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A B S T R A C T

Developing a new adsorbent for fluoride removal from cattle horn waste materials by a facile
chemical method has shown great potential for fluoride removal. This paper reports the synthe-
sis of multi-walled carbon nanotubes decorated with hydroxyapatite from cattle horns (MW-
CNT-CH) using a facile chemical method. Characterization studies using standard techniques
showed that the composite is mesoporous with a rough morphology and contained MWCNTs
uniformly encapsulated by the hydroxyapatite forming a crystalline MWCNT-CH composite. Op-
timization of fluoride adsorption by the as-synthesized composite using Response Surface
Methodology (RSM) showed that a maximum fluoride removal efficiency of 80.21% can be at-
tained at initial fluoride concentration = 10 mg/L, pH = 5.25, adsorbent dose = 0.5 g and a
contact time of 78 min. ANOVA indicates contribution of the process variables in descending or-
der as pH > contact time > adsorbent dose > initial fluoride concentration. Langmuir
isotherm (R2 = 0.9991) best described the process, and the maximum adsorption capacity of
fluoride onto the as-synthesized MWCNT-CH composite was 41.7 mg/g. Adsorption kinetics
data were best fitted in the pseudo-second-order kinetic model (R2 = 0.9969), indicating
chemisorption. The thermodynamic parameter ( H = 13.95 J/mol and S = 65.76 J/mol/K)
showed that fluoride adsorption onto the MWCNT-CH composite was a spontaneous, endother-
mic, and entropy-driving process. Moreover, the adsorption mechanism involves ion exchange,
electrostatic interaction, and hydrogen bonding. Fluoride was successfully desorbed (using
0.1 M NaOH) from the composite in four cycles, retaining fluoride removal efficiency in the
fourth cycle of 57.3%.
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1. Introduction

Green chemistry routes to synthesizing carbon-based nanomaterials, including functionalized carbon nanotubes, have drawn con-
siderable attention due to their superior physicochemical characteristics [1,2]. This is attributed mainly to their unique physical,
chemical, and mechanical properties, with interior voids and exterior surfaces exposed for use in several applications.

Carbon nanotubes loaded with other nanoparticles are now regarded as a new class of multifunctional materials with diverse ap-
plications [3,4]. Standard methods for decorating CNTs include chemical vapor deposition, thermal treatments, and interaction of
CNTs with already prepared suspensions of other nanoparticles [5].

On the other hand, the adsorption properties and removal efficiency of toxic ions, such as fluoride ions from water using nanopar-
ticles, have attracted enormous research over the years. Fluoride is a significant contaminant of groundwater resources affecting over
200 million people globally [6,7]. In the range of 0–1.0 mgL−1, fluoride is an essential mineral ion for the mineralization of bones and
teeth. However, at concentrations above 1.5 mgL−1, fluoride is known to cause morbidity, including dental and skeletal fluorosis.
Therefore, many methods have been applied to remove fluoride ions from water. These include ion exchange, chemical coagulation,
precipitation, electrochemical methods, and adsorption technique [8]. Amongst these methods, the adsorption technique is auspi-
ciously selected for removing fluoride ions from the aqueous solution because of its advantages, such as low cost, low energy con-
sumption, and ease of operation. However, the practical applicability of adsorption depends on the adsorbent's efficiency, cost perfor-
mance, and regeneration ability. Various adsorbents, including carbon, biomass, activated alumina, hydroxyapatite, and metal oxide
composites, have been studied but showed slow adsorption kinetics and low efficiency/high production cost [9]. Hence, searching for
an effective, environmentally compatible, and economically viable adsorbent for sustainable fluoride removal remains paramount.

Although MWCNTs have good adsorption property towards fluoride, their superhydrophobic nature presents a challenge due to
aggregation in aqueous media [5,9]. This affects the adsorption efficiency of MWCNTs due to the intermolecular interactions between
adjacent CNTs, which brings about aggregation and reduced accessible surface area [9]. This calls for their functionalization. Conse-
quently, several studies have been reported on the functionalization of CNTs with metal oxide nanoparticles [10], metal nanoparticles
[11], chitosan [12], ionic liquids [13], hydroxyapatite [14], polymers [15] and graphene [3]. Hydroxyapatite (HAp) is a cheap min-
eral in animal skeletal materials, including cattle horns with good fluoride removal ability due to its rich calcium content. A simple
and effective method of functionalizing MWCNTs with HAp by in situ deposition of HAp to improve their hydrophilicity and biocom-
patibility was reported by several researchers [9,14,16]. Cattle horn waste is an abundant material that is rich in hydroxyapatite
[17,18]. Daily, a large amount of cattle horn waste is produced in abattoirs and beef processing factories. This waste contains organic
matter that supports microbial growth and can become environmental hazards in landfills. Its rich mineral composition could en-
hance fluoride sorption capacity of the composite [18]. Therefore, the current study attempts to develop a biocomposite from cattle
horn waste and graphite by a facile chemical method and optimize its fluoride adsorption ability using central composite design
(CCD).

Research on the functionalization of MWCNTs with HAp for its application for the adsorption of fluoride from water is still
nascent. Furthermore, no literature on the synthesis of MWCNTs decorated with HAp from cattle horns is available. Therefore, this
study reports for the first-time synthesis of MWCNTs functionalized with an aqueous extract of cattle horns containing HAp and con-
duct batch experimental investigations for process variable optimization by implementing the CCD approach in RSM.

