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a b s t r a c t
The hydroxyapatite (HAp) was conjugated on carboxylated graphene nanoplatelets (Gra-C to 
GHAp) or multi-wall carbon nanotubes (CNT-C to CHAp) by its in-situ synthesis using the 
wet-chemical precipitation method, to increase their surface areas and, thus, negatively-charged 
active sites for adsorption of cationic pollutants as dyes from a water solution. Various character-
ization techniques have been utilised for the analysis of crystallinity, bulk and surface chemistry, 
as well as the morphological structure of synthesized nanocomposites, while Rhodamine 6G was 
used in adsorption experiments as target pollutant to study. The results show much higher adsorp-
tion capacity (90 mg g–1) for GHAp, compared to CHAp (59 mg g–1) or their original counterparts 
(6.5 mg g–1 for HAp, 25 mg g–1 for Gra-C, 20 mg g–1 CNT-C), be related to quantitatively higher 
electrostatic attraction of dye molecules with the surface located carboxylic and phosphorus groups 
from Gra-C and equally distributed HAp particles, respectively, resulting to a monolayer adsorption 
capacity and heterogeneous sorption. Pseudo-second-order kinetic and Freundlich isotherm model 
are revealed to be the best described their adsorption behavior. The reusability of nanocomposites 
was also confirmed by up to 77% of adsorption efficiency after three repeated desorption and regen-
eration cycles, indicating them as a promising adsorbent for dyes removal from wastewater.
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1. Introduction

The estimated annual production of commercially avail-
able dyes is approximately 7 × 105 t, being used widely in 
the synthesis, printing, textile, pulp mill, food and cosmetic 
industries [1]. Most of the dyes are environmentally toxic, 
and some of their products have a mutagenic or carcino-
genic influence on human beings [2,3]. Dye decolourization 
is, thus, still the most studied by using different methods, 
such as biological treatment [4,5], chemical oxidation [6,7], 

coagulation/flocculation [8,9], ion exchange [10,11], mem-
brane separation [12,13] and adsorption [14–16]. However, 
except for the adsorption method, almost all of them have 
relatively high operating costs and a secondary sludge dis-
posal problem.

Various adsorbents, such as rice husk [17,18], agricul-
tural peel [19–21], cellulose [22,23], and activated carbon 
[24–26], have thus been studied for adsorption of dyes 
from aqueous solutions. Among them, carbon nano-
tubes (CNTs) and graphene nanoplatelets represent new 
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emerged carbonaceous nanomaterials, the characteristic 
molecular structures of which make them interact strongly 
with organic molecules via non-covalent forces (such as 
hydrogen bonding, π–π stacking, electrostatic and van der 
Waals forces), and hydrophobic interactions [27,28]. Their 
nanosized structures also endow them with rapid equi-
librium rates, high adsorption capacity, and effectiveness 
over a broad pH range [29,30]. High adsorption capacity 
(270.27, 243.90, and 188.68 mg g–1) of activated carbon (AC), 
graphene oxide (GO) [31] and CNTs [32–34] for methylene 
blue dye, respectively, were thus shown to be not only due 
to the large surface area of the particles but also due to 
π–π electron donor-acceptor interactions and electrostatic 
attraction of oppositely charged adsorbate − adsorbent 
species, which is governed by the pH and temperature of 
the medium [33–35]. Along with this, various graphene 
composites are studied for effective removal of dyes, like 
magnetic graphene [36,37], chitosan-GO [38] and magnetic 
cellulose/GO [39].

Calcium hydroxyapatite (HAp), Ca10(PO4)6(OH)2, is ano-
ther low cost and highly stable inorganic material, whose 
structure, ion exchange capacity, adsorption affinity, and 
capacity to bond with organic molecules, have attracted 
much attention in the last decade [40]. The adsorption of 
heavy metals such as Pb2+, Cu2+, Co2+and Cd2+ from aqueous 
solutions on HAp has been attributed to the ion exchange of 
Ca2+ on the HAp by the metal cation in the solution [41–43]. 
HAp and its nanocomposites, such as for example, HAp-GO 
[44] and Ag-doped HAp [45] were also studied as adsor-
bents for dyes from wastewater, yielding up to 554 mg g−1 
capacity. Recently, graphene sheets were functionalised with 
HAp through chemical precipitation, without [24,26] or 
with dopamine pre-polymerization [25], followed option-
ally by plasma sintering [27], in order to increase their reac-
tivity. In-situ chemical vapor deposition was also used to 
prepare CNT-HAp nanocomposites [24,25], however, with 
poor interfacial interactions between the CNTs and HAp, 
resulting in an unsatisfactory load transfer from the matrix 
to the CNTs [26].

