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A novel hydroxyapatite/graphene hybrid nanocomposite (HAp/G) was developed as a competent 

adsorbent for the removal of methylene blue (MB) dye in wastewater treatment. The adsorption was 

pursued in a batch process that followed pseudo-second-order kinetics. Several techniques including 

the high resolution transmission electron microscopy (HR-TEM), energy dispersive X-ray analysis 

(EDX), X-ray diffraction (XRD), Fourier transform infrared spectrophotometry (FTIR) and Zeta 

potential (Electrokinetic potential) measurements were employed to evaluate the topography, 

composition, crystal structure, functionality and stability of the developed sorbent. The equilibrium 

concentration of MB was estimated using UV-Vis spectrophotometry. The impact of MB’s initial 

concentration, HAp/G’s dosage and solution pH on the adsorption capacity of HAp/G was 

investigated. Interestingly, superior removal efficiencies (up to 99.9%) for MB were obtained using 

HAp/G. Typically, the maximum sorption capacity (qm) of HAp/G to MB was 333.3 mg/g, which 

excelled several previously-reported achievements at other sorbents. The harmony of data fitting with 

the Langmuir isotherm was successful. 
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1. INTRODUCTION 

The urgency for sustaining abundant clean water supplies for domestic use, irrigation and 

industry is growing parallel to the global desire to switch into renewability, particularly with the rapid 

growth of world population that hampers the sole dependence on natural resources. The international 

fund for agricultural development (IFAD) projected two-thirds of the world population encountering 

stresses by water scarcity by 2025 [1]. This stimulated a sincere attention to groundwater which is 
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often less expensive, more convenient and less susceptible to pollution than surface 

(river, lake, wetland, or ocean) water. Alternatively, effort is expended intensively to remediate 

industrial effluents for useful purposes other than drinking. In this context, dyes’ manufacturing that 

constitutes the standard backbone of textile, paper, paint, rubber, plastics, leather, cosmetics, food, and 

pharmaceutical industries was challenging [2]. Discharging of colored dyes even with minute amounts 

into water streams without proper treatments may furnish water with an undesirable coloration and a 

dramatic increase in chemical oxygen demand and toxicity, particularly if these dyes degraded into 

carcinogenic adducts [3-5]. Roughly estimated, the number of available commercial synthetic dyes and 

pigments exceeds 10 thousands with a production capacity approaching 7 × 105 tonnes/year [6]. The 

problem of this massive production depicts in the significant (10–15%) loss of these dyes during 

applications in the effluent of these industries [6, 7]. The aromatic nature of synthetic dyes (highly 

water soluble), in particular, inspires a harmful impact to aquatic animals and plants; necessitating a 

proper remediation for these effluents before discharging into water bodies. In this regard, several 

biological, chemical and physical protocols has been assigned for dyes; removal in wastewater 

treatment [6]. The biological (aerobic or anaerobic) treatment involved an accumulation and a 

consequent biodegradation of these dyes on different microorganism as yeasts, fungi, bacteria and 

algae. However, this treatment was not convenient for large fluxes of industrial treatments as the dyes’ 

removal efficiency was low and depended on climate change and the reactor’s size [8]. On the other 

hand, the chemical treatment targeted a coagulation/flocculation of dyes with chemical agents to end 

up with a massive chemical sludge requiring a further remediation [9]. Alternatively, the physical 

treatments included filtration, reverse osmosis and adsorption which exhibited a superior dyes’ 

removal efficiency at cheap costs and a simple processing [10]. The adsorption technique featured, 

moreover, low sensitivity to toxic pollutants; avoiding the complications associating physical 

membrane-based technologies [11-13]. For this excellence, research is growing to develop new 

adsorbents of low cost and high effectiveness for dyes’ removal in wastewater treatment. Interesting 

sorbents included the natural and modified clay, chitosan, zeolites, fly ash, coal, paper mill sludge and 

agricultural or industrial wastes as replacements for the traditional activated carbon that typically 

required complications in manufacturing and regeneration [6]. 