In this study, we report a novel chemical method for synthesizing MWCNTs/HAp composite using cattle horn extract. This method
of MWCNT synthesis does not require the use of metal catalysts and high temperatures, making it a cheap and environmentally
friendly route to MWCNTs without the need to remove metal impurities. Furthermore, HAp from cattle horns used in functionaliza-
tion is cheap because cattle horns are widely available. Functionalization of MWCNTs with hydroxyapatite from cattle horn by co-
precipitation makes the synthesis process green since both materials are abundant biomass in the environment. Hence the main objec-
tives of the current study were to:

i) Synthesize MWCNTs decorated with hydroxyapatite from cattle horn extract (MWCNT-CH) and characterize them by BET
surface analyzer, Zeta potential analyzer, XRD, FTIR, SEM, and TEM

ii) Study efficiency of as-synthesized MWCNTs-CH composite in fluoride adsorption from water by batch method.
iii) Optimize fluoride adsorption using the as-synthesized MWCNT-CH composite using response surface methodology and develop

a model for predicting the fluoride adsorption process.

2. Materials and methods

2.1. Materials

All chemicals were of analytical grade. Sodium fluoride (NaF), nitric acid (65%), sulphuric acid (98%), and hydrochloric acid
(HCƖ, 36%) were purchased from Merck, Darmstadt, Germany. Sodium chloride (NaCl), sodium nitrate (NaNO3), sodium sulphate
(Na2SO4), sodium phosphate (Na3PO4), potassium hydrogen carbonate (KHCO3), graphite powder, and Total ionic strength adjust-
ment buffer (TISAB) were obtained from Sigma Aldrich Co. USA. Deionized water was used for the preparation of solutions. Cattle
horn was obtained from an abattoir in Mbarara city, Uganda.
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2.2. Synthesis of MWCNT-CH composites

2.2.1. Preparation of CNTs
CNTs were prepared from graphite by the chemical method [2] (Fig. 1). First, graphite powder (5.0 g) in water (5.0 mL) was

added slowly to a mixture of nitric acid (25 mL)/sulphuric acid (50 mL), and the mixture was homogenized by stirring for 30 min.
Next, the mixture was cooled to 0 in an ice bath, then sodium nitrate (25.0 g) was slowly and carefully added to the mixture at 0
with magnetic stirring for 30 min. The solution was then heated up to 70 for 24 h and then placed in the air for three days at ambi-
ent temperature without filtering. The first and second floating layers were collected and washed thoroughly with distilled water un-
der magnetic stirring for 1 h and then filtered. The collected CNTs were then dried for 3 h at 50 in an air oven.

2.2.2. Synthesis of MWCNTs
MWCNTs were prepared from the as-synthesized CNTs using previously reported methods [13] (Fig. 1). Briefly, CNTs (0.317 g)

were added to a mixture of concentrated nitric acid (65%) and concentrated sulphuric acid (98%) in a ratio of 1:3 by volume and ul-
trasonicated for 5 min. The mixture was then refluxed for 5 h at 60 . Subsequently, the solid products were filtered and then
washed with distilled water to remove the acid residue and dried in an air vacuum at 70 to get MWCNTs.

2.2.3. Decoration of MWCNTs with hydroxyapatite
Hydroxyapatite was obtained by digesting dried cattle horns with 25% sodium hydroxide [19]. The obtained solution containing

hydroxyapatite was added slowly onto the as-synthesized MWCNTs with constant stirring and allowed to stand for 1 h at 45 . The
pH of the mixture was adjusted to 10 by adding an ammonium hydroxide solution. The mixture obtained was aged for 24 h at room
temperature to form colloids. The colloids were centrifuged, washed with distilled water several times until pH 7, dried at 80 in an
air oven, and finally calcined at 200 for 2 h to form MWCNTs decorated with hydroxyapatite (MWCNT-CH) and then eventually
sealed in glass containers for subsequent use. The scheme summarizing the process is given in Fig. 1.

2.3. Characterization methods

An x-ray powder diffractometer (XRD, D8 ADVANCE X, Germany) with Cu-Kα (40 kV, 40 mA) radiation at a scanning rate of 8
/minute in the 2 diffraction angle in the scanning range of 10–80 was used to study the phase composition and crystal structure of

the as-synthesized MWCNTs and MWCNTs/HAp. The chemical structure was studied using a Fourier transform infrared spectrometer
((PerkinElmer, UK equipment) in the wave number range of 400–4000 cm−1. Surface morphology was characterized by a Scanning
electron microscope (FESEM, ZEISS, Germany) at an accelerating voltage of 5 kV. Elemental composition was determined by Energy
dispersive spectroscopy (EDS). Transmission electron microscopy (TEM) was achieved at an accelerating voltage of 200 keV on a G2
F20, TWIN Cryo-TEM (Phillips, Netherlands) instrument. A Micro metrics Tristar II surface area and porosity analyzer determined the
specific surface areas, pore size distribution, and total pore volume was calculated using the Brunauer-Emmett-Teller (BET) and the

Fig. 1. Schematic illustration of the facile synthesis of MWCNT-CH composite.
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Barrett-Joyner-Halenda (BJH) equation from the N2 adsorption-desorption isotherms. The Fourier-transformed infrared spectrometer
(PerkinElmer, UK equipment) was used to study the chemical structure of the composites in the wavenumber range 400–4000 cm−1.

2.4. Fluoride adsorption experiments

Batch adsorption experiments were conducted with a 25 mL fluoride solution of known concentration in 50 mL bottles. The bot-
tles were placed in an orbital incubator at 25 and at a speed of 300 rpm for 2h. Adsorbent dosage was studied from 0.05 to 0.50 g,
contact time from 1 to 360 min, pH (3.0–12), and initial fluoride concentration of 10–100 mg/L. One parameter was studied at a time
while keeping the others constant for each of the adsorbents, and residual fluoride concentration in the filtrate was determined using
a calibrated Platinum series fluoride electrode (Model 51928–88, HACH Co., Ltd, Loveland, Colorado, U.S.A.) using EPA method
9124 [20].

