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Abstract 

In this study, hydroxyapatite nested bundles (HNBs) were successfully constructed from 

nanosticks as nanoscale building blocks via a facile, solvothermal process without using any 

surfactant. The fabricated HNBs were structurally analyzed using X-ray diffraction and Fourier 

transform infrared spectroscopy, which confirmed the purity of the HNBs. The surface 

characteristics were determined by field emission scanning electron microscopy and Brunauer–

Emmett–Teller analysis, and the optical characteristics by ultraviolet (UV)-visible spectroscopy. 

The synthesized HNBs were tested to determine their activity during the degradation of 

methylene blue, methylene violet, and rhodamine B via photocatalysis under UV irradiation. The 

degradation efficiency of HNBs and the rate of degradation can be explained based on the 

properties of the HNBs and cationic dyes. 

Keywords: cationic, degradation, nested bundle, photocatalysis  

1. Introduction 

Modern technology has been progressing towards greater control over the structure of matter for 

millennia in order to reduce the dimensions of devices and active materials. Despite these 

developments in various fields, maintaining a clean environment is a major problem that 

humanity has faced in recent years. Water pollution is among the most important environmental 

issues, where it is often caused by industrial effluents containing dyes from the textile, paper, 

leather, dying, printing, and other industries [1]. The generation of large quantities of organic 

pollutants and toxic substances by these industries causes environmental problems, as well as 

lead to health issues that affect entire ecosystems. The presence of even a small amount of dye in 

wastewater can severely affect aquatic life [2,3] because dyes have carcinogenic, mutagenic, and 

allergenic properties [4]. Cationic dyes are more toxic than anionic dyes because of their 

synthetic origins and due to the presence of an aromatic ring structure with delocalized electrons 
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[5]. Most dyeing industries prefer cationic dyes because they are readily soluble in water and 

easier to apply to fabrics [6]. Hence, the removal of cationic dyes such as methylene blue (MB), 

methylene violet (MV), and rhodamine B (RhB) from wastewater is an environmental challenge 

due to their severe health effects on living organisms [7-9]. 

The application of nanometer-scale objects is considered as a possible solution to various 

ecological problems [10]. The vast increase in the specific surface area of nanomaterials obtained 

by scaling down to the nanoscale enhances their physical and chemical properties [11]. These 

properties usually depend on the size, morphology, specific surface area, pore size, surface 

roughness, etc., of the nanoscale materials, and they have various applications in environmental 

remediation. Thus, contaminated water can be treated with nanostructured materials that degrade 

organic dyes in an efficient manner. Hence, the production of biocompatible nanostructured 

materials with desirable morphologies using suitable eco-friendly methods for environmental 

applications is a great challenge. Among the various methods for synthesizing nanostructures, 

such as sol–gel, co-precipitation, reflux condensation, electrodeposition, and microemulsion 

approaches, the hydro/solvothermal method is an inexpensive and controllable method for 

directing structures under mild synthetic conditions [12-16]. 

Nanostructured hydroxyapatite (HAp) is a well-known biocompatible material, which has 

a wide range of applications such as catalysis, adsorption, sensing, retarding cancer cell growth, 

and drug delivery. In particular, HAp selectively adsorbs various ions, organic compounds, and 

proteins, which make it an appropriate material for water treatment [17]. For instance, the 

photocatalytic behavior of HAp with methyl mercaptane has been studied and its photocatalytic 

decomposition due to the formation of radical species under ultraviolet (UV) irradiation [18] was 

explained. The degradation of MB (62%) by HAp in oxygen saturated water was also reported 

[19] and the photocatalytic activity with dimethyl sulfide based on the crystallinity of HAp [20] 

was investigated. However, studies of the effectiveness of photocatalysis using HAp nested 

bundle (HNB) microstructures with cationic dyes such as MV and RhB have not been reported 

previously. 

Thus, in this study, we conducted the surfactant-free synthesis of HNBs from nanosticks 

as nanoscale building blocks via a solvothermal process. The structural, surface, and optical 

properties of the HNBs were characterized using appropriate techniques. We conducted 
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systematic investigations of the photocatalytic degradation of MB, MV, and RhB using the 

HNBs under UV irradiation, and determined the effective degradation efficiency. 

