis and characterization of α- Fe2O3 biocomposite 

SEM images obtained in Fig. 2(a) and 2(b) showed the critical role 
played by the cassava starch in this study during the synthesis of α- 
Fe2O3 biocomposite. To optimize cassava starch concentration for mass 
production of composite used in this study, sorbent prepared at 0, 5, 10, 
and 20 mL of cassava starch (20%) was added to 10 mg/L of a fluoride 
solution. For the sample from 0 mL cassava starch, poor stability with 
higher fluoride removal efficiency (89.07%) was observed. Further
more, increased cassava starch concentration from 0–20 mL led to a 
slight decrease in fluoride sorption efficiency from 89.07% to 82.01%, 
but textural properties improved significantly (Table S2) (supplemen
tary material). 

In the absence of cassava starch, irregularly shaped, less stable 
α-Fe2O3 particles were formed, as shown in Fig. 2(a). In the presence of 
starch, tubular and spherical shapes of α- Fe2O3 biocomposite were 
formed. The result indicates the potential role structure directing role of 
cassava starch and scaffolding α-FeOOH in its polymer framework. TEM 
images (Fig. 2(d)) showed that the size of the particles was in the range 
of 20 nm to 200 nm in diameter and length, respectively. The main 
elemental composition in the composite was Fe (20.26 %), C (30.66 %), 
and O (36.56 %). The iron and oxygen observed in the EDX spectrum 
before sorption (Fig 2 (e – j) are the elements present in the α- Fe2O3 
biocomposite, while the residual carbon (Fig 2 e & h) and Na (2 e & j) 

may be from the starch and NaOH used as a soft template in the syn
thesis. Since only ferric chloride, cassava starch, and sodium hydroxide 
were used, no harmful chemicals were produced as by-products. 

A possible mechanism (Fig. 1) for forming α-Fe2O3 composite in
volves the lone pairs of electrons of the polyol groups from the long 
chain starch biopolymers consisting of amylose and amylopectin poly
saccharides(Visinescu et al., 2010). Fe(OH)3 colloids got entrapped 
through hydrogen bonding in the numerous hydroxyl groups on the 
helical polysaccharide chains to form cage-like structures. In the absence 
of starch, movement of the entrapped Fe(OH)3 is hindered, and aggre
gation of the colloids occurs to form a large mass of particles. However, 
in the presence of starch, two interactions may occur, Fe(OH)3 - starch 
interaction and Fe(OH)3 - Fe(OH)3 via hydrogen bonding due to the 
structure-directing role of starch leading to the formation of a 
well-defined inclusion complex(Shah et al., 2022; Visinescu et al., 
2010). Also, some of the α-1,4-glycosidic and α-1,6-glycosidic bonds 
underwent hydrolysis and oxidation in presence of ferric chloride to 
form shorter oligosaccharide chains and gluconic acid(Visinescu et al., 
2010). 

Calcinating the inclusion complex at 600 ◦C resulted in the pyrolysis 
of starch, yielding carbon dioxide and water. At the same time, Fe(OH)3 
moieties transformed to α-Fe2O3. Hence, Fe-O were formed during the 
calcination of adjacent Fe(OH)3 moieties, and in the process, carbon 
dioxide and water are also formed. Additionally, the presence of cassava 
starch played an essential part in hosting the Fe3+, controlling the shape 
as well as textural properties of the composite by causing anisotropic 
growth in specific directions to form rigid hexagonal and tubular bio
composite. Therefore, the formation of Fe2O3 indicates cassava starch’s 
potential role in forming a well defined α-Fe2O3 composite that is stable 
in water. 

Consequently, the main products formed in this synthesis are 
α-Fe2O3, H2O, NaCƖ, and carbon dioxide. The SEM image of the as- 
synthesized α-Fe2O3 biocomposite reveals a rough surface morphology 
and wide-ranging size distribution averaging 200 nm. The roughness of 
the surface of the composite provided active sites for fluoride binding 
(He et al., 2020). 

The wide-angle XRD spectra of the composites were measured using 
the D8 Advance to obtain information regarding its crystallinity and 
structure, displayed in Fig. 3(A). 

The major reflection peaks observed at 2θ values at 31.7◦, 35.2◦, 
56.5◦, 62.8◦, and 66.3◦ correspond to the planes of (104), (110), (116), 
(214), (018), and (300) of crystalline α-Fe2O3 (JCPDS 33–0664) (Far
dood et al., 2017; Hoque et al., 2019). The additional peaks at 2θ values 
at 45.7◦ and 75.3◦ correspond to the diffraction planes of (510) and 
(622) of Fe3O4 (JCPDS 19–0629)(Zhang et al., 2016). Further, the 
d-spacing values obtained are similar to those of the International Center 
for Diffraction Data (ICDD), showing the presence of α-Fe2O3 and Fe3O4 
in the composite. 

The average crystallite size of the composite was determined from 
the Scherrer formula (Eq. 1) using the full width at half maximum 
(FWHM) of the most intense peak. 