Adsorption kinetic experiments were performed at different contact times from 1 to 360 min with an adsorbent dosage of 1.0 g
and an initial fluoride concentration of 10 mg/L at pH 6. In addition, equilibrium isotherm was studied by varying initial fluoride con-
centration from 2 to 100 mg/L at pH 6. Lastly, the adsorption efficiency and adsorption capacity of the as-synthesized MWCNT-CH
composite in removing fluoride from aqueous media were calculated using Eqs 1and 2 [21]:

(1)

(2)

Where V (mL) is volume of solution, m (g) is the mass of MWCNT used while were the initial fluoride concentration and
equilibrium fluoride concentration in mg/L.

The MWCNT-CH composite (2 g) was shaken at 180 rpm with a fluoride solution (10 mg/L) to study its adsorption and reusability
for fluoride removal. In this experiment, 100 mL of the fluoride solution was shaken at 180 rpm for 12 h to attain equilibrium, and
residual fluoride was determined, as described earlier. After the adsorption experiment in the first cycle, the spent adsorbent was sep-
arated by centrifuging, and the residue was agitated with 0.1 M NaOH solution for 1h. Lastly, the residue was dried at 110 °C and
used in additional adsorption experiments using the same procedure described in this section. The adsorbent was regenerated four
times in this experiment, with three replications in each case.

The effect of co-existing anions SO42−, NO3−, CƖ−, PO43−, and HCO3− on fluoride removal using the as-synthesized MWCNT-CH
composite was studied by adding the co-existing anions (25 mL, 0.01 M) to fluoride solution (25 mL, 10 mg/L). The resulting solution
was shaken with 0.5 g of the as-synthesized MWCNT-CH composite for 12 h, and residual fluoride was determined, as described ear-
lier in this section.

2.5. Response surface methodology experimental design

Response Surface Methodology was used to design the experimental matrix to minimize wastage using fewer experiments [22,]. In
this study, the experimental design and the interactive effects of the process variables on the removal efficiency of fluoride ions by the
as-synthesized MWCNT-CH composite were modeled using the Central Composite Design (CCD) in Design Expert Software (Version
13.0.0, Stat-Ease Inc. Minneapolis, Minnesota, USA). The variables considered were initial fluoride concentration (A), contact time
(B), pH (C), and adsorbent dose (D) on fluoride removal efficiency by the as-synthesized MWCNT-CH composite and percentage fluo-
ride removal as the response. A total of thirty experimental runs were designed based on the 2n factorial points, 2n axial points, and n
center points (6 replications), that is

(3)

3. Results and discussion

3.1. Surface morphology of the MWCNT-CH composite

From the SEM microscopic examination (Fig. 2. (a), the MWCNT-CH composite had twisted and clustered CNTs with a rough mor-
phology. However, some adjacent parts of the MWCNT-CH composite were stacked together, as seen in the TEM images in Fig. 2 (b, c,
d), creating a flake-like orientation. Again, as seen from TEM images (Fig. 2 (c), the MWCNTs were uniformly encapsulated by the hy-
droxyapatite (Hap) from cattle horns (CH) to form an MWCNT-CH composite. The energy dispersive X-ray spectroscopy results in Fig.
3 (a) and (b) show that the prominent elemental peaks in the MWCNT-CH were due to S, Ca, O, C, and P. The high proportion of Ca, S,
O, and P in the composite is from the cattle horn core, while carbon is from the MWCNT. The F peak in the EDX spectrum in Fig. 3 (b)
and F in the EDX elemental mapping in Fig. 4 (b) while it was absent in Fig. 4(a) shows the ability of the MWCNT-CH composite to re-
move fluoride ions from water.
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Fig. 2. (a) SEM micrograph (b, c, d) TEM images of some of the MWCNT-CH composite.

Fig. 3. EDX spectra of the MWCNT-CH biocomposite (a) before fluoride sorption (b) after fluoride sorption.
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Fig. 4. Energy dispersive X-ray spectroscopy (EDX) Elemental mapping for (a) MWCNT-CH before fluoride removal and (b) MWCNT-CH after fluoride removal.

3.2. FTIR spectroscopic analysis of the MWCNT-CH composite

FTIR spectroscopic analysis of MWCNTs, MWCNTs-CH, and MWCNTs/CH–F are depicted in Fig. 5. The broad peaks at
3000–3320 cm−1 are assigned to the hydroxyl stretching vibration in the COOH group associated with the MWCNT composites. While
the weak peak observed at 2800 cm−1 is assigned to the asymmetric/symmetric stretching vibration of methylene groups, and that at
1684 cm−1 was due to the asymmetric stretching vibration of the C O in the carbon nanotube structure. The peak at 1083 cm−1 was
due to C–O–C groups, while C–H bonds in MWCNTs, MWCNT/CH, and MWCNT/CH–F (Fig. 5).

For MWCNT/CH and MWCNT/CH–F, additional peaks occurred at 876 cm−1 assigned to CO32− while those at 590 and 670 cm−1

were due to PO43− group in the composite. The disappearance of the peak at 876 cm−1 and reduction of the C O peak at 1684 cm−1

in the MWCNT/CH and further in MWCNT/CH–F indicates the participation of the –COOH group in binding to the hydroxyapatite to
form the composite and role of the composite in fluoride removal.