Recently, hydroxyapatite (HApCa10(PO4)6(OH)2), the main inorganic calcium phosphate 

mineral component of human bones and teeth) has different potential applications in electrochemical 

deposition for biomedical aspects and in wastewater treatment owing to its greenness and simple low-

cost production with good dispersibility, high specific surface area, abundant hydroxyl groups, low 

water solubility and high stability under reducing and oxidizing conditions [14-18]. We also could 

successfully synthesize unmodified HAp nanorods and chitosan (Cs)-modified hydroxyapatite 

(HApCs) nanorods with outstanding removal’s efficiencies for heavy metal ions of cadmium and lead 

from wastewater streams [19, 20].  

Alternatively, convoying with the advanced revolution in nanoscience [21-24] and the 

innovation utilized carbon-based nanomaterials, graphene (the thinnest material in universe and the 

two-dimensional carbon sheet with one atom thickness) nanocomposites and hybrids have attracted 

increasing attention for real applications in energy, electrochemical, catalytic and environmental 

aspects [25, 26]. The diversity in graphene’s applications was inspired from the unique properties it 
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owed as the high theoretical surface area  (2630 m2/g), enhanced mobility (200,000 cm2 V−1 s−1 at 

carrier density of ~1012 cm−2), improved electrical conductivity at room temperature (106 s cm−1), high 

mechanical properties (Young’s modulus of ~1 TPa and breaking strength of 42 N m−1) and excellent 

thermal conductivity (~5000 W m−1 K−1 ) [27-31]. Environmentally, graphene composites have shown 

excellent activity for the adsorption/removal of arsenic and chromium ions from wastewater [32, 33]. 

Carbon nanotube–graphene hybrid aerogels were also very promising in the removal of organic dyes in 

water purification  [34]. Hence, we were motivated to compile the virtues of HAp and graphene in a single 

hybrid (abbreviated HAp/G) nanocomposite for the removal of organic dyes in wastewater treatments. The 

removal of methylene blue (MB  also known as methylthioninium chloride  Scheme 1) dye, which 

attends intensively in industrial waste streams was employed for marking the sorption efficiency and 

capacity of the hybrid HAp/G nanocomposite (HAp/G). 

 

 
 

Scheme 1. Methylene blue (MB). IUPAC name: 3,7-bis(Dimethylamino)-phenothiazin-5-ium chloride. 

 

 

 

2. MATERIALS AND METHODS 

2.1 Preparation and materials characterization 

All chemicals employed in this investigation including graphite powder (C, -200 mesh, 

99.9999% - Alfa Aesar), sulfuric acid (H2SO4, 95–97%, Sigma–Aldrich), sodium nitrate (NaNO3, 

99.5%, Sigma), potassium permanganate (KMnO4, 99.0%, Sigma–Aldrich), hydrogen peroxide (H2O2, 

35%, Alfa Aesar), phosphoric acid (H3PO4, Sigma–Aldrich), calcium nitrate (Ca(NO3)2.4H2O, Sigma–

Aldrich), hydrochloric acid (HCl, 38%, Sigma–Aldrich), sodium hydroxide pellets anhydrous (NaOH, 

98%, Sigma–Aldrich) and MB (C16H18ClN3S.2H2O, Rankem) were of analytical grade purity and 

were, hence, used without prior treatments.  

Graphene oxide (GO  formerly called graphitic oxide or graphitic acid) nano-sheets was 

synthesized as a precursor of graphene (G) using a modified Hummers method [35, 36]. Briefly, 5.0 g 

graphite powder was dissolved in 175 mL sulfuric acid containing 3.75 g sodium nitrate at 70oC under 

continuous stirring for 45 min (or until attaining a complete dissolution). The temperature was lowered 

below 5oC while maintaining a vigorous agitation before adding 30 g KMnO4 (as an oxidizing agent) 

slowly into the mixture. The addition of KMnO4 was controlled carefully to maintain the temperature 

below 20oC. The ice-bath was then removed and the suspension was left at 35oC for 5 h (sometimes 

left overnight) under stirring. The reaction progress accompanies a gradual thickening (brownish grey 

paste formation) of the mixture with a gas evolution. Next, 184 mL of water was slowly dropped into 
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the paste under stirring, causing violent effervescence and an increase in temperature to 98oC. The 

diluted suspension (brown in color) was maintained at this temperature for 15 min. A further dilution 

for the suspension with 560 mL warm water was maintained before adding 10 mL (5% H2O2) to 

reduce the residual permanganate and manganese dioxide to colorless soluble manganese sulfate. The 

treatment with H2O2 turned the suspension’s color into bright yellow. The suspension was centrifuged 