D =
kλ

βcosθ
(1)  

where 2θ = 31.7624 for the most intense peak at the diffraction plane 
(104), θ = Bragg’s diffraction angle, D = diameter of the crystallite size, 
k = 0.90, λ (1.5406 nm) = wavelength of the x-rays of the Cu Kα radi
ation, while β = FWHM. 

The average crystal size of the composite calculated from the Scherer 
equation was 76.98 nm which is higher than that for hematite prepared 
using rice starch in a study by Hoque et al. (2019). 

FTIR spectroscopy was employed in this study to investigate the role 
of starch in α-Fe2O3 composite synthesis and the mechanism of fluoride 
removal by the as-synthesized α-Fe2O3 composite. FTIR spectra of pure 
cassava starch, α-Fe2O3 prepared without starch, α-Fe2O3- cassava starch 
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composite, and α-Fe2O3 composite-fluoride are shown in Fig. 3 (B). The 
FTIR spectrum of pure cassava starch (Fig. 3 (B) (a)) showed charac
teristic broadband at 3200 – 3450 cm− 1, corresponding to O-H bond 
stretching vibration (Hoque et al., 2019). After the cassava starch was 
added to the Fe3+ solution, the peak at 3440 cm− 1 shifted to 3410 cm− 1, 
indicating an interaction of the Fe3+ ion with O-H groups in the poly
saccharide. The peaks appearing at 1617 cm− 1, 1405 cm− 1, and 1324 
cm− 1 (Fig. 3 B (a) are due to asymmetric stretching vibrations of C-H, 
C-OH, and C-O-C bonds in the cassava starch, respectively (Egor et al., 
2021; Xu et al., 2017). Masking by fluoride ions reduced the peak in the 
spectrum of the α-Fe2O3 biocomposite at 881 cm− 1 after fluoride sorp
tion Fig 3B(c) (Mahfoudhi & Boufi, 2020). 

The prominent peaks that appeared between 630 cm− 1 and 500 cm− 1 

(Fig. 3B(b, c, d) can be assigned to the Fe-O bond stretching vibrations 
(Fardood et al., 2017). The peaks at 1446 cm− 1 and 885 cm− 1 (Fig. 3 B 
(c) may be due to stretching vibrations of unreacted ketone groups. 
Sarkar et al. (2012). After the fluoride sorption, the peak at 3600 
cm− 1shifted to 3287 cm− 1, indicating the involvement of the O-H group, 
and that at 632 cm− 1 shifted to 510 cm− 1 revealing electrostatic inter
action in the removal of fluoride by the as-synthesized α-Fe2O3 bio
composite. The broad and prominent peak at 1000 cm− 1 (Fig 3B (a) is 
assigned to the C-O-C of the α-1,4-glycosidic α-1,6-glycosidic bonds in 
starch. This peak became less prominent than for pure cassava starch 
when ferric chloride was added to the starch (Fig 3B (c). This may result 
from hydrolysis and oxidation of some of the α-1,4-glycosidic and α-1, 
6-glycosidic bonds in the starch matrix in the presence of Fe3+(Shah 
et al., 2022) which reduced the amount of C-O-C bonds in the composite. 
Hence the disappearance of the prominent peak at 881 cm− 1. 

Pore size distribution and surface area of the as-synthesized α-Fe2O3 
biocomposite were determined using the BET and BJH methods. The 
BET surface area of the as-synthesized α-Fe2O3 biocomposite was 
1.0377 m2/g with a BJH surface area of 1.3623 m2/g. The BJH analysis 
showed that the average pore diameter and cumulative pore volume of 
the as-synthesized α-Fe2O3 composite were 72.3068 Å and 0.007028 
cm3/g, respectively, indicating its porous nature (Fig. 3 (C) and (D). 

A critical look at Fig. 3 (C) reveals a Type III BET sorption isotherm 
with Type I hysteresis (Everett et al., 1974). This further indicates that 
the as-synthesized α-Fe2O3 composite is mesoporous with numerous 
multilayer sorption sites. Initially, sorption of N2 increases at a low 
relative pressure of the gas, followed by the sorbent’s interaction with 
less energetic gas molecules. After the completion of monolayer sorp
tion, the formation of the multilayer starts to occur, leading to a sharp 
rise in the curve. The heterogeneity of the composite allowed stronger 
interactions between the multilayers than those within the monolayers 
of the as-synthesized α-Fe2O3 biocomposite (Egor et al., 2021; Everett 
et al., 1974). This explains the sorption behavior observed in this study 
which fitted better with the Freundlich isotherm. 

3.2. Effect of pH on fluoride removal 

Solution pH plays an integral role in the sorption of fluoride as it 
changes the surface charge of a sorbent and ionic species in the solution 
(Raghav & Kumar, 2019; Xu, Chen, Peng, Qiao, Ke, & Hou, 2017). This 
study studied the effect of solution pH on fluoride removal from aqueous 
solution using as-synthesized α-Fe2O3 biocomposite at pH values 3–12, 
Fig. 4 (a). At low pH (3 ≤ pH ≤ 8), there was a steady increase in fluoride 
removal efficiency by the as-synthesized α-Fe2O3 composite reaching a 
maximum in the pH range of 6 - 8. During low pH, there is protonation of 
the surface of as-synthesized α-Fe2O3 biocomposite in the weakly acidic 
media, which increases the number of active sites on its surface for 
electrostatic fluoride attraction (Egor et al., 2021; Prabhu & Meenakshi, 
2015). As pH increased beyond 8, fluoride removal capacity decreased 
rapidly from pH 9.0 to 10 and then gradually reached its lowest value at 
pH 12. At pH 7–8, forming metallo-fluoro complexes on highly charged 
Fe3+ ions may explain the high fluoride sorption observed in this study 
(Tefera et al., 2020). 