3.3. X-ray diffraction study of the MWCNT-CH composite

The XRD pattern of the as-synthesized MWCNT-CH composite given in Fig. S1(supporting information) shows the presence of a
prominent diffraction peak at 25.53 . This peak indicates the diffraction plane (002) for MWCNT in the composite [2]. This plane
corresponds to the spacing of the carbon nanotube interlayers. The peak around 10 was due to the graphene oxide formed during
synthesizing the composite (ICDD 01–071 - 4630). The characteristic diffraction peaks for crystalline hydroxyapatite phases can be
seen at 26.3 , 33.6 , 35 , 38.9 and 41 which appeared in the MWCNT-CH (Fig. S1, supporting information), which are in agree-
ment with the standard ICCD card for hydroxyapatite (ICCD 01-074-0566). This indicates the successful decoration of MWCNT with
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Fig. 5. FTIR spectra of (a)MWCNTs (b) MWCNT-CH (c) MWCNT–CH–F.

hydroxyapatite from cattle horns. The prominent peak at 25.52 was used to calculate the crystallite size, L, of the MWCNT-CH com-
posite, using the Debye-Scherrer formula (Eqn. (4))

(4)

The crystallite size, L, calculated for the peak at 25.53 was 3.84 nm which is higher than that obtained in a study by David et al.
(2021). Furthermore, intermediate peaks at 33.6 , 38.9 and 41 further confirm the presence of MWCNT-CH. The XRD spectrum
obtained indicates that in addition to the MWCNT peak at 25.53 other peaks were introduced due to the functionalities in the cattle
horn extract.

3.4. Brunauer-Emmett-Teller (BET) and Barret-Joyner-Hallender (BJH) analysis of the MWCNT-CH composite

A nitrogen adsorption study was conducted to study the surface area and textural nature of the MWCNT-CH composite and de-
picted a typical type III isotherm in Fig. S2 (supporting information). The BJH pore size distribution curves obtained from the adsorp-
tion branches indicate a pore size of 0.99 nm. The BET-specific surface area and total pore volume of the MWCNT-CH composite were
0.2643 cm2/g and 0.00062 cm3/g, respectively. The surface area for the composite is lower than that obtained for the CNT-Hap com-
posite in a study by Tang et al. (2018). This may be attributed to the failure of the alkaline hydrolysis of the cattle horn waste to leach
enough hydroxyapatite for functionalizing the CNTs.

3.5. Fluoride ion removal from aqueous solution

3.5.1. Fluoride ion adsorption onto MWCNT-CH composite at different pH and zeta potential measurements
Fluoride adsorption onto the as-synthesized MWCNT-CH was studied at pH values from 3 to 12 (Fig. 6). Fluoride adsorption in-

creased rapidly in the pH range of 3–5, then maintained maximum capacity from pH 5–7 but decreased when pH increased beyond 7
(Fig. 6 (a), while the zeta potential generally decreased with an increase in pH (Fig. 6 (b). In acidic conditions, the surface of the MW-
CNT-CH composite was protonated for electrostatic interaction with fluoride ions [24]. Therefore, a pH value of 7 was selected as the
optimum for subsequent adsorption experiments.

On the contrary, the percentage of fluoride removed decreased in the alkaline pH range due to the saturation of the active sites
with negative charges, which restrained the diffusion of fluoride ions on the adsorbent surface. Our results are consistent with related
works, which reported high fluoride adsorption capacities in acidic media attributable to anionic electrostatic interaction with the
protonated adsorbent surfaces and a low fluoride removal efficiency in alkaline media as a result of repulsion of fluoride ions by the
negatively charged adsorbent surface (Alhassan et al., 2020; He et al., 2020). This is consistent with the decrease in zeta potential
with an increase in pH observed, revealing that the electrical charge on the surface of the MWCNT-CH composite depended on the pH
of the media [27]. This is because the surface of the composite was protonated in acidic media and deprotonated in alkaline media.

3.5.2. Kinetic studies of fluoride adsorption onto MWCNT-CH composite
The amount of fluoride removed increased rapidly in the first 50 min, then gradually increasing contact time until equilibrium

was reached at about 80 min for the various initial fluoride concentrations (10, 50, and 100 mg/L). The initial rapid increase in fluo-
ride adsorption is due to the availability of active sites. The slow fluoride adsorption after 50 min was a result of the saturation of the
active sites on the MWCNT-CH composite (Fig. 7(a). Based on this result, 80 min was selected as the optimum equilibration time for
further experiments.
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Fig. 6. (a) Effect of pH on fluoride removal using MWCNT-CH composite (b)variation of Zeta potential of MWCNT-CH with pH.

Fig. 7. (a) Effect of contact time on the adsorption process at different initial fluoride concentrations (b) Lagergren pseudo-first-order kinetic (c) Lagergren pseudo-
second-order kinetic (d) Elovich kinetic (e) Weber-Morris intra-particle diffusion.

The adsorption data were fitted into the Lagergren Pseudo-first order, pseudo-second order, Elovich, and Weber Morris kinetic
models.

Equations (4)–(7) give the linearized forms of the Lagergren pseudo-first order, pseudo-second order, Moris-Weber Intra-particle
diffusion, and Elovich kinetic models, and corresponding plots for the models are shown in Fig. 7 with corresponding kinetic parame-
ters and linear regression correlation coefficients (R2) given in Table 1.

The pseudo-first-order model can be presented as shown in equation (5) [28]

(5)

Where and are equilibrium adsorption capacity and amount of fluoride sorbed at time t (minutes), respectively, and is the
rate constant. A plot of ) against t is used to determine the kinetic parameters.