2. Experimental section 

2.1. Materials 

Calcium nitrate tetrahydrate (Ca(NO3)2.4H2O), diammonium hydrogen phosphate ((NH4)2HPO4), 

30% ammonia solution (NH4OH), ethanol (EtOH; C2H5OH), MB (C16H18ClN3S), MV 

(C14H12N2OS), and RhB (C28H31ClN2O3) were obtained from SDFCL, India. All of the 

chemicals were analytical grade and they were used as received. 

2.2. Surfactant-free synthesis of HNBs 

Nanostructured HNBs were produced via a solvothermal process without using any surfactant. In 

the typical route used for producing HNBs, 0.3 M diammonium hydrogen phosphate was 

dissolved in 20 mL of distilled water (DW), before adding 10 mL of EtOH slowly, and the pH of 

the phosphate solution was then adjusted to 10 using aqueous ammonia. This phosphate solution 

was then added in a dropwise manner to 0.5 M calcium nitrate tetrahydrate solution with DW 

and EtOH in the same ratio of 1:0.5. This mixture was transferred to a 75 mL Teflon-lined 

autoclave, which was sealed and heated at 180°C for 12 h in a hot air oven. The final precipitate 

was washed several times with DW and dried in an oven at 100°C before further characterization. 

 The reactions were conducted by varying the ratio of DW relative to EtOH among 1:0, 

1:0.2, and 1:0.5. The optimized nanostructured HNBs were obtained using a ratio of 1:0.5. The 

prepared HNBs were subjected to further characterization. 

2.3. Characterization of HNBs 

Structural analysis of the HNBs was performed by X-ray diffraction (XRD) using a PANalytical 

X’Pert Pro X-ray diffractometer with monochromatic high intensity Cu Kα1 radiation (λ = 

1.5406 Å) and a Brucker Tensor 27 Fourier transform infrared (FTIR) spectrometer. The surface 

morphology was analyzed by field emission scanning electron microscopy (FESEM) using an FEI 

Quanta-250 FEG field emission scanning electron microscope. Samples were gold sputtered at a 

low deposition rate before morphological examination. The surface characteristics were 

determined by generating nitrogen adsorption–desorption isotherms using an Autosorb-1 system 

(Quantachrome Instruments). The samples were outgassed at 110°C under 10–2 mm Hg for more 

than 6 h before obtaining the measurements. The pore size and pore volume of the samples were 

obtained according to the Barrett–Joyner–Halenda method, and the surface area was measured 
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with the Brunauer–Emmett–Teller (BET) method [21] by utilizing the nitrogen 

adsorption/desorption procedure. Optical studies and photocatalytic absorption measurements 

were performed using a JASCO UV-visible (Vis) spectrophotometer. 

2.4. Photocatalytic studies 

The photocatalytic activities of the HNBs were evaluated at room temperature using MB, MV, 

and RhB as model cationic pollutants, which are abundant in industrial effluents. In a typical 

procedure, 0.025 g of the photocatalyst was dispersed in 50 mL of a 2 ppm aqueous solution of 

MB. The solution was stirred in the dark to establish an adsorption/desorption equilibrium 

between the photocatalyst and the dye molecules. The solution was then illuminated by a UV 

source (λmax = 365 nm) to induce a photochemical reaction. Samples were collected at regular 

intervals and centrifuged to separate any particles before their analysis. The same procedure was 

repeated for the MV and RhB dye solutions. The concentration of the pollutant in the solution 

during the photocatalytic degradation reaction was monitored by measuring the absorbance using 

an UV-Vis spectrophotometer. 

3. Results and Discussion 

3.1. Structural analysis of HNBs 

The structure and phase composition of the HNBs were investigated by powder XRD. The 

average crystallite size and lattice parameters were also calculated using appropriate formulae. 

The XRD patterns obtained for the reaction series during the synthesis of HNBs are shown in Fig. 

1. The diffraction peaks were readily indexed to the standard JCPDS (#73-0293) for HAp. The 

peaks at 25.39°, 28.66°, 31.56°, 32.76°, 33.80°, 39.43°, 46.44°, 49.16°, 52.91°, 63.68°, and 

77.52° corresponding to the (002), (210), (211), (300), (202), (212), (401), (213), (004), (304), 

and (513) planes, respectively, indicated the crystallinity and hexagonal structure of the phase 

pure HNBs. The absence of impurity peaks or intermediate/secondary phase compounds also 

demonstrated the purity of the samples [22]. The lattice constants for the hexagonal HNBs were 

a = b = 9.4824 Å and c = 6.8927 Å, and the average grain size was calculated as 21 nm. 
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Fig. 1 XRD patterns obtained for HNBs prepared by varying the DW to EtOH ratio 
among: (a) 1:0, (b) 1:0.2, and (c) 1:0.5.  