In this study, differently structured and carboxylated 
graphene (Gra-C) nanoplatelets and multi-wall carbon nano-
tubes (MWCNT-C) were used for surface modification with 
HAp, being synthesized in-situ in the presence of nanoma-
terials by the wet precipitation method and using different 
molar concentrations of calcium nitrate and di-ammonium 
hydrogen phosphate as HAp precursors. The prepared 
nanocomposites were well characterised relating to the 
structure, crystallinity and surface properties (charge and 
morphology), before being used for investigation of cationic 
Rhodamine 6G.dye removals as a function of initial pH, dye 
concentration, dosage and contact time. The reason for the 
selection of Rhodamine 6G as target adsorbate because its 
exposure can cause several acute and chronic health hazards. 
The possible routes of exposure may be inhalation, inges-
tion, skin contact, eye contact. Hence may cause irritation to 
respiratory tract, toxic effects exerted upon nervous system 
particularly optic nerve, symptoms of overexposure may 
include headache, nausea, blurred vision, vomiting, blind-
ness, coma and death. The kinetic and isotherms models are 
also used to evaluate the maximum adsorption capacities 
and rate of adsorptions.

2. Experimental

2.1. Materials

Di-ammonium hydrogen phosphate ((NH4)2HPO4), cal-
cium nitrate tetrahydrate (Ca(NO3)24H2O), ammonia solution 
25% (NH4OH), hydrochloric acid (HCl), sodium hydrox-
ide (NaOH), and Rhodamine 6G dye were purchased 
from  Sigma-Aldrich chemicals (Germany). Carboxylated 
graphene nanoplatelets (20–30 nm, grade of 4.99%) and car-
boxylated multi-wall carbon nanotubes (20–30 nm, grade of 
6.99%) were purchased from Cheap Tubes Inc., (USA). The 
chemicals were used as received. MilliQ water of 18.2 MΏ 
was used throughout the experiments.

2.2. Synthesis of hydroxyapatite (HAp)

HAp is synthesized by using the wet chemical pre-
cipitation method in which calcium nitrate tetrahydrate 
(Ca(NO3)4H2O) and di-ammonium hydrogen phosphate 
((NH4)2HPO4) were used as precursors. The molar con-
centrations of the above materials were maintained so as to 
have the ratio of Ca/P of 1.67 [46]. The precipitation procedure 
is carried out by dropwise addition of 0.6 M di-ammonium 
hydrogen phosphate into 1 M calcium nitrate tetrahydrate 
solution, under constant stirring of 150 rpm at 80°C for 4 h, 
followed by ageing for about 24 h. The white precipitates 
are then washed 3–4 times with MilliQ water to remove 
the rest of the precursors, and dried in an air oven at 100°C.

2.3. Synthesis of graphene and MWCNT based HAp 
nanocomposites

50 ml of 1 or 0.5 M calcium nitrate tetrahydrate solution 
is added dropwise to 0.01 g of carboxylated graphene 
(Gra-C) and MWCNT (CNT-C) suspensions, respectively. 
The solutions were stirred for nearly 30 min before 50 ml 
of 0.6 or 0.3 M di-ammonium hydrogen phosphate solution 
was added at 80°C and pH of 11, being adjusted with ammo-
nia solution. The synthesis was carried out under constant 
stirring of 150 rpm at 80°C for 4 h, followed by ageing for 
about 24 h. Finally, the precipitates are filtered (Whatman 
filter paper no. 42), washed 3–4 times with MilliQ water 
to remove the excess of precursors and ammonia, and 
dried in an air oven at 100°C. The experimental parameters 
are listed in Table 1, while the formation of composites is 
shown in Fig. 1a.

2.4. Characterization

The crystalline structure of the samples is evaluated by 
X-Ray Diffraction (XRD) analysis using a Rigaku MiniFlex2 
(Germany) diffractometer with a scanning rate of 2°/min 
and a Cu Kα radiation source (λ = 1.54 Å) operating at 40 kV 
and 30 mA for a range of diffraction angles (2θ) between 
5°–60°. The crystallite size of HAp at the (002) plane [46] is 
calculated by Scherer’s equation, and the interplanar dis-
tance (dhkl) as a function of a = b and c for a hexagonal lattice:

D k
=

λ
β θcos

 (1)
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where D is the average crystallite size, β is the full width 
of the peak at half of the maximum intensity (rad), λ is the 
wavelength of X-ray radiation (1.54 Å), and k is a constant 
related to the crystallite size of the HAp.

Fourier transform infrared (FTIR) spectroscopy is 
recorded to identify the functional groups and surface 

chemistry of the adsorbents using a Perkin-Elmer spectrum 
one FTIR spectrometer (UK) with a Golden Gate ATR attach-
ment and a diamond crystal. The spectra were carried out at 
ambient conditions from accumulating 16 scans at a 4 cm–1 
resolution over a region of 4,000–650 cm–1, and with air spec-
trum subtraction performed in parallel as a background. The 
Spectrum 5.0.2 software programme was applied for the data 
analysis. All the measurements are carried out in duplicate.

