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Abstract

In this study, hydroxyapatite derived from bovine bone (nat-HAp) was used to remove 
norfloxacin antibiotic (NOR) from an aqueous solution. The nat-HAp properties were 
interpreted by analysis of the structure, specific surface area, functional groups, morphology , 
and composition. The pseudo-second-order kinetic and Langmuir isotherm suit the 
experimental data on NOR adsorption very well. Maximum absorption was shown to be 166.01 
mg g–1. Using a response surface methodology (RSM), the highest NOR elimination of 96.20 
% was obtained under optimum conditions: NOR of 132.57 mg L–1, pH of 7.88, nat-HAp dose 
of 0.99 g L–1, and temperature of 25.06 °C. Thermodynamic studies demonstrated that the 
adsorption process was favorable, spontaneous, and exothermic. The value of standard enthalpy 
change (ΔH0) shows that physisorption controlled the adsorption, and for this purpose, a viable 
mechanism for the adsorption of NOR onto nat-HAp was suggested. Based on the reusability 
experiment, the nat-HAp remained stable after four cycling runs. These results show that nat-
HAp effectively absorbed NOR and might be a cost-effective alternative adsorbent to eliminate 
fluoroquinolone antibiotics during wastewater treatment.

Keywords: Adsorption; Norfloxacin; Natural hydroxyapatite; Optimization; response surface 
methodology; adsorption mechanism.

1. Introduction

The widespread usage of antibiotics has increased the presence of these substances in aquatic 
environments, which may negatively impact human and environmental health [1]. Antibiotics 
are often detected in surface water and wastewater [2]. Their toxicological effects on aquatic 
species and the resistance they can create in some bacterial strains, even at low doses, are 
becoming a growing concern [3]. Numerous antibiotics have properties of limited 
biodegradability and environmental persistence [4]; fluoroquinolone (FQ) antibiotics are an 
essential family of regularly used antibiotics. Norfloxacin (NOR,1-ethyl-6-fluoro-1,4-dihydro-
4-oxo-7-(1-piperazinyl)-3-carboxylic acid) is a fluoroquinolone antibiotic, broad-spectrum 
antibacterial compound with high antibacterial activity against both Gram-negative and Gram-
positive bacteria through inhibition of DNA gyrase [5]. It is widely used in human and 
veterinary medicines [6]. However, norfloxacin had a slow rate of metabolism in both humans 
and animals, which led to the release of 40–90% of the drug's active metabolites into the 
environment via domestic sewage and farming wastewater [7]. In recent years, norfloxacin has 
been found in various aquatic environments, including drinking water [6–8]. As a broad-
spectrum antibiotic, trace levels of norfloxacin in the environment may produce selection 
pressure on microbes, thereby increasing their antibiotic resistance [9,10], causing genotoxicity 
and teratogenesis, posing a threat to aquatic organisms and ecosystems [7,10], and finally 
posing a threat to public health. Considering the hazards of norfloxacin contamination in the 
aquatic environment, it was imperative to remove norfloxacin from the aquatic environment 
using a practical and efficient method.
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Until now, various methods have been used to remove NOR from aqueous solution, such as 
adsorption [11], photocatalysis [12], Fenton oxidation [13], and electrochemical oxidation [14]. 
The most promising of these methods is adsorption owing to its environmental friendliness, low 
cost, simplicity, high efficiency, simple recovery, and reusability of the adsorbent [15,16]. 
Traditional adsorbents, such as biochar [17], activated carbon [18], alumina [19], zeolite [20], 
and others, are ineffective, have limited adsorption capabilities, and are challenging to renew 
for the removal of antibiotics [21]. Therefore, creating adsorbents with simple regeneration, 
high efficiency, and high adsorption capacity is crucial.

Hydroxyapatite [Ca10(PO4)6(OH)2] is a widely used inorganic material in the fields of biology 
and medicine [22,23]. Due to its non-toxicity, bioactivity, biocompatibility,    
osteoconductivity, and non-immunogenic and non-inflammatory properties, it is the most 
promising biomaterial [24]. Due to its particular structure bestowing ionic exchange 
characteristics, low solubility in water, high stability in reducing and oxidizing conditions, and 
adsorption affinity towards several contaminants [25], it has been discovered to be an efficient 
adsorbent for environmental processes. This biomaterial has been used to remove potentially 
hazardous metal ions and chemical molecules from water [25,26]. It has been widely applied 
in chromatography to separate and purify nucleic acids and proteins [27]. Hydroxyapatite as a 
medication carrier has been the topic of extensive research [28].

Traditionally, one variable is changed simultaneously during experimental optimization while 
the others remain unchanged. Due to the large number of required trials, it is also difficult to 
conduct tests using every possible combination of study variables. By maximizing all 
influencing parameters collectively using a statistical experimental design, such as RSM [29], 
these limitations of a conventional technique can be overcome. RSM is a combination of 
statistical and mathematical approaches for constructing models, organizing experimentation, 
evaluating the impacts of variables, and determining the optimal conditions for factors to predict 
desired responses [30]. When developing an adsorption process, employing statistical 
experimental design techniques can lead to a reduction in process variability, an increase in 
product yields, a more precise confirmation of the output response to target requirements, as 
well as a reduction in both the amount of time required for development and the total cost of 
the project. Multiple researchers have described using RSM to optimize batch adsorption 
techniques [30,31]. Box-Behnken design (BBD) is RSM’s most prevalent and efficient design. 
BBD has several benefits over the Doehelrt and Central Composite designs, including the need 
for fewer experimental points and greater efficiency [32].

Therefore, the present study demonstrates that hydroxyapatite derived from bovine bone (nat-
HAp) can effectively remove the antibiotic norfloxacin. The specific objectives of our 
investigation were as follows: (i) to prepare the low-cost hydroxyapatite material by pyrolysis 
(calcination ) technique and to study its characteristics using X-ray diffraction (XRD), 
Nitrogen-Brunauer Emmett–Teller surface area analysis (N2-BET), Fourier transform infrared 
spectroscopy (FTIR), and field emission scanning electron microscopy coupled with energy 
dispersive spectroscopy (FESEM/EDX) ; (ii) to examine the applicability of different isotherm 
models (such as Langmuir, Freundlich, and Temkin) in order to determine the best-fit isotherm 
equation; (iii) To determine the utility of various kinetic models (such as pseudo-first-order and 
pseudo-second-order models); (iv) to study the feasibility of nat-HAp as an adsorbent for NOR 
antibiotic and optimize the adsorption using a Box–Behnken design-based (BBD) response 
surface methodology (RSM) with the Design Expert software (DES, Version 12, Stat-Ease, 
USA) under four independent variables including initial concentration, pH, adsorbent dosage, 
and temperature; (v) to discuss the mechanism through which NOR adsorbs to nat-HAp ; (vi) 
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to study the thermodynamic properties (such as free Gibbs energy, enthalpy, and entropy);  and 
(vii) to study the reusability of the nat-HAp.