A linearized form of the pseudo-second-order model is defined by equation (6) [29]

8



CO
RR

EC
TE

D
PR

OO
F

W. Ojok et al. Heliyon xxx (xxxx) e14341

Table 1
Kinetics parameters for the adsorption of fluoride onto the as-synthesized MWCNT- CH composite.
Kinetic model Initial fluoride concentration (mg/L) Kinetic constant Qe.exp (mg.g−1) Qe.cal (mg.g−1) R2

Pseudo-first order 10 00 -0.00236 min−1 8.08 34.56 0.35208
50 −0.00137 min−1 6.2 5.348 0.41106
100 −0.00105 min−1 3.673 1.8 0.23347

Pseudo-second order 10 0.01043 g mg−1.min 8.08 8.48 0.9952
50 0.01056 g mg−1.min 6.2 6.567 0.9962
100 0.06440 g mg−1.min 3.61 3.673 0.9993

Intra-particle diffusion 10 Kid = 0.27228 0.35332
50 Kid = 0.18447 0.41089
100 Kid = 0.05946 0.26459
Initial Fluoride conc. (mg/L) β α R2

Elovich 10 0.715 2.087 0.73557
50 0.8886 6.957 0.75537
100 2.6182 83.625 0.73572

(6)

where Qe and Qt are equilibrium adsorption capacity and amount of fluoride sorbed at time t (minutes), respectively, and k2 is the
rate constant. A plot of against t is used to determine the model parameters.

Diffusion process affects the transfer of adsorbate onto the adsorbent sites and is studied using the Weber-Morris equation (5)
[30–32].

The model relates the amount of solute sorbed onto the adsorbent, Qt, as being proportional to the square root of contact time, t,
for the adsorption process as given in equation (7) [32]:

(7)

Where is the rate constant. A plot of versus t0.5 is used to obtain the associated model parameters.
For chemisorption processes involving systems with heterogeneous sorbing surfaces, the Elovich model given by equation (8) best

describes adsorption systems, including those with a mild rising tendency [33]

(8)

It can be noted that the higher the R2 values of a kinetic model, the better the experimental data fit into the model. From Table 1,
the R2 values for the pseudo-second-order model for each concentration were higher than the correlation coefficients for the Lager-
gren Pseudo-first order, Elovich, and Weber Morris kinetic models. Again the calculated adsorption capacities (Qe,cal) for the second-
order kinetic models were in good agreement with the experimental adsorption capacity (Qe,exp) values for the three initial fluoride
concentrations.

Hence, pseudo-second-order model well interpreted the data for fluoride adsorption onto the as-synthesized MWCNT-CH compos-
ite implying that chemisorption is involved in the rate-limiting step for the adsorption process. The decrease in rate constants with an
increase in initial fluoride concentration (Table 1) is attributed to abundant active sites for fluoride adsorption with minimum compe-
tition among the few fluoride ions at lower initial concentrations. However, stiff competition ensues between the many fluoride ions
for the active sites on the adsorbent at higher initial fluoride concentrations, hence lower adsorption constants [25].

The adsorption mechanism of fluoride onto MWCNT-CH composite was deciphered using FTIR studies before and after adsorption
(Fig. 5) and zeta potential measurements (Fig. 6 (b). From Fig. 5, the peak of MWCNT-CH before adsorption at 1684 cm−1 and
3200 cm−1 was apparent and broad but it almost disappeared after fluoride adsorption, demonstrating that fluoride ions in the solu-
tion were exchanged with OH groups on the adsorbent surface. Hence inferring ion exchange mechanism. Again, Fig. 6(b) shows that
the zeta potential of the composite decreased with increasing pH value, indicating that the electrical charge at the adsorbent surface
depended on the solution pH. Hence, fluoride adsorption was favored by low pH when the adsorbent surface was protonated [34,35].
In this case, electrostatic interaction accounted for mechanism of fluoride adsorption at this pH (3–7) when maximum adsorption of
fluoride occurred.

3.5.3. Adsorption equilibrium study for fluoride removal using MWCNT-CH composite
This was studied at initial fluoride concentrations (10–100 mg/L), and the results (Fig. 8 (a) indicated that the fluoride removal ef-

ficiency of the MWCNT-CH composite decreased with an increase in initial fluoride concentration. This may be attributed to a defi-
ciency in the availability of active sites on the as-synthesized MWCNT-CH composite at such a higher initial fluoride concentration.
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Fig. 8. Equilibrium isotherms for fluoride adsorption onto as synthesized MWCNT-CH (a) plot for the effect of initial fluoride concentration (b) plot of Freundlich
isotherm model (c) plot for Langmuir isotherm model and (d) plot of Temkin isotherm model.

Conversely, at lower initial fluoride concentrations (<60 mg/L), the adsorbent adsorption sites were numerous, leading to high fluo-
ride removal efficiency. This finding agrees with results obtained in recent studies [22,36].

The relationship between adsorbent and fluoride ions, as well as the adsorption phenomena, were studied by fitting the equilib-
rium adsorption data into the Langmuir (1918), Temkin & Pyzhev (1940), and Freundlich (1906) isotherm models as given in equa-
tions (8)–(11) respectively. The Langmuir isotherm is given by equation (9) and plot in Fig. 8(c).

(9)

where: Qe = sorbed amount of fluoride concentration (mg/g), = maximum adsorption capacity of the composite for fluoride
ions, = equilibrium concentration of aqueous fluoride (mg/L), measure of the affinity of fluoride ions for the composite.