In strongly alkaline pH media, the surface of the as-synthesized 
α-Fe2O3 biocomposite was saturated with negatively charged hydrox
ide ions. The strongly alkaline pH resulted in electrostatic repulsion of 
fluoride ions, restraining diffusion of fluoride ions onto the sorbent 
surface and consequently lowering fluoride removal efficiency. Our 
result concurs with other studies, which showed high fluoride sorption 
capacity using iron oxide-based sorbents at low pH and low sorption 
capacity in alkaline solution (Mondal & Purkait, 2019; Raghav & 
Kumar, 2019). Therefore, pH 7.5 was chosen as the optimum pH for 
sorptive removal of fluoride ions in further sorption studies. 

3.3. Sorption equilibrium and isotherm study 

The effect of initial fluoride concentration on the sorption process 
was investigated by carrying out batch sorption experiments at fluoride 
concentrations in the range of 10–100 mg/L and a fixed sorbent dose of 
0.5 g. 

The concentration of fluoride ions at equilibrium, Qe (mg/g), on the 
sorbent surface was calculated according to Eq. (2). 

Qe =
(Co − Ce)

w
V (2) 

Where Co and Ce (mg/L) are the initial and equilibrium concentra
tion of fluoride ions in the solution, w (g) is the mass of α-Fe2O3 bio
composite used, and V (liters) is the volume of solution used. 

As seen in Fig. 4 (b) sorption capacity, Qe of the as-synthesized 
α-Fe2O3 biocomposite increased with an increase in initial fluoride 
concentration. This steady increase in sorption capacity is attributed to 
the availability of active sites which had not yet reached saturation. 
High fluoride concentration in the solution facilitates powerful in
teractions between the fluoride ions and sorbent. However, the rise in Qe 
decelerated gradually at a higher initial concentration of fluoride ions 
(>80 (mg/L) due to the saturation of the active sites of the α-Fe2O3 
biocomposite with fluoride ions. The decrease in Qe at high fluoride 
concentration is consistent with earlier reports (Raghav & Kumar, 2019; 
Tang et al., 2018). 

In order to understand the sorption behavior of fluoride ions onto the 
as-synthesized α-Fe2O3 biocomposite, the batch sorption data were 
modeled using Langmuir (1918); Freundlich (1906); Temkin & Pyzhev, 
1940) isotherms. The equations in Table 2 adequately describe the three 
isotherms with the corresponding results obtained in this study. 

For the Langmuir isotherm, the Qm = maximum sorption capacity 
corresponding to monolayer coverage on the surface of the sorbent and 
Kb = Langmuir constant, which is related to the energy of sorption, were 
determined from the slope and the intercept of the plot in Fig 4(c). 
Again, another critical parameter in the Langmuir isotherm called the 
separation factor, RL given by Eq. (3) was calculated 

RL =
1

(1 + KbCo)
(3) 

A value of 0 < RL < 1 shows a good uptake of the sorbed species. As 

Table 1 
Comparative evaluation of Langmuir sorption capacity of this present work with 
those of other iron oxide composites for fluoride removal in literature.  

Sorbent pH Sorption capacity 
(mg/g) 

Reference 

Fe2O3 @ ionic liquid 7 67.9 Pillai, Dharaskar et al. 
(2020) 

Fe2O3 @ Sand 6.01 2.04 Gogoi et al. (2018) 
Fe-Al-La trioxide 8.25 28.06 Gasparotto et al. (2021) 
Fe2O3@water 

hyacinth 
3.0 – 
6 

4.18 Murambasvina & 
Mahamadi (2020) 

Fe-Sn mixed oxide 5–7.5 10.5 Biswas et al. (2009) 
β-FeOOH 4 – 8 7.0 Kumar et al. (2009) 
Fe3O4@hydrotalcite 5 3.04 Pandi et al. (2017) 
α-Fe2O3 biocomposite 6–8 3.2 This present work  
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shown in Table 2, the RL (0.325) value obtained in this study indicates 
that the binding of fluoride to the as-synthesized α-Fe2O3 composite is 
highly favorable, with a maximum sorption capacity, Qm of 3.2 mg/g, 
and R2 = 0.9801 (Egor et al., 2021; Raghav & Kumar, 2019). From 
Table 1, it can be seen that the sorption capacity achieved in this study 
was still higher than those reported for other iron oxide composites such 
as iron oxide-modified sand (2.04 mg/g) (Gogoi et al., 2018) and mag
netic iron oxide coated hydrotalcite (3.02 mg/g) (Pandi et al., 2017). 