 

 

Fig. 2. FTIR spectrum obtained for HNBs. 
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The molecular structure and bonding nature of the HNBs was validated by FTIR analysis 

in the wavenumber range of 400–4000 cm–1, and the spectrum is shown in Fig. 2. Theoretically, 

the ν1 and ν3 phosphate bands, and ν4 absorption bands observed in the regions of 900–1200 cm–1 

and 500–700 cm–1, respectively, characterized the apatite structure [23]. Intense peaks attributed 

to PO4
3– stretching and bending modes at 1041 and 569 cm–1, respectively, confirmed the apatite 

structure. The peak at 1441 cm–1 may be attributable to carbonate ions originating from 

atmospheric carbon dioxide during sample preparation [24]. The broad band at 3480 cm–1 could 

be assigned to the water adsorbed on HNBs and the transmittance peak at 1636 cm–1 was 

attributed to the bending mode of H2O. The shoulder peaks at 630 and 3570 cm–1 were the 

characteristic vibrational stretching and bending modes, respectively, of stoichiometric HAp 

[25]. The FTIR spectra also showed that no impurity peaks were present due to additives or other 

non-stoichiometric apatites, thereby demonstrating the purity of the prepared HNBs. 

3.2. Surface analysis of HNBs 

The surface investigation of nanostructured materials has a key role in determining the structural, 

optical, and surface properties of materials, which can be applied in various fields. The surface 

profile and adsorption characteristics of the HNBs were determined by FESEM and BET 

analyses.  
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Fig. 3 FESEM images of HABs prepared by varying the DW to EtOH ratio among: (a)1:0, 
(b) 1:0.2, and (c) 1:0.5; and (d) high magnification image with a ratio of 1:0.5.   

 The formation of nested bundles was observed in the FESEM images, as shown in Fig. 3. 

Series of reactions were conducted by varying the amount of EtOH in the DW–EtOH solvent 

system. The formation of HAp nanorods was observed due to initial nucleation and growth 

processes when the solvent was DW alone, as shown in Fig. 3(a). When EtOH was introduced 

into the reaction medium, the clusters of nanorods tended to form a nest-like structure (see Fig. 

3(b)). The dielectric constant and viscosity of solvents influence nucleation as well as the 

preferential direction of crystal growth [26-28]. The higher dielectric constant and lower 

viscosity of the DW favored the growth of nanorods into nanosticks, whereas the lower dielectric 

constant and higher viscosity of EtOH were responsible for the overall architecture of the HNBs 

constructed via the self-assembly of nanosticks as nanoscale building blocks in the double 

solvent system [29]. Figures 3(c) and 3(d) show the HNBs and their nanoscale building blocks, 

respectively. The formation of well-dispersed nested bundles is clearly visible in the images, 

with an average length and width of 11 and 5 µm, respectively, and with a typical aspect ratio of 

2.2. The average dimensions of the nanosticks were 1.5 µm by 20 nm. The nanosticks formed 

during nucleation acted as building blocks that self-assembled to form nested bundles with a 

unique microstructure. The EtOH mixed as a solvent with DW to act as a stabilizing agent that 

influenced the growth kinetics of the HNBs. 

 

Fig. 4 Nitrogen adsorption–desorption isotherm and pore size distribution of HNBs. 
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The nitrogen adsorption–desorption isotherms and the pore size distributions of the 

HNBs determined by BET analysis are shown in Fig. 4. The isotherms were characterized by a 

distinct hysteresis loop in the region of 0.04 to 1 P/P0. According to the International Union of 

Pure and Applied Chemistry (IUPAC), the fabricated nanostructured surfaces were 

predominantly mesoporous based on the type IV isotherms [30]. The shape of the hysteresis loop 

exhibited by the HNBs was type H3, which confirmed the mesoporous structure of the HNBs 

derived from particle aggregates with slit-shaped pores [31-33]. The calculated specific surface 

area and pore size were 31.09 m2 g–1 and 15 nm, respectively. 