2. Materials and methods
2.1. Materials

NOR was purchased from Sigma-Aldrich (Chem. Co., USA). The structure and relevant 
physicochemical properties of Norfloxacin are shown in Table 1. pH was adjusted using 0.1 
mol L-1 NaOH and 0.1 mol L-1 HCl. All solutions were prepared using ultrapure water (Adrona, 
Millipore Milli-Q UV Plus, R = 18.25 Mm). 

Table 1. Norfloxacin properties

Molecular formula C16H18FN3O3

CAS number 70458–96-7

Purity ≥ 98% (TLC)

Molecular weight 319.33 g mol–1

pKa pKa1 = 6.22 (a)

pKa2 = 8.51 (a)

Chemical structure 

N

NH
N

O

O H

O

F

C 2 H 5

(a) Cited by Hongsawat et al [33]
2.2. Preparation of adsorbent nat-HAp 

The nat-HAp was prepared as reported in [34]. The fresh cortical bone of mature bovine (2-4 
years old) was collected from the local slaughterhouse of Bouira (Algeria) and kept at - 20 °C. 
The bones were cleansed with water, and the soft portions of the bones were manually separated 
from the dense portions with a stiletto. The bones were then reduced to little bits using a cutter. 
Bones were cooked in water for two to three hours to facilitate the extraction of bone marrow 
and tendons[35–37].To denature the protein, the bone fragments were dried in an oven at 80°C 
for 72 hours [38]. The as-received dry bone samples were annealed in an electric furnace 
(Nabertherm GmbH Lilienthal, Germany) at 800 °C with a heating rate of 5 °C min–1 and a 
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holding period of 3 hours [34,36].Using a crusher, the bone fragments were subsequently 
crushed into small particles. The bone fragments were submitted to a ball milling procedure 
until the powder was fine enough. Sieving resulted in the production of bone powder. This study 
employed a powdered bone sample with a particle size of 100 μm.

2.3. Characterization of nat-HAp

The nat-HAp was characterized using different analytical techniques. The nat-HAp X-ray 
diffraction patterns (XRD) were produced and recorded on a D8 Advance Bruker X-ray 
Diffractometer (Germany) employing Cu K radiation at an angle of 2Ɵ ranging from 4° to 53°. 
With the aid of the JCPDS data, the phases were determined. The surface area of nat-HAp was 
measured using the N2-BET (Nitrogen-Brunauer Emmett–Teller) adsorption–desorption 
isotherms at 77K with an instrument from Micromeritics ASAP 2010 instrument corporation. 
Fourier transform infrared (FTIR) spectra were recorded on a Perkin Elmer FT-IR-300 
spectrometer (Japan) using the KBr pellet method in the 400–4000 cm–1 spectral range. The 
morphology and composition of nat-HAp before and after norfloxacin adsorption were obtained 
by a field emission scanning electron microscope (FESEM: JSM- 6710FPlus, JEOL, Tokyo, 
Japan)equipped with an energy dispersive X-ray spectroscopy (EDX) system along with a 
brand Bruker X Flash® 6 | 10 Silicon Drift Detector (SDD). The pH of zero-point charge 
(pHZPC) was obtained using a method described elsewhere [34]. NOR antibiotic removal 
absorbance was measured at λ max = 275 nm using a double-beam UV–vis spectrophotometer 
(Agilent Technologies Cary 60 UV–vis).

2.4. NOR solution preparation

Fluoroquinolones, particularly NOR, can be difficult to dissolve in ultra-pure water, which 
might take several hours. In this study, the time necessary to prepare a solution was drastically 
reduced by using ultrasound-assisted technology [39]. NOR stock and working solutions were 
prepared and stored in a refrigerator in the dark. The stock solution was diluted to produce 
working solutions with concentrations between 5 and 200 mg L-1

2.5. Adsorption experiments

For adsorption experiments, 0.1g of nat-HAp was mixed with 100 mL of Norfloxacin (100 mg 
L–1) solution at room temperature. We used 0.1 M HCl or 0.1 M NaOH to adjust the pH of the 
working solution to the desired value. The mixture was agitated at 200 rpm for 180 minutes at 
a predetermined contact time defined by kinetic research. Before and after adsorption, the 
concentration of NOR in the supernatant solution was measured using a UV/vis 
spectrophotometer at λ max = 275 nm. All experiments were run in triplicate under the same 
conditions and the average values were presented. The maximum difference between the three 
values was less than 3% of the mean.

The adsorption capacity qt (mg g–1) and the removal efficiency (%) of NOR by nat-HAp were 
calculated at any time (t) by the following equations:

                                                                            (1)𝑞𝑡 = (
𝐶0 ― 𝐶𝑡

𝑚 ) × 𝑉

                               (2)𝑌(𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦,%) = (
𝐶0 ― 𝐶𝑡

𝐶0
) × 100
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C0 and Ct (mg L–1) are the NOR concentrations at time zero and t, respectively. V (L) represents 
the volume of the solution, whereas m (g) represents the quantity of nat-HAp adsorbent 
employed. 

2.6. Experimental design and optimization

In this research, the effects of operating conditions were optimized using BBD with three levels 
and four factors in RSM.

The input factor ranges are initial concentration (A: 100-180 mg L–1), initial pH (B: 6-10), 
adsorbent dose (C: 0.5-1 g L–1), and temperature (D: 25-55°C). These ranges were determined 
utilizing the results of preliminary studies. The experimental range and levels for the BBD 
model are shown in Table 2.