The fluoride removal capacity of our composite is comparable with 
water hyacinth/hydrous iron oxide composite, with a sorption capacity 
of 4.18 mg/g (Murambasvina & Mahamadi, 2020). 

For a heterogeneous system, the Freundlich isotherm is considered a 
suitable model. A linear form of the equation for the Freundlich isotherm 
is given in Table 2 with the calculated parameters obtained from a plot 
depicted in Fig. 4(d). The Freundlich constants 1/n and KF were used to 
approximate the sorption capacity and strength of fluoride binding onto 
as-synthesized α-Fe2O3 biocomposite, respectively, as these constants 
are used to determine the characteristics of the sorbent-sorbate system. 
The values of 1/n obtained in this study indicated that favorable fluoride 
sorption occurred on the heterogeneous surfaces of the as-synthesized 
α-Fe2O3 composite with varied affinities for fluoride (R2 = 0.9916) 
(Freundlich, 1906). 

Similarly, the Temkin model that assumes a linear rather than log
arithmic decrease for an intermediate sorbate concentration with 
coverage of the sorbate on the sorbent surface (Temkin & Pyzhev, 1940) 
was applied. In this study, the distribution of binding energies was 
evaluated using the equation in Table 2 and the linear plot given in Fig. 4 
(e). The Temkin isotherm constant B was calculated using Eq. (4). 

B =
RT
b

(4) 

Where R is the universal gas constant (8.314 J/mol/K), T is the ab
solute temperature (K), and b is a dimensionless Temkin isotherm con
stant related to the heat of sorption due to sorbent-sorbate interactions 
(Temkin & Pyzhev, 1940). The calculated Temkin parameters are pre
sented in Table 2. The values obtained indicate that the enthalpy change 
associated with the binding of fluoride to the α-Fe2O3 biocomposite is 
favorable for the sorption of fluoride on the sorbent (Raghav & Kumar, 
2019; Temkin & Pyzhev, 1940). Further scrutiny of the Temkin plot 
(Fig. 4 (e)) reveals two stages of the sorption process. Initially, the heat 
fall for the first three points was linear, while the next stage comprising 7 
points, was non-linear. These results may point to the formation of a 
monolayer coverage when the initial concentration of fluoride is low 
(≥40 mg/L); however, multilayer sorption appears to manifest at higher 
initial fluoride concentrations (40–100 mg/L). 

3.4. Sorption kinetic study 

Fluoride sorption kinetics of as-synthesized α-Fe2O3 biocomposite 

was studied to decipher the sorption behavior. As seen in Fig. S5, 
initially, the sorption capacity increased rapidly due to free available 
active sites for fluoride binding at the beginning of the sorption process. 
Sorption equilibrium was reached at about 100 min with an initial 
fluoride concentration of 10 mg/L at 298 K. The Lagergren pseudo-first- 
order, pseudo-second-order, Weber-Morris intraparticle diffusion, and 
Elovich models were used to fit the sorption data to evaluate the sor
bent’s performance and investigate the sorption behavior of fluoride 
onto the as-synthesized α-Fe2O3 biocomposite. 

The linearized form of the Lagergren pseudo-first-order model can be 
presented as shown in Eq. (5) (Lagergren et al., 1898) 

ln(Qe − Qt) = lnQe − k1t (5)  

where Qe and Qt are equilibrium sorption capacity and amount of 
fluoride sorbed at time t (minutes), respectively, and k1 is the rate 
constant. A plot of ln(Qe − Qt) against t is shown in Fig. S1 and essential 
kinetic parameters are given in Table 3. 

A linearized form of the pseudo-second-order model is defined by 
Eq. (6) (Ho & McKay, 1999) 

t
Qt

=
1

Qe
2k2

+
t

Qe
(6) 

Where and are equilibrium sorption capacity and amount of fluoride 
sorbed at time t (minutes) respectively, and is the rate constant. A plot of 
t

Qt 
against t is given in Fig. S2, and the model parameters are given in 

Table 3. 
The non-linear form of the Elovich kinetic model is given in Eq. (7) 

(Roginsky & Zeldovich, 1934) 

Qt =
1
β

ln(α.β) + 1
β

ln(t) (7) 

Where α is the initial rate at time t (minutes), and β is a parameter 
related to the surface coverage rate and activation energy during the 
chemisorption process. A plot of Qt versus ln t is given in Fig. S3, and 
model parameters obtained are supplied in Table 3. 

Table 2 
Sorption isotherm parameters of fluoride using α-Fe2O3 biocomposite (N = 3, Relative standard deviation, RSD < 5%).  

Isotherm Equation Parameter Value   

B (J/mol) 0.6499 
Temkin Qe = BlnKT + lnCe R2 0.9581   

KT 2.49 
Langmuir 1

Qe
=

1
KbQm

(
1
Ce

)

+

1
Qm 

Qm (mg/g) 
Kb (L/mg) 
RL 

R2 

3.155 
0.20745 
0.32526 
0.9801     

KF (mg/g) (L/mg)1/n 3.410 
Freundlich Qe = lnKF +

1
n

lnCe 
n 1.8941  
R2 0.9916   
1/n 0.528 

Definition of equation terms: Qe = concentration of fluoride ions sorbed at equilibrium, Ce = equilibrium concentration of fluoride ions, RL = separation factor, Qm =

maximum sorption capacity corresponding to monolayer coverage on the surface of sorbent, Kb = Langmuir constant, which is related energy of sorption, KF and 1/n 
are Freundlich constants while KT and B are Temkin constants 

Table 3 
Kinetics parameters.  