3.3. Optical analysis of HNBs 

The synthesized HNBs were subjected to optical studies by UV-Vis spectrophotometry. The 

absorption spectrum and the Kubelka–Munk plot obtained for the HNBs are shown in Fig. 5. The 

absorption edge wavelength was observed at 257 nm. The optical band gap can be obtained by 

plotting hν versus (αhν)2 in the high absorption range, before extrapolating the linear portion of 

the absorption edge to find the intercept with the X-axis (energy). The optical band gap estimated 

for the HNBs was 5.1 eV, which is similar to that reported in a previous study [34].   

 

 

Fig. 5 (a) UV-Vis absorption spectrum and (b) Kubelka–Munk plot of the band gap 

determined for HNBs. 

 

 

(a) (b) 
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3.4. Photocatalytic activity of HNBs 

3.4.1. Photocatalytic studies 

HAp exhibits the selective adsorption of various organic compounds [35] where its structural, 

surface, and optical properties significantly influence its photocatalytic activity. 

Photodegradation experiments were conducted using cationic dye solutions of MB, MV, and 

RhB with and without HNBs (photocatalyst) under an UV irradiation source at room 

temperature.  

The degradation efficiency of the HNBs was calculated using the formula: 

, 

where Ao is the absorption maximum at t = 0 and A is the absorption maximum at time  

t = t min. The photocatalytic degradation of the organic dyes by the nanostructures under UV light 

followed pseudo-first order kinetics with respect to the absorption intensity of the dyes, as follows: 

, 
 

where integration yields:  

 

 
 

where  and t are the apparent reaction rate constant and irradiation time, respectively. Thus, 

the plot of t versus –ln (A/Ao) yields the slope of , which is the degradation rate constant. 

 

 

 

 

 

 

 

 

Fig. 6 Photodegradation absorption spectra obtained for MB, MV, and RhB with HNBs. 
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 The absorption spectra obtained for MB, MV, and RhB as well as their concentrations in 

solution after centrifugation when sampled at regular intervals of 30 min are presented in Fig. 6. 

Clearly, the absorption peaks of all the dyes decreased gradually as the exposure time increased 

from 0 to 210 min, thereby demonstrating the ability of the HNBs to effectively degrade various 

cationic dyes.  

The degradation efficiencies and the degradation rate constants of the HNBs with the 

MB, MV, and RhB dyes are shown in Fig. 7. The linearity of the plot of t versus –ln(A/Ao) 

suggests that the photodegradation reaction between the HNBs and the dyes followed pseudo-

first order kinetics. In addition, the degradation rate of MV was higher compared with those of 

MB and RhB. The degradation efficiency of MB and RhB reached 77–81% after UV irradiation 

for 210 min, whereas that of MV reached 91% after the same period of time. The degradation 

efficiencies and the degradation rate constants calculated for the HNBs with MB, MV, and RhB 

using appropriate formulae are given in Table 1. 

 

 

 

 

 

 

 

        

 

Fig. 7 Photodegradation using HNBs: (a) degradation efficiency and (b) degradation rate. 

 

Table 1 Photocatalytic activity of HNBs 

Photocatalyst 

 

Degradation rate (min–1) Degradation efficiency (%) 

MB MV RhB MB MV RhB 

HNBs 0.0132 0.1822 0.0154 77.05 91.40 81.40 

(a) (b) 
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3.4.2. Photodegradation mechanism 

The photocatalytic activity of a wide band gap photocatalyst under irradiation occurs when light 

with energy higher than its band gap energy creates electron–hole pairs (excitons). The 

photogenerated electron moves up to the conduction band whereas the hole drifts in the valence 

band. The photogenerated charge carriers initiate redox reactions in toxic complex dye molecules 

when adsorbed on the surface of the photocatalyst to degrade them. The positive-hole of the 

photocatalyst breaks apart a water molecule to form the hydroxyl radical (●OH) and the negative-

electron reacts with an oxygen molecule to form superoxide anions (●O2
−), hydrogen peroxide 

molecules (H2O2), hydroxyl radicals (●OH), the hydrogen dioxide anion (HO2
–), and hydroperoxy 

radicals (●HO2) [36,37]. These superoxide radicals and hydroxyl radicals then degrade the target 

pollutants. This photocatalytic cycle continues where the degradation efficiency depends on the 

nature and availability of the light source, the band gap and surface area of the photocatalyst, the 

structure of the dye molecules, and other factors. Photodegradation via the formation of 

superoxides and/or hydroxyl radicals at the HNB–dye solution interface after the production of 

electron–hole pairs by UV irradiation can be summarized as follows. 