Again, another critical parameter in the Langmuir isotherm called the separation factor, RL given by equation (10)

(10)

Generally, a good adsorption process is indicated by 0 < RL < 1; linear adsorption is indicated by RL = 1, while RL > 1 and
RL = 0 show unfavorable adsorption and irreversible adsorption, respectively [37].

The Temkin isotherm [38] is given by equation (11):

(11)

where: Ce = equilibrium concentration of sorbate, KT = Temkin isotherm equilibrium binding constant (L/g), R = Universal gas
constant (8.314 J/mol/K), T = Temperature at 298 K, bT = Temkin isotherm constant. A plot of adsorbed fluoride concentration
(Qe) against ln Ce is made (Fig. 8 (d), and the constants are determined from the slope and intercept.

The Freundlich isotherm assumes a varied distribution of adsorption sites on the adsorbent and that the active sites have different
affinities for different adsorbates, with each behaving according to the Langmuir isotherm. Freundlich isotherm, therefore, describes
multilayer adsorption of fluoride ions over the adsorbent with a heterogeneous surface [39]. A linear form of the Freundlich isotherm
is given in equation (12) and plot in Fig. 8(b):
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(12)

where = amount of fluoride sorbed per unit weight of the adsorbent (mg/g), = equilibrium concentration of aqueous sor-
bate (mg/L), = Freundlich constant (L/g) indicative of the relative adsorption capacity of the adsorbent, n = a measure of how
an affinity for the sorbate changes with a change in adsorption density.

For a value of n = 1, the Freundlich isotherm becomes a linear isotherm, showing that all the adsorption sites on the adsorbent
have equal affinity for the sorbate ions. However, values of n indicate that affinities of adsorbent for the sorbate ions decrease with
increasing adsorption density, while a value of n means that affinities of adsorbent for the sorbate ions increase with increasing ad-
sorption density [39].

Table 2 summarizes the isotherm fitting results with R2 values indicating the significance of the model in describing the ad-
sorption phenomena. For this study, the correlation coefficients obtained for Langmuir, Temkin, and Freundlich isotherm models
were 0.9991, 0.5792, and 0.5763, respectively. The equilibrium data fitted better in the Langmuir model with an R2 value of
0.9991, indicating a chemisorption process is involved.

This isotherm assumed that monolayer adsorption on a homogenous surface of the as-synthesized MWCNT-CH composite contin-
ues to occur until maximum adsorption capacity reaches saturation with all available adsorption sites occupied by the fluoride ions
but without adjacent interactions between sorbed fluoride ions. This study's separation factor, RL, of 0.043, indicated favorable fluo-
ride adsorption onto the as-synthesized MWCNT-CH composite.

Table 3 presents a comparison of the performance of CNTs and HaP adsorbents in terms of maximum fluoride removal capac-
ity. This comparison reveals that the MWCNT-CH biocomposite is fairly comparable to CNT/HaP composites but is a better ad-
sorbent than hydroxyapatite.

3.5.4. Fluoride adsorption thermodynamics
To study the thermodynamics of fluoride adsorption onto MWCNT-CH composite, batch experiments were performed at different

temperatures 303, 313, and 323 K using an initial fluoride concentration of 10 mg/L, contact time of 3 h, adsorbent dose of 0.5 g, and
pH of 5.25. The thermodynamic parameters were determined using equations 13–15 [22,44].

Equilibrium constant is related to equilibrium concentration by equation 13

Table 2
Adsorption isotherm parameters of fluoride using (N = 3, Relative standard deviation, RSD <5%).
Isotherm Parameter Value

Qm (mg/g) 41.37
KL (L/mg) 2.24

Langmuir RL 0.043
R2 0.9991

Temkin R2 0.57924
KT(L/g) 3.22
B 9.10781
bT 272

Freundlich Kf (mg/g) (L/mg)1/n 11.26

N 2.57
R2 0.57631
1/n 0.38889

Definition of equation terms: Q e = concentration of fluoride ions sorbed at equilibrium, Ce = equilibrium concentration of fluoride ions, RL = separation factor,
Qm = maximum adsorption capacity corresponding to monolayer coverage on the surface of the adsorbent, KL = Langmuir constant, which is related energy of adsorp-
tion, KF and 1/n are Freundlich constants while KT and B are Temkin constants.

Table 3
Comaprison of MWCNT-CH with other CNT/HaP adsorbents.
Adsorbent Adsorption Capacity (mg/g) pH Reference

Bare Hydroxyapatite (HaP) 2.63 4–11 [40]
HaP modified with Cationic Surfactants 9.37 4–11 [41]
HaP modified with H3PO4 4.52 7.5 [35]
Aligned CNTs 4.5 7 [34]
SWCNT 58.92 6 [42]
MWCNT/HAp 39.22 – [43]
CNT/HaP 11.05 3–6 [9]
MWCNT-CH biocomposite 41.70 7 This study

11
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(13)

van't Hoff isotherm is given by equation 14

(14)

Equation (15) shows the relationship between Gibbs free energy change and the equilibrium constant for fluoride adsorption onto
the MWCNT-CH composite.

(15)

where K, H (J/mol), R (8.314 J/mol K), T(K), S (J/mol/K), G (J/mol), Ce (mg/L), and Cad (mg/L) are the equilibrium con-
stant, enthalpy change, molar gas constant, absolute temperature, entropy change, Gibbs free energy change, the concentration of flu-
oride ions in solution at equilibrium and amount of fluoride sorbed at equilibrium, respectively. A plot of the van't Hoff isotherm (eqn.
(14)) is given in Fig. S3 (supporting information).