Sorption model Parameters Values R2 

Weber- Moris Qe, exp. (mg/g) 
kid (mg/g) (min− 0.5) 

1.0000 
0.0370 

0.7654 

Pseudo first order k1 (mg/g) (min− 1) 
Qe, cal. (mg/g) 

0.0030 
0.4669 

0.6764 

Pseudo-second order k2 (g/mg/min) 
Qe, cal. (mg/g) 

0.2380 
0.6477 

0.9764 

Elovich α 
β 

10.5963 
51.0986 

0.8981  
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The Weber-Morris intra-particle diffusion model is given in Eq. (8) 
(Weber & Morris, 1963) 

Qt = kidt0.5 (8)  

where kid is the rate constant. A plot of Qt versus t0.5 is given in Fig. S4, 
and associated model parameters are given in Table 3. 

The Qe,cal for pseudo-second-order model is nearer to the experi
mental value, Qe,exp with an R2 value of 0.9764. The pseudo-second- 
order model described fluoride sorption onto the as-synthesized 
α-Fe2O3 biocomposite. These results indicated that the sorption pro
cess is not only due to intra-particle diffusion, but other mechanisms 
may also be involved. Furthermore, the appearance of fluoride in the 
EDX spectrum after the sorption experiment signifies the sorption of 
fluoride onto the as-synthesized α-Fe2O3 biocomposite (Fig 2(h & j)). 

3.5. Model development for imitating the fluoride sorption onto α-Fe2O3 
biocomposite 

Central composite design (CCD) was used to investigate the efficacy 
of fluoride sorption onto the as-synthesized α-Fe2O3 biocomposite. The 
CCD also determined the interaction between the four independent 
sorption process variables (initial fluoride concentration, sorbent dose, 
contact time, and pH) on fluoride removal efficiency. Thirty experi
mental runs were conducted using an experimental matrix designed 
using the CCD approach. In order to predict fluoride removal efficiency 
for varying process variable ranges, a multivariable data-driven model is 
explicated using analysis of variance (ANOVA) in Design-Expert Soft
ware was used. From the batch sorption experimental data obtained in 
this study, it was found that the variations in the fluoride sorption 
process can be best explained using a quadratic model shown in Eq. (9). 

Fig 2. Microscopy images:(a) α- Fe2O3 composite prepared using 0 mL cassava starch, (b) α- Fe2O3 composite sample prepared using 10 mL cassava starch before 
fluoride sorption, (c) α- Fe2O3 composite sample prepared using 10 mL starch after fluoride sorption (d) TEM micrograph of the α- Fe2O3 composite sample prepared 
using 10 mL starch (e, h) EDX spectra and elemental mappings for the sample prepared using 10 mL of cassava starch (f, g, i, j). 
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Where the model terms are A= initial fluoride concentration (mg/L), 
B = contact time (minutes), C = pH, and D = sorbent dose (g/L). 

The relative significance of the independent sorption process vari
ables in model Eq. (9) was checked using p-values, F-values, R2, lack of 
fit test, and good precision test. 

The model F-value of 30.50 (Table 4) shows that the model is sig
nificant. Additionally, the low p-value (<0.0001) (Table 3) suggests that 
the model terms are similarly significant. In this study, A, B, C, D, A2, B2, 

and C2 were significant model terms. Based on the p-values (p < 0.05), 
all four independent sorption process variables investigated in the study 
significantly impacted the process. Similarly, the slight difference 
(<0.2) between the predicted R2 (R2 = 0.6747) value and the adjusted 
R2 (R2 = 0.8768) value indicates that there is a good agreement between 
them, and the model terms are significant. 

The statistical significance of the quadratic model was evaluated 
through an ANOVA approach, and the model was used to predict the 
removal of fluoride for the same sets of experimental conditions. A 
comparison of the response surface method (RSM) quadratic model 
predictions against actual experimental data is given in Fig. 5. 

It can be noted that there is a strong correlation between predicted 
fluoride removal and actual fluoride removal, indicating that the 
quadratic model developed is successful in bridging the correlation be
tween the process variables to fluoride removal efficiency using the as- 
synthesized α-Fe2O3 biocomposite. 

3.6. Effect of process parameters and their interactions on fluoride ion 
removal efficiency 

It is worth noting that all four independent process variables (initial 
fluoride concentration, contact time, pH, and sorbent dose) were 
recognized to influence the sorption process’s efficiency (Table 4). Fig. 
S6 shows the effects of each parameter (A–D) on the efficiency of fluo
ride removal when operated singly. 