 

HNBs + hν (>= Eg) → HNBs (e– + h+) 

HNBs (e–) + O2 → HNBs + ●O2
− 

HNBs (h+) + OH– 
→ HNBs + ●OH 

●OH/●O2
− + (MB/MV/RhB) → Degradation products (H2O + CO2) 

HNBs facilitate the degradation of dyes because of their intrinsically different surface 

reactivity (positively charged calcium-rich Ca2+ c-surface and negatively charged hydroxyl OH– 

and phosphate PO4
3– rich a-surface). When irradiated with UV light, the electron in the surface 

PO4
3– group will become excited and create a vacancy on HAp, which is transferred to the 

oxygen atoms, and this is followed by the formation of ●O2
− radicals. The superoxide radicals 

further react with water molecules to produce OH– ions, which involves the oxidation of 

pollutants adsorbed on the surface of HAp [38]. The key factors responsible for the 

photocatalytic efficiency are: (i) the recombination rate of photogenerated electron–hole pairs 

should be slowed down by smaller particles with a reduced grain boundary density and better 

crystallinity; and (ii) the higher surface area facilitates the adsorption of organic molecules by 

increasing the number of active sites, which is favorable for the reaction kinetics. The first factor 
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can be satisfied by our wide band gap [39, 40] HNBs, which we confirmed based on their 

structural and optical properties, and the second factor was demonstrated by the BET analysis, as 

shown in Table 2. 

 

Table 2 Structural, optical, and surface properties of HNBs 

Crystallite Size             
nm 

Absorption 
Peak      
nm         

Band gap          
eV Pore Size 

nm 
Specific Surface 

Area (m2 g–1) 

21 257 5.1 15 31.09 

The absorption peak of the HNBs at 257 nm indicates that our photocatalyst needs to be 

illuminated by a UV source. Moreover, the wide band gap due to the nanoscale size effect 

reduces the recombination rate for electron–hole pairs, thereby enhancing the degradation rate. 

Furthermore, the reaction mechanism indicates that the higher surface area provides more active 

sites, which enhances the adsorption of target molecules so more reactions can occur, and thus 

the photocatalytic efficiency of the HNBs is higher because both oxidation and reduction occurs 

on the surface of the photoexcited photocatalyst [41-43]. The results showed that the degradation 

of the dyes with HNBs reached up to 91%. 

3.4.2.1. Effect of irradiation time 

The relationship between the removal of different cationic dyes and the irradiation time using the 

HNB photocatalyst is shown in Fig. 6, which demonstrates the gradual decrease in the dye 

concentration as time increased. The concentration of the dyes in the solution was reduced to 77–

91% after 210 min. In fact, the formation of superoxide radicals and hydroxyl radicals increased 

over time due to the higher specific surface area [44-46] of the HNBs, which facilitated the 

degradation of the MB, MV, and RhB molecules, thereby allowing their effective photodegradation. 

3.4.2.2. Effect of cationic dyes 

The photodegradation efficiency of the HNBs using different organic cationic dyes was 

examined for 210 min under UV radiation. Basic dyes yield positively charged ions when 

dissolved in water. The hydrated cations in the aqueous phase competed effectively for the 

adsorption sites on HNBs [47], and thus the oxidation/reduction process degraded the dyes [48]. 
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The photogenerated electrons and holes could degrade most of the cationic dyes in an effective 

manner due to their high redox potentials [49]. 

4. Conclusion  

In this study, HNBs were assembled from nanosticks as nanoscale building blocks via a 

solvothermal process without using any surfactant. The phase, crystallinity, and purity of the 

HNBs were structurally confirmed by XRD and FTIR. Well-formed HNBs with an average 

length and width of 11 and 5 µm, respectively, were characterized by FESEM. The specific 

surface area and pore size of the HNBs were calculated as 31.09 m2 g–1 and 15 nm, respectively, 

by BET analysis. The optical characteristics determined by UV-Vis spectroscopy indicated the 

occurrence of absorption at 257 nm, with a band gap of 5.1 eV based on the Tauc plot. 

Furthermore, the photocatalytic activity of the synthesized HNBs was examined during the 

degradation of MB, MV, and RhB under UV irradiation. The effective degradation of 77–91% of 

various cationic dyes by the HNBs was explained in detail. 
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Highlights 

• Hydroxyapatite nested bundles (HNBs) constructed via a solvothermal method. 

• Structural, surface, and optical properties characterized 

• HNBs effectively photocatalyzed the degradation of dyes under UV irradiation. 

 