Table 2. Range and levels for the BBD model

Range and levels

Variables Notation Low level Center level High level

The initial concentration 
of NOR (mg L–1)

A 100 140 180

Initial pH of the solution B 6 8 10

Adsorbent dose (g L–1) C 0.50 0.75 1.00

Temperature (°C) D 25 40 55

The adsorption efficiency was determined by evaluating the affinity of nat-HAp for NOR. The 
experiment was designed by Design-expert 8.0.6.1 (Stat-Ease, 2012) (trial version) statistical 
software. Using a second-order polynomial model, all possible interactions between selected 
Box–Behnken model variables have been exposed:

                    (3)𝑌 = 𝛽0 + ∑𝑛
𝑖 = 1𝛽𝑖𝑋𝑖 + ∑𝑛

𝑖 = 1𝛽𝑖𝑖𝑋2
𝑖 + ∑𝑛 ― 1

𝑖 = 1
∑𝑛

𝑗 = 𝑖 + 1𝛽𝑖𝑗𝑋𝑖𝑋𝑗 + 𝜀

where Y is the assumed response or output (Removal efficiency of NOR onto nat-HAp), n is 
the number of studied factors, i and j are the index numbers for pattern, βi, βii, and βij the 
interaction coefficients of linear, quadratic, and second-order terms, respectively, and Xi, Xj are 
the values of the independent variables, and ε is the residual error. The R2 value indicated the 
accuracy of the polynomial model's fit. The model Probability value (p-value) and Fisher 
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variation ratio (F-value) are the most important indications of the model's adequacy and 
significance [40].

2.7. Desirability function

A desirability function is only a mathematical approach for determining the optimal input 
parameter values and output response utilizing the optimal input parameter levels. The 
desirability function was created by Harrington [41] and then updated by Derringer and Suich 
[42]. The objectives included maximization, minimization, a target, a range, none (for responses 
only), and a precise value (factors only). Each included parameter must have a minimum and 
maximum level defined. Each objective can be allocated a weight to modify the form of its 
desirability function. The objectives are included in a global desirability function [43].

The desirability procedure consists of two steps: (a) determining the values of the independent 
variables and (b) optimizing the overall desirability of controllable factors [44]. The desirability 
function converts the response (yn) into a 0 to 1 variable desirability function (di). The 
desirability 1 corresponds to the maximum (Max), while the desirability 0 corresponds to 
undesirable conditions or the minimum (Min).

Derringer and Suich [42] formulated the equation, which can be expressed as:

                                     (4)𝑑𝑖 = (
𝑌 ― 𝐴
𝐵 ― 𝐴)

𝑤𝑖
,𝐴 ≤ 𝑌 ≤ 𝐵 

di = 1,   Y ˃ B

di = 0,   Y ˂ A

A and Bin equation (4) represent the response's minimum and maximum obtained values, 
whereas wi represents the weight. Calculating the geometric mean of the transformations of 
every individual desirability point yields the global desirability function, D.

          (5)𝐷 = [𝑑𝜈1
1 × 𝑑𝜈2

2 × … × 𝑑𝜈𝑛
𝑛 ]

1
𝑛 ,0 ≤ 𝜈𝑖 ≤ 1 (𝑖 = 1,2,…,𝑛),∑𝑛

𝑖 = 1𝜈𝑖 = 1

Where di represents the desirability of the response yi (i=1, 2, 3, . . ., n) and νi indicates the 
importance of responses.

2.8. Desorption studies

Desorption is the process of a substance leaving through a surface. This present study assessed 
the adsorbent's regeneration capability and reusability. Recycling an adsorbent is the most 
critical feature of a cost-effective method. To do this, antibiotic-adsorbed nat-HAp is produced 
by adsorbing 200 mg L–1 antibiotic solution onto 1 g L–1 nat-HAp at 25°C. After equilibration, 
antibiotic content in the filtrate was determined. Then, the adsorbent was added to 10 mL of 
purified water with varying pH (3, 5.5, 8.5, and 12). After shaking the solutions for 
approximately 60 min, the percentage of antibiotic desorbed into the solution was determined, 
and the desorption ratio was calculated using the following equation:

Desorption (%) = (Cdes/Cads) ×100                                               (6)
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Where Cdes and Cads are the antibiotic's desorbed and adsorbed concentrations (mg L–1), 
respectively. The regenerated adsorbent was then thoroughly rinsed with ultrapure water until 
a pH neutralization was obtained. To prepare the regenerated material for usage in the next 
cycle of adsorption studies, it was heated at 60 °C overnight and suspended in NOR solution at 
the same initial concentrations (200 mg L–1). The adsorption–desorption cycle was repeated up 
to four times.

3. Results and discussion
3.1. Characterization of the adsorbent material

The XRD pattern of natural hydroxyapatite before norfloxacin adsorption was presented in 
Fig.1a. The components of the crystalline phase were identified using standard JCPDS cards 
accessible through the system software. The peaks at 2Ɵ = 25.9°, 29.01°, 31.72°, 32.20°, 33°, 
34.15°, 39.82°, 46.87° and 49.51° confirm the phase and purity of derived nat-HAp crystals.

The textural properties of the nat-HAp material were assessed using N2 adsorption–desorption 
isotherms at T=77K. As depicted in Fig.1b, the nat-HAp material shows a type IV isotherm 
with an H3 hysteresis loop according to the IUPAC classification [45], characteristic of 
mesoporous material [46–48]. The nat-HAp has a surface area of 8.5 m2 g–1 and a pore volume 
of 16 mm3g–1; These results confirm earlier findings published by Piccirillo et al. [49] and 
Karoui et al. [50]. Both types of research demonstrated that biomass materials possess low 
surface values. Moreover, the pore size average of nat-HAp was 7.7 nm (2 nm < pore size < 50 
nm), indicating the presence of mesopores [51,52]. 

FTIR spectra of free nat-HAp, free Norfloxacin, and loaded nat-HAp were utilized to elucidate 
the sorption mechanisms in greater detail (Fig. 2 a-c).

The spectrum of nat-HAp (Fig. 2a) was clearly defined, with peaks at 3572 and 635 cm–1 

corresponding to the stretching vibrations of OH –. Peaks at 1090 and 962 cm–1are due to the 
stretching vibration of phosphate, and those observed at 605, 570, and 475 cm–1 are 
characteristic of the bending vibration of phosphate. The prominent peak at 1419 cm–1 results 
from water adsorption. In FTIR spectra, the low-intensity peak of carbonate groups is found at 
1482 cm–1 due to the asymmetric stretching of the CO3

–2 group. These bands in the spectra 
correspond to the bands in the nat-HAp absorption spectrum and are in excellent correlation 
with nat-HAp data reported in the literature [34,53].

The spectrum of NOR (Fig. 2b) displayed the peaks at 1610 and 1575 cm–1corresponding to 
the stretching vibration of the carboxylic and ketone groups of NOR [15,54]. The C–F 
stretching peak was detected at 1030 cm–1, and two more peaks  observed at 813 cm–1 and 1265 
cm–1 were identified to the meta distribution of the aromatic protons and the C–O stretching 
vibration of carboxylic acid, respectively [55].