For this study, the values of G decreased with an increase in temperature (Table 4) for all the initial fluoride concentrations.
The negative G values for all the temperatures and initial fluoride concentrations mean that fluoride adsorption onto the as-

synthesized MWCNT-CH composite was feasible and imprudent. This means that at high temperatures, the value of decreased
with consequent improvement in fluoride adsorption. This phenomenon is because higher temperature lowers the solution's volume
expansion and viscosity, which increases the magnitude of mass transfer from the liquid phase to the solid interface [22,36]. Gener-
ally, values of 0 J/mol indicate physiadsorption process whereas −80,000 −400,000 J/mol show chemiad-
sorption. In the present study, the values of were in the range of 0 J/mol to J/mol, indicating that the fluoride removal
process by the as-synthesized MWCNT-CH composite involved physisorption.

At the same time, the positive values of obtained in this study were below 40 kJ/mol, signaling that the adsorption process is
physisorption and endothermic [36]. The value decreased with an increase in initial fluoride concentration. The positive value of

warranted the randomness increase at the solid-liquid interface. The increase in randomness is due to the displacement of sorbed
water molecules by the fluoride ions to attain more translational entropy than is lost by the fluoride ions, thereby allowing for a high
degree of randomness in the system [45].

3.5.5. Effect of Co-existing anions
Common anions that occur in groundwater and could affect fluoride removal from water due to the investigated competitive inhi-

bition are SO42−, NO3−, CƖ−, PO43−, and HCO3− on fluoride removal using the as-synthesized MWCNT-CH composite (Fig. 9 (a). It was
observed that PO43−and HCO3− had severe adverse effects on fluoride removal efficiency of the as-synthesized MWCNT-CH composite
while the SO42−, NO3−, and CƖ− had a slight effect on fluoride adsorption. The adverse effects of the HCO3− could be due to similarity
in size and charge while that of PO43− could be due to anion hydrolysis leading to the release of hydroxide ions, which raises the pH of
the solution (eqn. (16)–(18)).

(16)
(17)
(18)

The increased pH creates negative charges on the adsorbent, causing electrostatic repulsion of incoming fluoride ions, reducing
fluoride adsorption efficiency [9,46].

3.5.6. Desorption and reusability study
In this study, spent adsorbent was regenerated in four cycles by desorption using a 0.1 M sodium hydroxide solution to assess its

sustainability in fluoride removal from water.
Unfortunately, the adsorption efficiency in each cycle decreased, as shown in Fig. 9 (b) (p < 0.05). However, the composite still

had 57.3% effectiveness for fluoride removal in the fourth cycle. Consequently, the as-synthesized MWCNT-CH composite can be a
reusable adsorbent for the remediation of fluoride-ladened water.

Table 4
Thermodynamic Parameters for Adsorption of Fluoride onto as-synthesized MWCNT-CH Biocomposite.
Initial fluoride concentration (mg/L) H (J/mol) S (J/mol/K) G (J/mol)

303 K 313K 323K

10 13.950 65.760 −6449 −6661.84 −6874.68
50 11.905 42.74 −1060.56 −1095.56 −1130.56
100 21.493 63.75 −486.19 −502.24 −518.29
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Fig. 9. (a) Effect of co-existing anions on fluoride removal using MWCNT-CH composite (b) Desorption efficiency of the as-synthesized MWCNT-CH composite.

3.5.7. RSM study of fluoride adsorption onto as -synthesized MWCNT-CH composite
Fig. 10 shows the 3D surface plots and graphical representations of the effect of two independent process variables on fluoride ad-

sorption when all the other process variables were kept constant. The incline of the 3D surface plots indicates the strength of the inter-
action of the two independent variables under consideration [47]. The interactive effect of adsorbent dose and initial fluoride concen-
tration (Fig. 10 (a) shows an inclined curve indicating a significant interplay between the two factors. An increase in adsorbent dose

Fig. 10. 3D surface plot showing the effect of (a) adsorbent dose and initial fluoride concentration (b) Adsorbent dose and contact time (c) initial fluoride concentration
and contact time (d) initial fluoride concentration and pH.
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resulted in a corresponding increase in fluoride removal efficiency due to an increased number of active sites for fluoride adsorption.
On the other hand, an increase in initial fluoride concentration had a negative effect. In fact, with a high initial fluoride concentra-
tion, fluoride adsorption capacity reduces due to the saturation of the active sites with fluoride ions on the adsorbent surface, and no
further adsorption takes place [47]. Therefore, an increased adsorbent dose from 0.1 g to 1.0 g and a low initial fluoride concentra-
tion (10 mg/L) resulted in a sustained fluoride removal percentage of up to 75%.

Similarly, an interactive plot for adsorbent dose and contact time displayed in Fig. 10 (b) is very much inclined, showing that the
interplay between the factors is significant. According to Fig. 10 (b), both adsorbent dose and contact time had significant effects on
fluoride removal, with both factors increasing fluoride adsorption efficiency.

Fig. 10 (c) displays a significant interaction between initial fluoride concentration and contact time, with an increase in contact
time having the most significant effect on fluoride removal efficiency. Their combined effect resulted in the highest fluoride removal
efficiency of approximately 80.2% at an initial fluoride concentration of 10 mg/L and contact time of 78 min.

A low pH (4.8) favored fluoride adsorption, but cooperatively, an adsorption efficiency of 39% was attained at an initial fluoride
concentration of 10 mg/L. In addition, the adsorbent surface was protonated at low pH, thereby electrostatically attracting fluoride
ions (Fig. 10 (d).