(in a yellowish-brown filter cake) while being warmed to avoid precipitation of the slightly soluble salt 

of mellitic acid which was formed in a side reaction. After washing the yellowish-brown filter cake 

three times with warm water and 10% HCl, the paste was dried at 50oC to obtain the dark brown 

nanosheet of GO. 

The HAp/G nanocomposite was synthesized (Scheme 2) by suspending 30 mg of the prepared 

GO in 30 mL H2O in an ultrasonic bath for 30 min before adding 0.074 g CaCl2. In a separate flask, 

0.040 g of (NH4)2HPO4 was dissolved in another 30 mL deionized (DI) water and gradually added to 

GO-containing solution maintaining the pH adjusted at 10 using 30% ammonium hydroxide. The 

mixture was then heated in a stainless steel Teflon lined autoclave at 180oC for 24 h. After that, the 

HAp/G nanocomposite was separated by successive centrifugation and washing in DI water and 

ethanol and finally by drying at 70oC overnight [37].  

 

 
 

Scheme 2. A schematic for the preparation of HAp/G nanocomposite. 
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The diversity of tools employed in this study to characterize the developed HAp/G hybrid 

nanocomposite could successfully provide a detailed overview mapping its morphology, composition, 

crystal structure, functionality and expected adsorption capacity. Morphologically, compositionally, 

and structurally, the high resolution transmission electron microscopy (HR-TEM, Tecnai G20, FEI, 

Netherland) with the attached energy dispersive X-ray spectroscope (EDX) could inspect the surface 

topography and bulk composition of the HAp/G nanocomposite revealing interesting information 

about the material’s crystallinity. In this investigation, particles were suspended onto 200 mish Cu 

grids coated with a carbon film. The bright field and diffraction pattern imaging techniques were 

employed at 200 kV using LaB6 electron source gun. The crystal phase was identified using X-ray 

diffractometer (XRD  X’Pert PRO PANalytical, Netherland) operated at 45 kV and 30 mA using 

filtered Cu Kα radiation (λ=1.5404 Å) in the 2 from 5o to 80o with high score plus software. 

Alternatively, data obtained from Fourier transform infrared spectroscopy (FTIR  Jasco 6100, Japan) 

of the developed HAp/G nanocomposite (pelletized in excess KBr) in the range of 4000–400 cm1 at 

room temperature assisted in understanding its active functionality. A Zeta potential (Zetasizer Nano S, 

Malvern Instruments, UK) measurement of HAp/G aqueous suspensions of different pH was helpful to 

monitor the electrochemical equilibrium at the interface and estimate the point of zero charge (PZC) of 

the HAp/G nanocomposite. Zeta potential was measured using a combination of Electrophoresis and 

Laser Doppler Velocimetry (sometimes called Laser Doppler Electrophoresis) techniques by applying 

an electrical field through gold-plated electrodes. Interestingly, these measurements succeeded to 

provide useful information regarding the adsorption of MB (a cationic pollutant) on the surface of the 

HAp/G nanocomposite in different media. Before measurements, HAp/G nanocomposite was 

dispersed in DI water (Milli-Q Millipore, Billerica, MA, USA) and the pH was adjusted using NaOH 

and HCl, to leave the suspension under ultrasonication (SB-120DTN, Taiwan) for 10 min.  