To gain insight into the interactions that happened during the sorption process, the FTIR 
spectrum of NOR-loaded nat-HAp was analyzed. The OH peaks corresponding to nat-HAp are 
absent in the spectra of nat-HAp following NOR adsorption (Fig. 2c), clearly apparent in the 
nat-HAp spectrum, as shown in Fig. 2a. The interaction between the COOH in the NOR 
molecule and the OH groups in the nat-HAp structure may be responsible for the observation 
of an elongated signal at 3500 cm-1.
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In addition, indications for the CH2 and = CH (stretching and bending vibrations, respectively) 
of the antibiotic about 3500–2500 cm-1 in Fig. 2c confirmed the presence of Norfloxacin on the 
natural hydroxyapatite structure [55]. The peaks ascribed to C=O and COOH in the norfloxacin 
spectrum at 1575and 1610cm–1, respectively (Fig. 2b), are also present in the nat-HAp -NOR 
spectrum, but they are combined with the water-assigned peak in the nat-HAp spectrum (Fig. 
2a). New peaks at 1345 cm–1 and 1089 cm–1 are attributable to the protonated amino group in 
the piperazine moiety and C-F stretching, respectively. In addition, the C-H bending peaks for 
aromatic out-of-plane deformation showed at wave numbers 818, 786, and 749 cm–1 [56].

In contrast, additional vibrations corresponding to nat-HAp moieties remain in the spectrum 
(Fig. 2a) but with broad signals indicating the presence of the antibiotic. As mentioned above, 
all results demonstrate the effective NOR adsorption onto the nat-HAp adsorbent.
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Fig.3. FESEM images of (a) nat-HAp at different magnifications (a1: *5000, a2: *10 000, a3:  
*50 000) (b) nat-HAp after adsorption at different magnifications (b1: *5000, b2: *10 000, b3:  
*50 000) (NOR concentration = 200 mg L–1, initial solution pH, nat-HAp dose = 1 g L–1, 
temperature = 25 °C, and contact time = 180 min); (c) EDX analysis of nat-HAp; (d) EDX 
analysis of nat-HAp after adsorption (NOR concentration = 200 mg L–1, initial solution pH, 
nat-HAp dose = 1 g L–1,  temperature  = 25 °C, and contact time = 180 min). 

EDX and FESEM determined our samples' composition and surface morphology.  Fig.3 a and 
b illustrate the FESEM of the nat-HAp powder before and after norfloxacin adsorption, 
respectively.

FESEM images of the nat-HAp powder (Fig.3a) reveal that the nanoparticles exhibited irregular 
shapes. However, the morphology of the particles is observed to be nearly irregular hexagonal, 
with small spheres agglomerated in some regions. It could have been caused by the interaction 

(c)

(d)
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of nat-HAp particles [55].The analysis showed that the product's particle size was 
approximately 0.1–1µm. Surface morphological changes of nat-HAp before and after 
adsorption demonstrate norfloxacin adsorption on nat-HAp.

The values of chemical analysis of the nat-HAp before and after norfloxacin adsorption were 
obtained using semi-quantitative EDX analysis, presented in Fig. 3c and d, respectively. 

EDX spectra confirmed the presence of relevant elements in hydroxyapatite before (Fig. 3c) 
and after norfloxacin adsorption (Fig. 3d), such as P and Ca.  The major constituent is O, with 
Na, Mg, and C constituting the minor constituents. By loading with NOR, the carbon content 
of the nat-HAp sample was increased. The presence of N and F peaks in the EDX spectra of 
norfloxacin-adsorbed hydroxyapatite confirms the norfloxacin adsorption onto nat-HAp, as 
depictedin Fig. 3d. This result confirms the successful loading of NOR is compatible with 
previous findings.

3.2. Kinetic studies

Examining adsorption kinetics is critical for treating wastewater because it provides crucial 
information on the efficiency and nature of the adsorption process.

The pseudo-first-order and pseudo-second-order models [57,58] are used to examine the 
adsorption capability of an adsorbate on the adsorbent surface. The nonlinear forms of those 
kinetic models are given as follows: 

Pseudo-first-order:                                                       (7)𝑞𝑡 = 𝑞𝑒(1 ― 𝑒 ―𝑘1𝑡)

Pseudo-second-order:                                                                 (8)𝑞𝑡 =
𝑞2

𝑡 𝑘2𝑡
1 + 𝑞𝑒𝑘2𝑡

Where qt is the adsorption capacity at time t (mg g–1), qe is the equilibrium adsorption capacity 
(mg g–1), k1 is the pseudo-first-order adsorption rate constant (min–1), and k2 is the pseudo-
second-order adsorption rate constant (g mg–1 min–1). 

The kinetic models fitted to the experimental data are illustrated in Fig.4. Similarly, the values 
of the several kinetic parameters in Table 3 were derived using several graphical representations 
of kinetic equations.

As mentioned in Table 3, R2 values derived from the pseudo-first-order kinetic model were 
relatively low. In contrast, the R2 values derived from the pseudo-second-order model were 
nearly 1 (R2 = 0.999), indicating that the pseudo-second-order model adequately fits the 
experimental data. Compared to the pseudo-first-order model, the experimental and calculated 
qe values are in close agreement. Hence, the pseudo-second-order model proved effective for 
modeling the kinetics of NOR adsorption on nat-HAp.
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Fig.4. Adsorption kinetics of NOR onto nat-HAp (initial pH = 8, adsorbent dose = 1 g L–1, 

and temperature = 25 °C)

Table 3. NOR adsorption kinetic parameters onto nat-HAp at different initial concentrations

Pseudo-first-order kinetic 
model

Pseudo-second-order kinetic model

C0

(mg L–1)

qe,exp

(mg g–1)

k1(min–1) qe.cal

(mg g–1)

    R2 k2

(g mg–1min–1)

qe.cal

(mg g–1)

   R2

25 24.08 0.0013 22.31 0.98
0

0.0082 24.58 0.998

50 47.48 0.0018 44.89 0.98
3

0.0064 48.31 0.999

100 92.35 0.0013 86.27 0.98
3

0.0021 94.91 0.999
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150 128.46 0.0021 121.14 0.98
4

0.0029 129.23 0.999

200 150.03 0.0017 140.91 0.98
3

0.0018 152.23 0.999

3.3. Adsorption isotherms

The adsorption isotherm is a fundamental theoretical basis for the practical application of 
adsorption, which is characterized by constants whose values indicate the surface 
characteristics and affinity of the sorbent sorption equilibrium [59].