It can be observed that the optimum values of the parameters are 
initial fluoride concentration (A = 55 mg/L), contact time (B = 95 min), 
pH (C = 7.5) and sorbent dosage (D = 0.55 g). The perturbation effect of 
each process parameter on the fluoride removal efficiency is shown in 
Fig.S7 (a). Notably, contact time and initial fluoride concentration 

Fig 3. (A) XRD spectra of α-Fe2O3 biocomposite (B) FTIR spectra of (a) pristine cassava starch (CS) (b) α-Fe2O3-prepared using 0 CS (c) α-Fe2O3 biocomposite (d) 
α-Fe2O3 composite-F (C) BET plot of nitrogen adsorption-desorption for α-Fe2O3 biocomposite (D) pore size distribution of α-Fe2O3 biocomposite obtained by 
BJH method. 

Fluoride removal(%) = +5.64573 − − 0.532879A + 0.742298B + 10.22384C + 12.34630D
+6.324 × 10− 3D2 3.131 × 10− 3B2 − − 1.00093C2 (9)   
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strongly influenced fluoride removal efficiency. Initial fluoride con
centration below 55 mg/L resulted in low fluoride removal efficiency, 
while higher amounts above 55 mg/L improved fluoride removal effi
ciency. This increase is due to frequent interactions between the abun
dant fluoride ions and the as-synthesized α-Fe2O3 biocomposite (Raghav 
& Kumar, 2019). Increasing contact time(t) from 10 – 95 min improved 
fluoride removal efficiency. However, a further increase in contact time 
beyond 95 min did not improve fluoride removal due to the complete 
saturation of active sites on the sorbents with fluoride ions. High resi
dence time allows for equilibration of fluoride solution with the sorbent 
surface and subsequent diffusion of fluoride ions into the active sites on 
it. Sorbent dose and pH had opposite effects, with high sorbent dose and 
low pH improving fluoride removal efficiency (Fig. S7(a)). These pro
files, therefore, infer that each process variable has a different influence 
on fluoride removal efficiency when operated alone, but they exhibit 

interaction effects when exposed to other variables. The intrinsic char
acteristics of fluoride sorption onto the as-synthesized α-Fe2O3 com
posite in the presence of different process variables were further 
deciphered using the contour plots in Fig. 6 (a)-(c) and cube plots in 
Fig. 6 (d). The contour plots were generated by keeping two parameters 
constant; simultaneously, the other two were varied in their corre
sponding experimental runs, while cube plots considered three param
eters at their center points of the design space. 

To exemplify this intrinsic characteristic, when pH and sorbent dose 
were kept constant at 7.5 and 0.55 g, respectively, the interaction of 
initial fluoride concentration and contact time is shown in Fig. 6. As a 
result, high fluoride removal efficiency (65.12 %) was accomplished at a 
lower initial fluoride concentration of 32.5 mg/L and a contact time of 
137.5 min (Fig. 6 (a). 

Similarly, a higher fluoride percentage removal efficiency of 77.19 % 

Fig. 4. Sorption equilibrium study of fluoride onto α-Fe2O3 biocomposite: (a) effect of pH on fluoride removal (b) variation of sorption with respect to change of the 
initial concentration of fluoride (c) Langmuir isotherm (d) Freundlich isotherm (e) Temkin isotherm. 

Table 4 
Analysis of variance (ANOVA) of quadratic model for fluoride sorption in CCD.  

Source Sum of squares DF Mean square F-value p-value  

Model 6228.41 7 889.77 30.50 < 0.0001 significant 
A-Initial F− conc. 321.86 1 321.86 11.03 0.0031  
B-Contact time 941.13 1 941.13 32.26 < 0.0001  
C-pH 2787.92 1 2787.92 95.56 < 0.0001  
D-Sorbent dose 185.20 1 185.20 6.35 0.0195  
A2 286.99 1 286.99 9.84 0.0048  
B2 895.72 1 895.72 30.70 < 0.0001  
C2 718.95 1 718.95 24.64 < 0.0001  
Residual 641.85 22 29.17    
Lack of Fit 641.85 17 37.76    
Pure Error 0.0000 5 0.0000    
Cor Total 6870.26 29      
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Fig. 5. Model derived and experimental graph for sorption of fluoride on as-synthesized α-Fe2O3 biocomposite.  

Fig. 6. . Interaction plots / 3D surface plots depicting variation in fluoride removal efficiency with: (a) initial fluoride concentration and contact time (b) initial 
fluoride concentration and sorbent dose (c) initial fluoride concentration and pH and (d) cube plot showing variation of fluoride removal with initial fluoride 
concentration - contact time - pH. 
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is attained at a lower pH value of 5.25 and a higher initial fluoride 
concentration of 77.50 mg/L (Fig. 6 (c)). Fluoride removal increases as a 
result of protonation of the sorbent surface at low pH for electrostatic 
attraction of fluoride ions. Fig. 6(b) displays an interaction plot of sor
bent dose and initial fluoride concentration. It can be appreciated that a 
high percentage of fluoride removal of 69.02 % can be accomplished at a 
lower sorbent dose (0.325 g) and higher initial fluoride concentration of 
77.50 mg/L. Three-factor interactions are presented in Fig. 6(d) and Fig 
S7(d). 