 

2.2 Sorption study 

2.2.1 Determination of the sorption capacity 

The batch equilibrium technique was employed at room temperature. Different concentrations 

of MB solutions were prepared in DI water. Typically, a fixed amount of HAp/G nanocomposite was 

added to 100 mL of MB solution after a pH adjustment. The mixture was next shaken (Shaker, 

Heidolph, Unimax 1010, Germany) at 350 rpm for different durations. The (HAp/G) sorbent was then 

filtered by a 0.4 μm syringe filter to pass the MB-containing filtrate for UV-Vis-NIR 

spectrophotometric (Cary 5000, Varian, England) analysis at an excitation wavelength of 633 nm. The 

equilibrium sorption capacity (qe, mg g1) of HAp/G, which is defined by the equilibrium amount (mg) 

of MB dye adsorbed per gram of sorbent was calculated using the general equation [38]: 

       (1) 

where Co and Ct are the MB concentrations (mg L1) in solution before and after adsorption, V 

is the solution volume (L) and M is the amount (g) of the sorbent employed in the adsorption 

experiment.  

Also the removal efficiency, R, was calculated using the following equation: 
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 100 %      (2) 

 

2.2.2 Kinetics of adsorption 

The kinetic progress of sorption processes was monitored by adding 0.05 g of HAp/G to 100 

mL MB (200 mg L1) solution and the mixture was shaken at room temperature for different durations 

(5–120 min). The same processing of separation and analysis was employed to estimate the sorption 

capacity (qt, mg g1) as a function of contact time (t, min) to represent the data according to pseudo-

second-order reaction kinetics (Eq. 3) and evaluate qe and the sorption rate constant (k, g mg1 min1). 

      (3) 

 

The sorption rate h (mg g1 min1) was also calculated using the following equation [39]: 

       (4) 

 

2.2.3 Effect of initial MB concentration 

The influence of the initial MB concentration on the adsorption kinetics was also investigated 

where HAp/G (0.05 g) was added to aqueous MB containing solutions of various concentrations (25, 

50, 100, 200, 300 and 500 mg L1) commencing the same processing of separation and analysis. The 

Langmuir adsorption isotherm was then employed to understand the adsorption mechanism [40]. 

Langmuir isotherm proposes a monolayer adsorption of solutes on identical (same energy) active sites 

of heterogeneous surfaces according the following equation: 

                     (5) 

where qm (mg g1) is the maximum sorption capacity and b (L mg1) is the Langmuir constant 

which correlates to the adsorption energy [40]. 

 

2.2.4 Effect of pH and sorbent dosage  

The effect of pH (3–11) and the sorbent dosage (0.01 – 0.15 g) on the sorption capacity were 

evaluated to attain a convenient optimization for the sorption process. 

 

2.3 Regeneration 

The regeneration process of the HAp/G hybrid nanocomposite was sought by the end of the 

sorption experiment in order to dissolve MB dyes so that the composite may long-last executing the 

removal process. In this experiment, 0.1 g of HAp/G was added to 100 mL MB solution (200 mg L1, 

pH = 5.5) under a continuous shaking for 90 min. The sorbent (HAp/G) residue was washed with 

deionized water and added to 200 mL Ca(NO3)2·4H2O solution (pH = 3.0) [41] and the mixture was 
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left for 2 h under magnetic stirring. After centrifugation, 0.08 g of this residue was dried and added to 

80 mL 200 mg L1 MB solution (pH = 5.5) and the mixture was shaken for 90 min before measuring 

the MB’s equilibrium concentration.  

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Materials characterization 

Typical TEM images of GO and HAp/G crystals are shown in Fig. 1A and B. The as-

synthesized GO appeared in large two-dimensional nanosheets. In agreement with previous 

investigations, the GO nanosheets (Fig. 1A) were not perfectly flat but exhibited intrinsic roughening 

and out-of-plane deformations (wrinkles) with one or few layer sheet structure [42, 43]. The 

multilayered structure in GO may represent the parts that either have not been fully exfoliated or have 

restacked together due to capillary, electrostatic interaction and the Van der Waals forces during the 

dispersion process [42, 43]. Figure 1B, on the other hand, evokes a perfect distribution of 

hydroxyapatite mostly in nanorods (ca. 5 nm in diameter and 20-50 nm in length) on graphene 

nanosheets; allowing the formation of a stable HAp/G hybrid nanocomposite (of a large surface area) 

compiling, hopefully, the unique physical, chemical and mechanical properties of graphene and 

featuring the high adsorption capacity of HAp. Figure 1C represents the selected area electron 

diffraction (SAED) pattern from the monolayer region of the GO film (Fig. 1A). Strikingly, clear 

diffraction spots were observed; recommending a highly crystalline 6-fold pattern consistent with a 

hexagonal lattice (spots could be labeled according to the Miller-Bravais hkil notation) [44]. 