Various mathematical models are given for experimental adsorption values, with Langmuir, 
Freundlich, and Temkin isotherms being the most often utilized. In the present work, these 
models were utilized to depict the interactions between NOR molecules and the nat-HAp 
surface and examine NOR distribution in the solid and liquid phases. Adsorption process 
optimization requires finding the optimal isotherm model. The equations below represent the 
nonlinear equations of those isotherm models [57,58]:

Langmuir isotherm:                                                        (9)𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒

Freundlich isotherm:                                                   (10)                                   𝑞𝑒 = 𝐾𝐹𝐶
1 𝑛𝐹
𝑒

Temkin isotherm:                                                     (11)𝑞𝑒 = (
𝑅𝑇
𝑏𝑇

)𝐿𝑛(𝐾𝑇𝐶𝑒)

Where Ce and qe are the NOR concentration (mg L-1) and equilibrium adsorption capacity (mg 
g–1) at equilibrium, respectively; qm is the maximum adsorption capacity of adsorbents (mg g-

1); and KL represent the Langmuir adsorption constant (L mg–1), KF is the Freundlich adsorbent 
capacity (mg g–1(L mg–1)(1/nF)), nF is the heterogeneity factor, KT is the Temkin equilibrium 
binding constant (L mg–1), and bT is the Temkin constant (J mol–1). The plots of these isotherm 
models are displayed in Fig.5, and their coefficients are listed in Table 4. 

The Langmuir isotherm can be described in terms of the dimensionless constant separation 
factor, RL, as given by the following equation:

                                                                                                 (12)𝑅𝐿 =
1

1 + 𝐾𝐿𝐶0

Where KL is the Langmuir constant (L mg–1), and C0 is the initial NOR concentration (mg L–

1).

The RL parameter indicates the shape of the isotherm to be either unfavorable (RL> 1), linear 
(RL = 1), favorable (0 < RL< 1), or irreversible (RL = 0) [60]. Calculated values at different 
NOR concentrations indicate that 0.029 ≤ RL ≤ 0.19, a result showing favorable adsorption.
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Fig. 5. Adsorption isotherms of Norfloxacin onto nat-HAp (initial pH = 8, adsorbent dose = 1 
g L–1, and temperature = 25 °C).

Table 4. NOR adsorption Isotherm parameters on nat-HAp

Isotherm Parameters Values

Langmuir qm (mg g–1) 166.01

KL (L mg–1) 0.1632

R2 0.999

RL 0.1970

Freundlich KF (mg g–1(L mg–1)(1/nF)) 38.3627

nF 2.7637



17

R2 0.974

Temkin KT (L mg–1) 2.0692

bT (J mol–1) 75.8363

R2 0.996

Compared to the other isotherm models, the Langmuir model offered the best fit to the 
experimental data with the highest regression coefficient (R2 = 0.999).

This data indicates that NOR is adsorbed onto the surface of nat-HAp through monolayer 
adsorption. A favorable adsorption process is indicated by the RL value of 0.197. The Temkin 
model's correlation coefficient was equally excellent (R2 = 0.996), which indicates good 
representativity.

3.4. Comparison of adsorption capacity of nat-HAp with other adsorbents

Various adsorbents with distinct structures and chemical compositions have been developed to 
remove the NOR antibiotic from aqueous solutions. Therefore, it would be beneficial to 
compare nat-HAp to other adsorbents used for the adsorption of NOR. According to Table 5, 
nat-HAp presented a higher qm value than other reported adsorbents. The high qmof nat-HAp 
may be attributable to specific functional groups and charge properties of the surface, such as 
the strong electrostatic contact between the anionic NOR antibiotic and the positive charge 
surface of nat-HAp.

Table 5. Comparison of equilibrium time and qmof nat-HAp with other adsorbents for NOR 
adsorption.

Adsorbent Equilibrium 

Time (h)

qm

(mg g-1)

References

Manganese oxide–loaded magnetic Biochar (MMB) 4 6.94 [61] 

ZIF-8-Derived Hollow Carbon(ZHC) 20 125.6 [62]

Zr-based metal-organic frameworks (UiO-66-NH2) 6 222.2 [63]

Pomelo peel biochar loaded with γ-Fe2O3 (γ-
Fe2O3@BC)

3 85.08 [13]
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Iron ore waste (IOW) 72 8.64 [7]

Sodium Alginate/Modified Bentonite 
Composite (GOMBt)

24 3.84 [64] 

Natural colemanite 24 3.43 [65]

nat-HAp 3 166.01 Present 
work

3.5. Response surface modeling
3.5.1. Experimental design and quadratic model 

BBD was used to optimize the significant variables. Table 6 presented design matrix and results 
of 27 BBD-analyzed tests. The regression equation achieved after ANOVA gives the NOR 
antibiotic removal efficiency onto nat-HAp as a function of several factors, such as antibiotic 
concentration (A), pH (B), adsorbent dosage (C), and temperature (D). All terms of factors were 
included in the equation given below:

Y (removal efficiency, %) = 73.70 − 4.86 × A + 11.98 × B + 12.18 × C − 10.88 × D + 1.95 
×AB + 0.39 × AC + 0.45 × AD − 15.49× BC+ 5.84 × BD 3.30 × CD − 4.93 × A2 − 10.05 × 
B2 – 1.17 ×C2−3.28 × D2                                                                                        (13)

A, B, C, and Dare independent singular variables in the preceding equation, whereas AB, AC, 
AD, BC, BD, and CD are interaction factors. The quadratic terms are A2, B2, C2, and D2.

Table 6. BBD matrix for four variables together with the observed response 

Run order NOR (A) pH(B) Dose(C) T(D) Y (%)

Observed response

Y (%)

Predicted response
1 140 8 0.75 40 72.09 73.70
2 140 6 1.00 40 79.5 78.17
3 180 8 0.75 25 72.52 71.05
4 180 6 0.75 40 39.3 39.93
5 140 10 1.00 40 70.89 71.15
6 180 10 0.75 40 68.00 67.79
7 180 8 0.75 55 50.2 50.20
8 140 8 1.00 55 68.84 67.24
9 100 8 0.75 55 58.06 59.01
10 140 8 1.00 25 96.00 95.61
11 100 8 0.75 25 82.2 81.68
12 140 6 0.75 55 31.17 31.66
13 140 8 0.75 40 71.98 73.70
14 100 8 0.50 40 62.01 60.68
15 140 6 0.50 40 23.61 22.83
16 180 8 0.50 40 50.92 50.16



19

17 140 8 0.75 40 77.02 73.70
18 100 6 0.75 40 53.29 53.54
19 140 6 0.75 25 64.36 65.10
20 100 10 0.75 40 74.20 73.61
21 140 8 0.50 25 63.01 64.56
22 140 10 0.50 40 76.96 77.77
23 140 8 0,50 55 49.06 49.49
24 180 8 1.00 40 73.5 75.32
25 140 10 0.75 55 67.56 67.3
26 140 10 0.75 25 77.40 77.39
27 100 8 1.00 40 83.00 84.24

Contact time and stirring speed were constant at 180 min and 200 rpm, respectively

The Box–Behnken responses were analyzed, and the results of ANOVA for the adsorption 
study of Norfloxacin are presented in Table 7.