The fluoride removal efficiency of 66.36 % can be achieved by using 
a lower sorbent dose of 0.55 g, initial fluoride concentration of 55 mg/L, 
and contact time of 95 min. However, increasing the magnitude of the 
parameters above these values can improve percentage fluoride removal 
efficiency up to 75.14 %, provided pH remains constant at 7.5. 

Similar trends are shown in Fig. S 7 (d), where fluoride removal ef
ficiency of 78.07 % can be achieved by keeping sorbent dose at 0.55 g 
and increasing initial fluoride concentration from 32.5 to 77.5 mg/L, 
contact time from 52.5 to 137.5 min, and pH from 5.25 to 7.5. 

However, an increase in pH beyond 8 can lead to decreased per
centage of fluoride removal even if other factors are increased due to the 
electrostatic repulsion between fluoride ions and hydroxide ions intro
duced at high pH. Finally, Fig. S7 displays a similar trend of increasing 
fluoride removal efficiency with an increase in process variables in the 
pH range 5.25 - 8, as observed in the interaction plot of initial fluoride 
concentration-contact time-pH. 

3.7. Process optimization and model validation 

The optimal values of the process variables for maximum fluoride 
removal of 85.26 % by the as-synthesized α-Fe2O3 biocomposite were an 
initial fluoride concentration of 55 mg/L, sorbent dose of 0.55 g, contact 
time of 95 min, and a pH of 7.5 (Fig.S6). 

Three of the optimized conditions were selected to conduct experi
ments to validate the model. The experiments were repeated to verify 
the prediction, and the results are given in Table 5. It was observed that 
the experimental values of fluoride removal are in good agreement with 

Table 5 
Model validation at optimized conditions.  

Sample 
run 

Optimum parameters       

Initial fluoride concentration 
(mg/L) 

pH Sorbent dose: 
(g) 

Contact time 
(minutes) 

Experimental fluoride removal 
(%) 

Predicted fluoride removal 
(%) 

STDEV 

1 55.00 7.50 0.55 95.00 67.02 67.04 0.014 
2 55.05 7.60 0.55 94.90 67.25 67.31 0.042 
3 55.10 7.51 0.55 94.60 66.98 66.98 0.000  

Fig. 7. (a) Effect of co-existing anions on fluoride removal using α-Fe2O3 biocomposite (b) Fluoride desorption efficiency from α-Fe2O3 biocomposite (c) Influence of 
temperature on fluoride removal (d)The Van’t Hoff plot for the sorption of fluoride onto as-synthesized α-Fe2O3 biocomposite. 
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the model predicted values with a standard error < 0.05. 

3.8. Sorption thermodynamics 

Batch sorption experiments investigated the effect of temperature on 
fluoride removal by as-synthesized α-Fe2O3 biocomposite at tempera
tures ranging from 298 K to 323 K using an initial fluoride concentration 
of 10 mg/L in order to decipher information regarding the sorption 
process. The thermodynamic parameters obtained from the Van’t Hoff 
plot Fig. 7(a) and thermodynamic relations (Eqs. 10 – (12) are sum
marized in Table 5 

lnKc = −
ΔH
R

[
1
T

]

+
ΔS
R

(10)  

ΔG = − RTlnKc (11)  

Kc =
Cad

Ce
(12)  

where Kc, ΔH (J/mol), R (8.314 J/mol K), T (K), ΔS (J/mol/K), ΔG (J/ 
mol.K), Ce (mg/L), and Cad (mg/L) are the equilibrium constant, 
enthalpy change, molar gas constant, absolute temperature, entropy 
change, Gibbs free energy change, the concentration of fluoride ions in 
solution at equilibrium and amount of fluoride sorbed onto as- 
synthesized α-Fe2O3 biocomposite at equilibrium, respectively. 

The negative value of ΔH signified an exothermic process, and the 
positive value of ΔS showed that the randomness at the solid/liquid 
interface increased during the sorption process. Furthermore, the values 
obtained became more positive when the temperature was increased, 
indicating that the sorption of fluoride onto the as-synthesized α-Fe2O3 
biocomposite was feasible and spontaneous (Raghav & Kumar, 2019). 

Lastly, it is a valuable source of information regarding the descrip
tion of the sorption process. Generally, values in the range − 20 – 0 kJ/ 
mol indicate physisorption, while those in the range − 400 – − 80 kJ/mol 
show chemisorption process (Raghav & Kumar, 2019). In the present 
study, values obtained fall in the range of − 20 – 0 kJ/mol, confirming 
that the fluoride removal by the as-synthesized α-Fe2O3 composite 
involved the physisorption process. 

3.9. Desorption and reusability study 

The regeneration and recovery of the spent sorbent is a vital indi
cator to appraise the performance of the as-synthesized α-Fe2O3 bio
composite for sustainable remediation of fluoride-ladened water (Egor 
et al., 2021; Prabhu & Meenakshi, 2015; Raghav & Kumar, 2019). In this 
study, spent sorbent was regenerated in four cycles by desorption using a 
0.1 M sodium hydroxide solution. Unfortunately, the efficiency of the 
desorption in each cycle decreased, as shown in Fig. 7 (b) (p < 0.05). 
Nevertheless, the composite still had 62 % effectiveness for fluoride 
removal in the fourth cycle. Therefore, the as-synthesized α-Fe2O3 bio
composite can be a reusable sorbent for the remediation of 
fluoride-ladened water. 