Alternatively, the SAED pattern of HAp/G composite (Fig. 1D) exhibited polycrystalline diffraction 

rings where spots identifying the (002), (121), (030), (112) planes of HAp crystals could only be 

observed. The high resolution TEM image for HAp in the HAp/G composite (Fig. 1E) appeared highly 

crystalline with d-spacing (between the columns of atoms) of 2.81, 3.08 and 3.42 oA. This agreed well 

with the XRD results (JCPDS no.00-064- 0738) of highly crystalline HAp. The EDX analyses in Fig. 

1F estimated the relative elemental composition of the bulk materials of GO and HAp/G. In case of 

GO, only the carbon and oxygen peaks appeared. However, for HAp/G, the carbon, oxygen, calcium 

and phosphorus peaks appeared with a stoichiometric ratio of Ca/P equal to 1.67; exactly in the same 

starting preparation ratio to infer a successful optimized HAp’s preparation. Comparing the EDX 

analyses also highlighted the enrichment of HAp/G composite with oxygen from the hydroxide and 

phosphate groups of HAp. This can definitely influence the hydrophilic nature and surface charging of 

the composite in different electrolytes.  
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Figure 1. TEM images of GO (A) and HAp/G (B),  Selected area electron diffraction patterns for GO 

(C) and HAp/G (D), HR-TEM image of HAp on HAp/G composite (E) and comparative EDX 

analyses of GO and HAp/G (F). 
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The as-prepared GO and HAp/G nanocomposite were subjected to XRD analysis in order to 

inspect their crystallography. The XRD pattern of GO in Fig. 2 indicates, interestingly, a single 

diffraction peak at 2 of 11.05°, which was assigned to the (0 0 1) plane of GO with interlayer spacing 

d (0 0 1) = 0.817 nm [45]. On the other hand, the diffraction pattern of HAp/G composite exhibited 

several diffraction peaks at 2 of 25.95°, 31.76°, 32.20°, 32.96°, 46.72° and 49.53°, corresponding, 

respectively, to the (0 0 2), (1 2 1), (1 1 2), (0 3 0), (2 2 2) and (1 2 3) crystal planes of HAp (JCPDS 

card No.00-064- 0738). This suggested precisely the high crystallinity of HAp in the HAp/G 

composite. Surprisingly, the diffraction peak of graphene which typically appears at 2  of 25.3° was 

missing perhaps due to the amorphous nature of graphene that imparted a weakness and broadness for 

this peak; hiding it within the perfectly crystalline diffraction pattern of HAp [46]. Hence, if one 

compared the diffraction patterns of HAp/G and pure HAp [19, 20], they would look similar. The 

superior scattering strength of HAp compared to graphene may also account for missing the diffraction 

pattern of graphene in the HAp/G composite [47].  

 

 
 

Figure 2. XRD diffraction patterns of GO and HAp/G. Samples were prepared as described in the 

experimental section. 
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The FTIR spectroscopy was further employed to interpret the functionality fnctioanlity of the 

as-prepared nanocomposite. For referencing, the FTIR spectrum of GO in Fig. 3 indicated the presence 

of a major peak at ca. 3400 cm−1 corresponding to the symmetric stretching vibration of absorbed 

water molecules and surface – OH vibration of surface carbocyclic rings [48]. It also depicts the 

existence of different oxygenated bondings in relevance to the absorptions retained reatined at 1729, 

1220 and 1053 cm1 which could likely be assigned to the C=O, C−O (epoxy) and C−O (alkoxy) 

stretching vibrations, respectively [49]. In addition, the strong peak at 1625 cm1 corresponded to the 

sp2 hybridized C=C stretching vibration of the unoxidized graphitic domains or the bending vibration 

of the absorbed water molecules [50]. All these vibrations have proven the abundance of carboxyl, 

hydrophilic hydroxyl and epoxide groups in GO [51]. On the other hand, the FTIR spectrum of HAp/G 

composite displayed a noticeable decrease in the intensity of oxygenated bands which concured 

concurred with the reduction of GO. The disappearance of the C=O peak at 1729 cm−1 of GO in the 

HAp/G composite reinforced this assumption. The intense peaks at 566 and 601 cm1 in the HAp/G 

composite compiste corresponded to the bending vibration of the O−P−O in the PO4
3− groups [52]. 