Table 7. ANOVA, regression coefficient estimates, and significance test for norfloxacin 
absorption on nat-HAp

Source Sum of 
Squares df Mean 

Square
F-
value p-value

Model 6960.27 14497.16 159.18 < 0.0001significant

A-Initial 
concentration 283.44 1 283.44 90.75 < 0.0001

B-pH 1722.72 1 1722.72 551.57 < 0.0001

C-Adsorbent dose 1780.23 1 1780.23 569.98 < 0.0001

D-Temperature 1421.36 1 1421.36 455.08 < 0.0001

AB 15.17 1 15.17 4.86 0.0478

AC 0.6320 1 0.6320 0.2024 0.6608

AD 0.8281 1 0.8281 0.2651 0.6160
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BC 959.76 1 959.76 307.29 < 0.0001

BD 136.31 1 136.31 43.64 < 0.0001

CD 43.63 1 43.63 13.97 0.0028

A² 129.63 1 129.63 41.50 < 0.0001

B² 538.68 1 538.68 172.47 < 0.0001

C² 7.27 1 7.27 2.33 0.1530

D² 57.47 1 57.47 18.40 0.0011

Residual 37.48 123.12

Lack of Fit 20.91 102.09 0.2523 0.9460 not 
significant

Pure Error 16.57 2 8.29

Cor total 6997.75 26

R2= 0.9946; Radj
2= 0.9884; Rpred

2 = 0.9775; df: Degrees of freedom; A (Initial concentration), 
B (pH), C (Adsorbent dose), and D (temperature).

ANOVA was performed to examine the model's significance and fitness. The model F-value is 
the ratio of the individual term's mean square to the residual term's mean square. The model F-
value of 159.18 indicates that the model is significant.

The P-values were utilized to determine the significance of each coefficient [43], which may 
show the interaction pattern between the factors. This analysis demonstrates that the 
coefficients A, B, C, D, AB, BC, BD, CD, A², B², and D² were statistically significant with very 
small p-values (p < 0.05). The other variables' coefficients were insignificant (p > 0.05). An F-
value of 0.25 indicates that the lack of fit is not statistically significant compared to the pure 
error. Indeed, a non-significant lack of fit is desired, because we want the model to fit.

In addition, the coefficient of determination (R2) and the adjusted coefficient of determination 
(Radj

2) were used to verify the validity of the model.
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 In the present model, the R2 and adjusted R2 values are 0.9946 and 0.9884, respectively, 
corresponding well to the respective experimentally obtained values. The R2 value of 0.9946 
shows that the model accounted for 99% of the variance in norfloxacin adsorption, whereas 1% 
was attributed to residual variation. In addition, a closely high adjusted correlation coefficient 
value indicated the model's high significance [66].

In this study, a ratio of 15.066 is determined, indicating the dependability of the experiment 
results. The degree of precision is shown by the standard deviation SD = 1.77 and coefficient 
of variation CV = 2.72. The low values of SD and CV indicate that the experiment is executed 
appropriately. The models exhibit a high R2 value, a significant F-value, a not significant p-
value for lack of fit, and a low standard deviation and variance coefficient. These results 
demonstrate the accuracy with which norfloxacin removal efficiency by nat-HAp may be 
predicted. Consequently, the models were utilized for additional study.

Fig. 6. (a) Normal % probability versus residual error; (b) predicted response versus actual 
response.

The data were also evaluated to determine the residuals' normality. Fig.6a depicts a normal 
probability map of these residuals. This graph's data points are near a straight line. The 
relationship between the expected and actual values of Y for the adsorption of Norfloxacin onto 
nat-HAp is depicted in Fig. 6b.

Fig. 6b illustrates that the developed model is adequate because the residuals for most predicted 
responses are less than 10% and tend to be near the diagonal line.

(a) (b)
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Fig.7. Response surface plots for norfloxacin removal efficiency (%) onto nat-HAp showing 
the interaction between (a) initial solution pH and NOR concentration, (b) nat-HAp dose and 
NOR concentration, (c) temperature and NOR concentration, (d) nat-HAp dose and initial 
solution pH, (e) temperature and initial solution pH (f) temperature and nat-HAp dose.

3.5.2. Effect of operating parameters and binding mechanism

The BBD and RSM were used to determine out how four key factors affected the procedure for 
adsorbing Norfloxacin. The pH solution is a crucial control factor because it influences the 
surface charge of the adsorbent and the ionic speciation of adsorbate molecules [67]. The 
distribution of NOR species at various pH levels is depicted in Fig.8b. Therefore, NOR occurs 
in three ionization states: cationic (NOR+) at pH< 6.22, zwitterionic (NOR±) at 6.22 < pH < 
8.51, and anionic (NOR-) at pH > 8.51[68].

The surface charge of nat-HAp was examined throughout a broad pH range, ranging from 3 to 
12. Based on the inset of Fig.8a, the pHZPC value of nat-HAp was basic (pHZPC = 10.5) because 
the concentration of primary sites was greater than that of acid sites [69]. The functional groups 
influencing the surface charge of nat-HAp are the hydroxyls, ≡ Ca-OH, and the P-OH 
phosphates [34].