The most excellent cooperative effect was exhibited in the interactive plot for the as-synthesized MWCNT-CH dose and contact
time (Fig. 10 (c), with an increase in both factors improving fluoride removal tremendously. An increase in MWCNT-CH dose from 0.1
to 0.46 g and contact time from 10 to 78 min resulted in a fluoride removal efficiency of 69%. Comparable results were revealed by
Ref. [46]. From the optimization study, maximum fluoride removal can be achieved with an initial fluoride concentration of 10 mg/L,
contact time of 78 min, pH of 5, and adsorbent dose of 0.46 g/L. The results discussed here indicate that each of the four factors af-
fects fluoride removal efficiency differently.

3.5.8. Model development for adsorption of fluoride onto the as-synthesized MWCNT-CH composite
Fluoride adsorption onto the as-synthesized MWCNT-CH was optimized using the central composite design (CCD) approach. An

experimental design matrix composed of thirty experiments was developed using the CCD method. In addition, a multivariable data-
driven model was developed to predict fluoride removal efficiency for different amounts of the process variables. The linear model in
equation (19) shows the numerical relationships between independent variables and percentage fluoride removal

(19)

The independent process variables A, B, C, and D are initial fluoride concentration, contact time, pH, and amount of the as-
synthesized MWCNT-CH composite. Positive signs of the coefficients in the model show synergistic effects, while the negative sign of
coefficients denotes opposing or antagonizing effects.

Analysis of variance (ANOVA) for the fluoride removal efficiency by the as-synthesized MWCNT-CH composite (Table 5) suggests
that initial fluoride concentration, contact time, pH, and adsorbent dose were all significant model terms. These terms were checked
with p-values and F-values. Therefore, A, B, C, and D are significant model terms. It can be seen from Table 5 that the variables with
the largest effect (p < 0.05) on fluoride removal by the composite were the linear terms in order of pH > contact time > adsorbent
dose > initial fluoride concentration.

Furthermore, the predicted coefficient of determination R2 of 0.50 is in reasonable agreement with adjusted R2 of 0.62, with a dif-
ference <0.2 and p-value (<0.05) and F-value of 12.71, indicating that the model terms are significant. The adequacy of precision
measures signal-to-noise ratio with a value greater than four being desirable. Therefore, the adequacy of 13.40 obtained in this study
shows that the developed model can navigate the design space since there is a sufficient signal in the model with negligible noise (er-
rors). A plot of predicted values Vs. actual values (Fig. 11) also signify that the developed model is an earnest predictor of fluoride ad-
sorption onto the as-synthesized MWCNT-CH composite. As seen in Fig. 11, most predicted values were near the experimental data.

Hence, the model (Eqn. (19)) could be practically and reliably applied for predicting fluoride removal percentage using the as-
synthesized MWCNT-CH biocomposite at the stated independent variable levels [48].

Table 5
Analysis of variance for the quadratic model for fluoride adsorption using MWCNT-CH composite.
Source Sum of Squares df Mean Square F-value p-value

Model 4568.99 4 1142.25 12.71 <0.0001 significant
A-Initial fluoride concentration 386.08 1 386.08 4.30 0.0487
B-Adsorbent dose 518.94 1 518.94 5.77 0.0240
C-Contact time 1333.85 1 1333.85 14.84 0.0007
D-pH 2330.12 1 2330.12 25.93 <0.0001
Residual 2246.83 25 89.87
Lack of Fit 2027.42 20 101.37 2.31 0.1797 not significant
Pure Error 219.40 5 43.88
Cor Total 6815.81 29

According to the F-value, the degree of influence of the variables was in the order of pH > contact time > adsorbent dose > initial fluoride concentration.
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Fig. 11. Comparison of the Actual response Vs Predicted fluoride adsorption response.

3.5.9. Validation of the model for fluoride adsorption process onto as-synthesized MWCNT-CH composite
Three fluoride adsorption experiments were conducted at the optimized values of the process variables for maximum fluoride re-

moval of 80.21% by the as-synthesized MWCNT-CH composite of initial fluoride concentration = 10 mg/L, pH = 5.25, and adsor-
bent dose = 0.5 g at a contact time of 78 min.

The experiments were repeated three times to verify the prediction, and the results are given in Table 6. The experimental values
for fluoride removal using MWCNT-CH composite are in good agreement with the model-predicted values with a standard deviation
(S.D) 0.05.

4. Conclusion

The synthesis of a multi-walled carbon nanotube decorated with hydroxyapatite from cattle horns by the facile chemical method
was achieved for the adsorption of fluoride ions from water. This method is environmentally sound as it uses low temperature, ordi-
nary pressure, and an inexpensive source of hydroxyapatite. The kinetic experiment showed that fluoride adsorption onto MWCNT-
CH was majorly governed by chemisorption while the equilibrium isotherm was welled modeled by the Langmuir equation, indicat-
ing monolayer adsorption with a maximum adsorption capacity of 41.7 mg/g−1. Thermodynamic data showed that the adsorption
process is spontaneous and endothermic, with increased randomness at the solid-liquid interface. RSM study showed that the opti-
mum values for maximum fluoride removal by the as-synthesized MWCNT-CH were initial fluoride concentration = 10 mg/L,
pH = 5.25, sorbent dose = 0.5 g, and contact time of 78 min. Adsorption mechanism involved ion exchange where F- ions replaced
some of the OH – ions on the composite and electrostatic interaction and hydrogen bonding. The presence of PO43−and HCO3− had
severe adverse effects on fluoride removal efficiency, while SO42−, NO3−, and CƖ− in the water had little effect on fluoride adsorption
efficiency. Furthermore, the MWCNT-CH composite showed good desorption properties and reusability. Hence, the as-synthesized
MWCNT-CH composite could be a useful fluoride adsorbent for the remediation of fluoride-contaminated water.
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