The featured band at 1623 cm−1 arising from the C=C stretching vibration of the graphene layer 

backbone [53]. The asymmetric stretching vibrations of P−O bonding in the PO4
3− groups at 1092 and 

1035 cm−1 confirmed the succesful successful formation of HAp [54]. The appearance of most 

characteristic absorption peaks of HAp and graphene in the absorbtion absorption spectrum of HAp/G 

suggested the successful formation of the HAp/G hybrid composite. 

 

 
 

Figure 3. FTIR spectra of GO and HAp/G. Samples were prepared as described in the experimental 

section.  
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The materials characterization continued to evaluate the PZC of the HAp/G nanocomposite in 

aqueous solutions which denotes the pH at which the nanocomposite exhibited zero net electrical 

charge at the surface. With Zeta-potential (electrokinetic potential) measurements (Fig. 4), the PZC of 

the HAp/G nanocomposite in aqueous solutions was 2.3. Now, at pH lower than 2.3, the HAp/G 

composite is expected to carry a positive charge, and the opposite (carrying a negative charge) is true 

at pH higher than 2.3. Understanding the nature of binding MB to HAp/G will definitely consider these 

charging domains,; and the adsorption capacity is expected to vary accordingly. Recalling the 

classification of MB as a cationic dye predicts a removal superiority at the HAp/G composite at high 

pH values (where the composite’s surface is negatively charged) which is driven electrostatically [55]. 

On the other hand, below pH of 2.3 (the adsorbent is positively charged), the MB’s removal may 

proceed according to a cation exchange mechanism. 

 

 
 

Figure 4. Zeta-potential measurements for (0.1 w/v %) HAp/G suspension in water at different pH and 

25oC. 

 

3.2 Sorption study 

3.2.1 Effect of contact time 

The adsorption isotherm of MB on HAp/G nanocomposite is displayed in Fig. 5A in a batch 

experiment using 0.05 g HAp/G and an initial MB concentration of 200 mg L1 at pH of 5.5 and room 

temperature. It indicates a fast early (within ~ 20 min) removal of MB followed by a much slower step 

before reaching equilibrium. A contact time of 3 h was enough to saturate the HAp/G’s surface with 

MB. The rate of MB sorption on the HAp/G’s surface was estimated using the linear form of a pseudo-

second-order kinetic model (Fig. 5B). With this treatment, the pseudo-second-order constants (k, qe, 
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and h) of HAp/G could be estimated using equations 3 and 4 (see Table 1). Interestingly, the pseudo-

second-order kinetic model was ideal for the adsorption of MB on HAp/G nanocomposite with a 

regression coefficient approaching almost one [56]. This may infer that the overall removal process of 

MB at the HAp/G composite was mainly controlled by the adsorption step.    

 

  
 

Figure 5. Kinetics of MB (200 mg/L) adsorption on 0.05 g HAp/G composite (A) and a linear fitting 

of experimental data using pseudo-second-order kinetic model (B). 

 

Table 1. Pseudo-second-order kinetic data of methylene blue sorption on HAp/G nanocomposite. 