 The surface of nat-HAp was positively charged as a result of the ensuing protonation processes:

       ≡Ca-OH + H+                 ≡Ca-OH2
+                          (14)

       ≡P-OH + H+                    ≡POH2
+                                           (15)

In contrast, the negative charge on the surface of nat-HAp was generated through the ensuing 
deprotonation processes:

       ≡Ca-OH                 ≡Ca-O–+ H+                                             (16)

       ≡P-OH                   ≡PO– + H+                                                  (17)

where ≡ indicates the surface of nat-HAp. Thus, protonation processes prevailed at pH < pHZPC, 
but deprotonation reactions occurred at pH > pHZPC. At pH levels close to pHZPC, the nat-HAp 
surface establishes an equilibrium between anionic and cationic active sites.
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At pH levels ranging from 3 to 12, the effect of pH on NOR elimination by nat-HAp was 
studied. As shown in Fig.8a, NOR removal increased from 5.32 to 72.17 %, when pH increased 
from 2.0 to 6.0. The electrostatic repulsions between NOR+ and the positively charged nat-HAp 
surface (≡CaOH2

+ and ≡POH) are responsible for the observed norfloxacin adsorption 
pattern.Fig.7a, d, and e, respectively, depict the interaction between pH, initial concentration, 
adsorbent dose, and temperature ranges between 6 and 10 were more favorable for norfloxacin 
adsorption (close to the pHZPC value of nat-HAp, where ≡PO–, and ≡CaOH2

+ groups 
predominate) [67,68]. The NOR+ cationic form transforms into the NOR± zwitterion form 
within this pH range. Thus, the ≡PO–, and ≡CaOH2

+ surface sites of nat-HAp are 
electrostatically attracted to > NH2

+ and -COO–groups of NOR±, respectively. In addition, 
zwitterionic NOR± was more hydrophobic than its cationic and anionic forms [63]. In addition 
to hydrophobic and electrostatic interactions, we hypothesize that the creation of hydrogen 
bonds is a crucial element of the adsorption process of the polar organic molecule norfloxacin 
[70].

NOR's carbonyl and hydroxyl groups tend to form H-bonding dipole–dipole interactions with 
oxygen atoms on the surface of nat-HAp. The hydrogens of the hydroxyl and amine groups of 
NOR functioned as H-bond donors. In contrast, the nitrogen-, oxygen- and fluorine-containing 
polar NOR groups can function as H-bond acceptors. The benzene ring of NOR also acted as 
an H-bond acceptor when Yoshida H-bonds were created with the hydroxyl groups of the nat-
HAp adsorbent. Oxygen-containing nat-HAp's functional groups (P-OH and Ca-OH) are 
essential for their high affinity for NOR molecules. 

Various H-bond forming pathways between NOR and nat-HAp were anticipated to play a 
crucial role in adsorption affinity. The n-p electron interactions between the oxygenated groups 
of the nat-HAp (as n-donor) and the aromatic ring of NOR (as π-receptor) may be another factor 
in the mechanism of NOR binding. Similar arguments have been presented for NOR adsorption 
on pomelo peel biochar loaded with γ-Fe2O3 [70]. In light of the above discussion, the proposed 
NOR binding mechanism on the nat-HAp surface is portrayed in Fig. 8(c).
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Fig. 8. (a) pH effect on NOR adsorption by nat-HAp (Inset: pHZPC determination of nat-HAp) 
(NOR concentration = 150 mg L–1, nat-HAp dose = 1 g L–1, temperature = 25 °C, and contact 
time = 180 min) (b) predominance diagram of NOR (c) proposed binding mechanism of the 
NOR antibiotic on the nat-HAp.

Another impactful parameter in the adsorption process is the dose of adsorbent, which defines 
the capacity of the adsorbent to eliminate the contaminant species at a particular initial 
concentration. Fig. 7b, d, and f, respectively, illustrate the interaction between adsorbent dose, 
initial concentration, initial pH, and temperature. It demonstrates that the removal effectiveness 
increased as the adsorbent dosage increased from 0.5 g L–1 to 1 g L–1, which could be attributed 
to the greater availability of sorptive sites on the surface of the sorbent. Somewhat similar 
observations were reported by Imessaoudene et al.[40]. The norfloxacin adsorption onto nat-
HAp was performed at concentration between 100 and 180 mg L–1.

Fig. 7a, b, and c show the influence of initial concentration on adsorption while maintaining 
two constant parameters. According to the response graphs, NOR’s Y (%) decreases with 
increasing initial concentration up to 100–180 mg L–1. This trend may be due to the fixed 
number of active sites on the adsorbent vis-à-vis an increasing number of NOR molecules [71] 
.

In Fig.7b, d, and e, the response surface plots reveal that NOR Y (%) increased when 
temperature decreased from 50 to 25°C, indicating that the adsorption process was exothermic, 
which we will confirm hereafter by the thermodynamic study.

3.6. Thermodynamics studies 

(c)
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Thermodynamics data provide information on the feasibility of a sorption process. Adsorption 
experiments were conducted between 25 and 55 °C. Fig.7c, e, and f illustrate the influence of 
temperature on NOR removal when two factors are held constant. These figures demonstrate 
that the elimination of NOR reduces with increasing temperature. The reduction in NOR 
removal with increasing temperature suggests that Norfloxacin is positively adsorbed by nat-
HAp at lower temperatures, indicating that the adsorption process is exothermic.

Using Equation (9), the Langmuir isotherm constant (KL) was utilized to calculate the 
thermodynamic equilibrium constant K°e for nat-HAp at various temperatures (25–55 °C) 
because this isotherm model provided the best fit for the experimental equilibrium data [72,73].

                                   (18)                                               𝐾°
𝑒 =

1000  𝐾𝐿  𝑀𝑎𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 [𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒]°

𝛾

where Madsorbate (319.33g mol–1) is the atomic mass of NOR; [Adsorbate]° (1 mol L–1) is the 
standard concentration of adsorbate; γ is the coefficient of activity of the NOR antibiotic 
solution as unitary for infinite dilution. To calculate ΔG° (standard Gibbs energy change), 
Equations (19) and (20) are used:

                                                                          (19)∆𝐺° = ―𝑅𝑇 𝑙𝑛 𝐾°
𝑒

                                                                        (20)∆𝐺° = ∆𝐻° ―𝑇∆𝑆°

where T (K) is the temperature; R (8.314 J K–1 mol–1) is the universal gas constant. The 
combination of Equations (19) and (20) has resulted in Equation (21):

                                              (21)𝑙𝑛𝐾°
𝑒 =

∆𝑆°

𝑅 ―
∆𝐻°

𝑅
1
𝑇

The plot of Ln Ke° vs. 1/T produced a straight line (Fig.9) and from the intercept and slope of 
these van't Hoff plots, the values of ΔH° (kJ mol–1) and ΔS° (J mol–1K–1) may be derived, 
respectively. Table 8 displays the thermodynamic values calculated NOR of 150 mg L–1, nat-
HAp of 1 g L–1, and pH of 7.88

Table 8. Thermodynamic parameters for adsorption of NOR onto nat-HAp

T (K)      KL

(L mg–1)

Ln Ke
° ∆G°

(kJ mol–1)

∆H°

(kJ mol–1)

∆S°

(J mol–1K–1)

298 0.1632 10.86 -26.91 -37.44 -35.34

308 0.1025 10.39 -26.55

318 0.0602 9.86 -26.20
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328 0.0420 9.50 -25.85

The negative values of ΔG° showed a spontaneous removal process. In addition, the increasing 
negative value of ΔG° as the temperature rises indicates that the removal process is 
advantageous at lower temperatures. Observe that the value of KL decreases with increasing 
temperature, and the value of ΔH° is negative; this confirms that the adsorption is exothermic, 
which is consistent with the study of the adsorption of NOR onto Mg-Al double hydroxides 
[74]. The value of ΔH° was< 80 kJ mol-1, indicating the formation of weak bonds 
(physisorption) between NOR and nat-HAp [50]. This is consistent with the suggested 
adsorption mechanism.