3.10. Leaching tests for Fe and stability test 

The amount of Fe leached into the treated water was appraised using 
a Perkin Elmer Optima 7300 DV Inductively Coupled Plasma- Optical 
Emission Spectrometer (ICP-OES). Deionized water before and after 
contact with the composite was acidified with 5% nitric acid prior to 
measurement of Fe in a precalibrated Perkin Elmer ICP-OES following 
the standard US EPA method 200.7. The amount of Fe leached into the 
water was 0.01–0.1 mg/L and 0.06–0.2 mg/L, respectively, below the 
WHO (2017) limits for drinking water. The leaching tests further indi
cate that the metal hydroxides/ oxyhydroxides were incorporated in the 
starch polymer cages and, so, not easily leached into the water. 

3.11. Effect of co-existing anions on fluoride removal using α-Fe2O3 
composite 

The effect of co-existing anions: NO3
− , CƖ− , SO4

2− , PO4
3− and HCO3

− , 
which commonly occur in natural water, on fluoride removal using 
α-Fe2O3 biocomposite, was investigated in this study and were 
compared against a blank (fluoride solution without other salts) (Fig. 7 
(a). As presented in Fig. 7 (a), the presence of the five anions negatively 
affected the fluoride removal capacity of the as-synthesized α-Fe2O3 
biocomposite. The addition of NO3

− , CƖ− , and SO4
2− had a slight negative 

effect, while the addition of PO4
3− and HCO3

− reduced the fluoride 
removal potential of the composite considerably. This phenomenon is 
because of the anions’ charge density (Z/ra). The strength of the influ
ence of these anions was in the order PO4

3− (3/2.38) > HCO3
− (1/1.56) >

SO4
2− (2/2.30) > NO3

− (1/1.79) > CƖ− (1/1.81)(Cotton et al., 1988). 
Notably, PO4

3− with the highest anionic charge density, had the greatest 
influence suggesting the sorbent’s active site can preferentially take it up 
instead of fluoride with a lower charge density (Z/ra = 1/1.33). For 
HCO3

− ion, its influence may be due to a similar charge density as F−

ions. SO4
2- ion showed a slight effect, probably due to its large radius, 

whereas NO3
− and CƖ− only showed a slight effect due to their inferior 

ability to bind with active sites on the sorbent. The result is consistent 
with reports from other studies that found similar interference trends by 
co-existing anions( Mondal & Purkait, 2019). 

4. Conclusions 

A facile green synthesis of α-Fe2O3 biocomposite as a novel sorbent 
for fluoride removal mediated by cassava starch obtained from cassava 
waste was achieved in this study. Characterization of as-synthesized 
composite achieved using powder XRD, SEM-EDS, TEM-EDS, and 
Micrometric Tristar II surface area and porosity analyzer revealed that 
the composite is hard and contains porous α-Fe2O3 particles. Further
more, the composite is stable in water with minimal leaching of metals 
under the conditions of use, effectively scavenging fluoride ions at pH 
6–8 with diminished efficiency in the presence of PO4

3− and HCO3
− . 

Response surface methodology proved to be a suitable tool for 
modeling and optimizing conditions for fluoride removal using α-Fe2O3 
biocomposite. Analysis of variance (ANOVA) provided a quadratic 
model with a model F-value of 30.50 and p < 0.0001 demonstrating the 
high significance of the model. In addition, the model predictions with a 
high regression coefficient (R2 = 0.9066) further indicate good model 
performance. Based on the ANOVA results, optimum conditions to attain 
85.26 % fluoride removal efficiency were a sorbent dose of 0.55 g, initial 
fluoride concentration of 55 mg/L, pH value of 7.5 and contact time of 
95 min. The contour plot revealed that the most substantial interaction 
occurred between initial fluoride concentration and contact time. 

The sorption equilibrium isotherm was multilayered on a heteroge
neous surface of the sorbent with a varied affinity for fluoride. At the 
same time, its kinetics was better modeled by pseudo-second-order ki
netics (R2 = 0.9764), showing that the sorption process is rate-limiting. 
From the thermodynamic parameters obtained, fluoride sorption toward 
as-synthesized α-Fe2O3 biocomposite was a spontaneous, exothermic, 
entropy-driven process. From the sorption study, the as-synthesized 
α-Fe2O3 composite mediated by cassava starch can be a potential sor
bent for removing fluoride and other contaminants in water (Table 6). 

Table 6 
Sorption thermodynamic parameters for the removal of fluoride by as- 
synthesized α-Fe2O3 composite.  

ΔH(J/ 
mol) 

ΔS(J/mol/ 
K) 

ΔG(kJ/mol)   

293 K 303 K 313 K 323 K R2 

− 0.732 36.413 − 8.599 − 8.808 − 9.014 − 9.218 0.9998  
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