 

Sorbents k(g/mg.min) qe(mg/g) h(mg/g.min) R2 

HAp/G 0.340 285.714 98.039 0.999 

 

3.2.2 Effect of initial MB concentration 

The investigation is steered next to investigate the impact of the MB’s initial concentration on 

the sorption kinetics. Several solutions containing different concentrations of MB were involved in the 

sorption experiment with 0.05 g HAp/G and the regular procedure to estimate qe was followed. Figure 

6 indicates a significant increase in qe of MB at the HAp/G composite with the initial MB 

concentration. Interestingly, qe jumped from 49.9 to 332.0 mg/g with increasing the initial MB 

concentration from 25 to 500 mg L1. Typical adsorption isotherms usually correlate a dependence of 

the equilibrium concentration of adsorbate (as MB) at the surface of adsorbent (HAp/G) with its 

equilibrium concentration in the bulk solution. That may explain the observed increase in qe with the 

initial concentration of MB. High concentrations of MB may support a favorable mass diffusion of MB 

to active adsorption sites of HAp/G composites to ultimately increase qe. However, surprisingly, the 

removal efficiency of MB at the HAp/G composite did not follow the same pattern. Superb removal 

efficiency (almost 100 %) was achieved for solutions containing MB’s initial concentrations less than 

50 mg L1. The efficiency decreased with the MB’s initial concentration to reach 33 % in solutions 
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containing 500 mg L1 MB. Actually, Eq. 2 is able to predict this contradiction where the removal 

efficiency depended inversely on the initial concentration as it depended directly on qe. However, it 

seems the increase in qe accompanying the increase in the MB’s initial concentration could not surpass 

its associated influence to decrease the removal efficiency. This rationalization assumes the availability 

of abundant active sites at the HAp/G composite for adsorbing MB. However, if this was not valid and 

the active sites were deficient (particularly if a small amount of HAp/G composite was employed), a 

quick saturation of HAp/G composite with MB would happen. That would pertain a superior removal 

efficiency (approaching 100 %) at low MB’s initial concentrations which would decrease accordingly 

by increasing the MB’s initial concentration for lacking sufficient active sites for adsorption [57]. 

Being the sorption process of MB on HAp/G reversible will add more complications for addressing the 

role of the initial concentration of MB on the removal efficiency. 

 

 
 

Figure 6. Effect of the MB’s initial concentration on the equilibrium sorption capacity and removal 

efficiency of MB by the HAp/G composite (pH=5.5, adsorbent dosage=0.05 g). 

 

Kinetically, the sorption process was modeled with Langmuir isotherm (Eq. 5) [58]. Langmuir's 

arguments was completely fitted with our experimental results (R2=0.99); considering a monolayer 

adsorption process in heterogeneous systems and assuming the participation of definite active sites in 

the sorption process with 1:1 ratio. It also ignores interactions between neighboring adsorbates 

regardless of their overall surface coverage. Figure 7 shows the relation of Ce/qe as a function of Ce 

according to Langmuir isotherm from which qm was calculated to be 333.3 mg/g, while Langmuir 

constant (b) was 0.11 L/ mg. The maximum sorption capacity (qm), represented the monolayer 

coverage of HAp/G with MB [59]. Table 2 providing a simple comparison of qm of MB at HAp/G and 
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at other sorbent materials indicates a comparative superiority of HAp/G toward MB removal [60-69].  

 

 
 

Figure 7. Langmuir sorption isotherm for the adsorption of MB onto HAp/G (pH=5.5, adsorbent 

dosage=0.05 g). 

 

Table 2. Comparison of sorption capacities for MB with various sorbents. 

 

Sorbents 
Adsorption capacity, 

qm (mg/g) 
Reference 

Graphene-carbon nanotube 65.79 [54] 

Chitosan–clay composite 259.80 [55] 

NaOH treated diatomite 27.86 [56] 

Graphene oxide/calcium alginate composites 181.81 [57] 

Jiangsu palygorskite (JSHS) 158.03 [58] 

Defatted algal biomass (DAB) 7.73 [59] 

Keratin nanofibrous membranes 170.00 [60] 

Montmorillonite clay modified with iron oxide 

(MtMIO) 
71.12 [61] 

Vegetal fiber activated carbons 33.70 [62] 

Date Palm Leaves Powder (DPLP) 58.14 [63] 

Hydroxyapatite/graphene nanocomposite 333.30 Present work 

 

3.2.3 Effect of pH 

The influence of pH on the sorption process of MB on HAp/G was studied as a function of pH 