In addition, a negative change in entropy ΔS° implies that the elimination process is driven by 
enthalpy. During the adsorption phase, it also shows a loss of randomization at the interface 
between the adsorbent and antibiotic solution, which results in the escape of adsorbate 
molecules from the solid phase into the liquid media and explains the drop in removal 
effectiveness with rising solution temperature [75].
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Fig.9. Van’t Hoff plot for NOR adsorption on the nat-HAp material

3.7. Optimization using the desirability function and model validation
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Mathematical optimization can give each input factor and response a suitable value. Optional 
input optimizations include the minimum, maximum, target, range, and none (for responses) 
and determining the optimal output for a given set of conditions [76].

In this study, the input variables were assigned predefined ranges of values, while the response 
was intended to reach its maximum value. Under these conditions, the most excellent 
norfloxacin removal efficiency attained was 96.20 % (Fig.10) at an initial pH of 7.88, a 
norfloxacin concentration of 138.57 mg L–1, an adsorbent dose of 1 g L–1, and a temperature of 
25.06 °C.

Fig.10. Desirability ramp for optimization.

Experiments were conducted for a specific optimum medium configuration to validate the 
mathematical model created by RSM implementation. In order to validate the actual value, the 
experiment was based on these appropriate conditions. The laboratory findings yielded a value 
of 95.45%, which was quite near the optimal value obtained using RSM tools and fit well.

3.8. Desorption experiments

The results indicate that desorption efficiency found at pH 3, 5.5, 8.5, and 12, around 98.52%, 
64.86%,34.45%, and 45.78%, respectively. 
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Under extreme pH conditions (pH = 3 and pH = 12), when the surfaces of the adsorbent and 
NOR molecules have identical positive charges, adherent adsorbate molecules can desorb due 
to electrostatic repulsion [39,77]. In addition, the conspicuous presence of protons at low pH 
levels can result in the exchange of protons with positively charged NOR molecules adsorbed 
on the adsorbent surface, releasing the adsorbed NOR molecules. Observing a modest increase 
in pH value further support this hypothesis. The increase in NOR concentration in solution with 
decreased pH suggests that most antibiotic adsorption was mediated by electrostatic attraction 
[78]. As desorption cycles increased, the regenerated adsorbent's adsorption effectiveness 
declined [79]. At pH = 3, after four repeated cycles (Fig.11), the Y (%) of nat-HAp was found 
to be 64.10 %.

The nat-HAp is readily regenerated by altering the solution's pH. nat-HAp has considerable 
promise as a reusable antibiotic adsorbent that is difficult to renew, such as activated carbon 
[80].
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Fig. 11. Desorption cycles for NOR antibiotic using nat-HAp at pH =3 

3.9. Estimation of preparation cost for Nat-HAp

Energy and Cost Estimate is a thoughtful forecast of the likely cost of manufacturing that 
proposes a precise budget for the material used. The entire energy and cost required in this study 
to manufacture roughly 1 kg of nat-HAp was estimated and listed in Table 9.



31

Table 9. Energy and cost estimation for the preparation of 1 kg of nat-HAp.

Factor nat-
HAp

Bovine bone preparation ( Pre-treatment , drying 
and grinding)

Cost ($USD/1kg) 0.07

Power (W) 2500

Time consumed  
(min)

180
Calcination process 

     (pyrolyzing)

Total cost 
($USD/25.0 g)

0.25

Total cost 
($USD/1kg)

10.07

                                                                                        *Algeria tariff rates of electricity, 0.034 $USD/kWh.

 The cost for producing nat-HAp was estimated mainly based on the cost related to energy 
consumption (mainly including the bones pre-treatment, grinding, drying, and pyrolyzing costs) 
was 10.07 $USD/kg. Pyrolyzing of bovine bone leads to a potential cost-effective adsorbent for 
removing fluoroquinolone antibiotics from industrial wastewater, contributing to low-energy 
and low-cost consumption for a green sustainability.

4. Conclusion

This work studied the adsorption of NOR from aqueous solutions using natural hydroxyapatite 
derived from bovine bone by calcination at 800 °C. Response surface methodology was utilized 
to maximize the removal of norfloxacin by the nat-HAp adsorbent. Experiments were 
conducted using a statistical design based on the Box–Behnken surface with four input 
variables: initial concentration, pH, adsorbent dose, and temperature. Contact time (180 min) 
was considered a constant input parameter. With a coefficient of determination (R2) of 0.994 
and an F-value of 159.18, the second-order polynomial regression model was likewise found 
to characterize the experimental data adequately. Using the desirability function approach, the 
optimal parameters were an initial concentration =138.57 mg L–1, initial pH = 7.88, adsorbent 
dose = 0.99 g L–1, and temperature = 25.6 °C, which resulted in a maximum norfloxacin 
removal of 96.20% and desirability of 1. The Langmuir model provided the best-fitting 
adsorption isotherm, showing that adsorption occurs via monolayer coverage. The adsorption 
process is exothermic, as demonstrated by the negative enthalpy change. The kinetic studies 
indicated that the adsorption fitted the pseudo-second-order model. 
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Hydrophobic interactions, electrostatic forces, n-π electron donor–acceptor interactions, and H-
bonding primarily involved NOR adsorption mechanism over the nat-HAp. Desorption studies 
demonstrated that the adsorbent nat-HAp could be regenerated after four cycling runs with a 
removal efficiency of 64.10 %. Due to the low cost and abundance of nat-HAp, this material is 
auspicious for removing fluoroquinolone antibiotics from industrial wastewater. 
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Research Highlights

 nat-HAp produced by thermal calcination of bovine bone was used to remove NOR 
from aqueous phase.

 Optimization of process parameters using Box-Behnken design in response surface 
methodology.

 Adsorption of NOR onto nat-HAp takes place as monolayer adsorption.
 Adsorption of NOR onto nat-HAp was controlled by physisorption.
 Electrostatic, hydrophobic, H-bond and n-π electron donor-acceptor interactions were 

the main mechanisms.
 nat-HAp was still stable after four cycling runs.
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