(311) (see Fig. 8). As we mentioned early, changing the pH is expected to influence the bonding 

mechanism and the sorption capacity of MB on HAp/G nanocomposite by changing the electrical 
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surface charge of HAp/G composite. It might also affect the number of active sites available for this 

adsorption process [70]. In this investigation, the MB uptake increased much with pH. This can likely 

be described in view of a mutual competition between protons (H+) and the cationic functional groups 

of MB for the participation on the sorption process on HAp/G. At low pH, protons are plenty and they 

could occupy a large number of active adsorption sites of HAp/G to leave few sites available for MB’s 

removal. The accommodation of protons at the HAp/G composite impart a cumulative positive charge 

at the surface which induces an electrostatic repulsion with cationic groups of MB; reducing the 

sorption capacity [71, 72]. On the other hand, at high pH, the proton competition disappears and the 

HAp/G acquires a negative electrical charge that drives electrostatically the attraction with positively 

charged groups of MB to increase the MB’s removal efficiency [73]. This was very much consistent 

with the zeta potential measurements that recommended a pH of 2.3 as the PZC. Below this pH, the 

HAp/G’s surface will be positively charged, which encounters the sorption process of cationic dyes as 

MB. Above pH of 2.3, the opposite occurs and the sorption of MB will be enhanced at the HAp/G 

nanocomposite.     
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Figure 8. Effect of pH on the sorption capacity of MB by HAp/G composite (initial concentration 200 

mg/L, adsorbent dosage 0.05 g). 

 

 

 



Int. J. Electrochem. Sci., Vol. 13, 2018 

  

8237 

3.2.4 Adsorbent dosage 

 
Figure 9. Effect of adsorbent dosage of HAp/G on the MB’s uptake and removal efficiency (initial 

MB’s concentration was 200 mg/L, pH=5.5). 

 

Optimizing the HAp/G dosage involved in the sorption process is also important to minimize 

the chemicals added in wastewater treatment. Figure 9 aims at elucidating the impact of the HAp/G 

dosage on the adsorption uptake. As anticipated, the MB sorption increased rapidly with the HAp/G 

dosage perhaps due to the corresponding increase of the active sites available for the MB removal. 

Interestingly, 0.15 g of HAp/G could impart an MB’s removal efficiency of 92%. Although the MB 

removal efficiency increased with the HAp/G dosage, the sorption capacity, which normalizes the MB 

uptake to the HAp/G dosage, decreased [40]. Therefore, one should customize the process to obtain the 

highest possible removal efficiency for MB with the least amount of the HAp/G dosage. 

 

3.3 HAp/G’s regeneration 

Of the important features of proper sorbents is its ability to be regenerated easily. The 

regeneration of HAp/G after adsorbing MB was sought in Ca2+ containing acidic solutions (pH=3) 

principally to get rid the adsorbed MB and to compensate dissolved calcium ions which ultimately 

reactivated the HAp/G composite for further processing. Promising results with a recovery 

approaching 69% was obtained. Research is still running to improve this efficiency. We believe the 

varying the composition and temperature of the regeneration solution together with allowing the 

regeneration to last longer will definitely improve the regeneration efficiency.  
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4. CONCLUSION 

This investigation highlights the effectiveness of hydroxyapatite/graphene (HAp/G) hybrid 

nanocomposite in the adsorptive removal of methylene blue (MB) dye from aqueous solutions in 

wastewater treatments. The adsorption process was investigated as a function of the contact time, 

initial MB’s concentration, pH and sorbent dosage. The kinetics of the sorption process could be fitted 

to a pseudo-second-order reaction model where the sorption capacity of MB by HAp/G nanocomposite 

increased with the initial MB’s concentration. Langmuir adsorption isotherm has been employed to 

evaluate the adsorption behavior, where a maximum adsorption capacity for HAp/G of 333.3 mg/g was 

obtained. Interestingly, the MB sorption by HAp/G increased with pH and HAp/G dosage while the 

sorption capacity decreased with the HAp/G dosage. Fortunately, a regeneration efficiency of 69% 

could be achieved for the HAp/G after the adsorption process by treating it in Ca2+ containing aqueous 

slightly acidic solutions.  
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