The structure and morphology of the adsorbents were 
characterised by using a low-vacuum scanning electron 

 

(a)

(b )
 

Fig. 1. Proposed mechanism (a) for in-situ synthesis of GHAp nanocomposite by the wet chemical precipitation method and 
(b) possible interactions of Rh 6G dye molecule with HAp, Gra-C and CNT-C.
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microscopy (SEM) (FEI Quanta 200 3D, Thermo Fisher, USA). 
The pieces of dried samples were sputter-coated with gold 
before being examined up to three times using back-scattered 
modes and secondary electron (SE) modes at different magni-
fications up to 1,00,000 times. A high-vacuum field-emission 
SEM FEI Sirion NC 400 with back-scattered electron detector 
was used within a magnification range of 250–2,00,000 times.

A Malvern Zetasizer Nano-ZS instrument and dispos-
able DTS 1060C zeta-potential cells (Malvern Instruments 
Ltd., Malvern, UK) were used for determining the zeta-po-
tential of the adsorbent particles in a water suspension of 
0.05% (w/w) at a temperature of 20°C ± 0.2°C. An applied 
voltage of 50 V was used. The zeta potential was determined 
at pH from 3 to 11 by adjusting the pH of the solution with 
0.1 M HCl and 0.1 M NaOH, respectively. An average of 
three measurements was calculated.

The X-ray photoelectron spectroscopy (XPS or ESCA) 
analyses were carried out on the PHI-TFA XPS spectrom-
eter manufactured by Physical Electronics Inc., (USA). 
Samples were mounted on a metallic sample holder and 
introduced in the ultra-high vacuum spectrometer in the 
range of 10–9 mbar. The analysed area was 0.4 mm in diam-
eter, and the analysed depth was about 3–5 nm. Sample 
surfaces were excited by X-ray radiation from a monochro-
matic Al source at a photon energy of 1,486.6 eV. The sur-
vey wide-energy spectra were taken over an energy range 
of 0–12,400 eV with a pass energy of the analyser of 187 eV 
in order to identify and quantify elements present on the 
surface. The high-energy resolution spectra were acquired 
with the energy analyser operating at a resolution of about 
0.6 eV and pass energy of 29 eV. The accuracy of binding 
energies was about ±0.3 eV. Quantification of surface com-
position was performed from XPS peak intensities, taking 
into account the relative sensitivity factors provided by the 
instrument manufacturer. Two-three measurements were 
performed on each sample and the average composition was 
calculated. The relative error in composition was estimated 
to be about 20% of the reported concentration. It originates 
from not well-known relative sensitivity data and from the 
heterogeneous surface composition. Although during XPS 
analyses a low energy electron beam was used for charge 
compensation, there was a shift of a few eV of XPS spectra 
due to charging of the HAp treated materials. Therefore, the 
spectra were calibrated on the energy scale, setting the Ca 
2p3/2 peak at 247.2 eV, characteristic for a HAp compound.

2.5. Rhodamine 6G dye adsorption study

Adsorption experiments were carried out in batches 
using 0.1 g L–1 as a stock solution, prepared by dissolving 

Rhodamine 6G in deionised water. Experiments are car-
ried out in 100 mL Erlenmeyer flasks containing 40 mL of 
Rhodamine 6G solution of different concentrations (5, 10, 
20, 30, 50, and 75 mg L–1) and the same amount (0.01 g) 
of sorbents, at 150 rpm using a rotary shaker. The initial 
pH of the solution was adjusted to 9.0 by adding small 
amounts of 0.1 M NaOH solution. The concentration of 
Rhodamine 6G in a solution, before and after adsorption, 
is determined at different time periods by optical absorp-
tion evaluated at 526 nm using a plate reader equipped 
with a Tecan UV-Vis spectrophotometer. The average val-
ues, as well as the standard deviation of the mean values, 
were calculated from at least four individual measure-
ments. The removal of Rhodamine 6G in the percentage, 
and as a per unit of sorbent dry weight, is calculated by the 
following equations [46,47]:

q V
M
C Ce i= −( )0  (3)

%Removal =
−( )

×
C C
C

i0

0

100  (4)

where qe is the maximum adsorption limit at equilibrium 
(mg g–1), V is the volume of dye solution (L), C0 is the initial 
dye concentration in a solution (mg L–1), Ci is the final concen-
tration of dye in a solution (mg L–1), and M is the weight of 
adsorbent (g). The adsorbent dosage (0.25–2 g L–1) and solu-
tion pH (2–9) were studied along with the above-mentioned 
initial concentration parameter.

For desorption, the dye adsorbed adsorbents were dis-
persed in a methanol solution containing 4% acetic acid. 
After desorption, the clear supernatant solution was collected 
and the percentage of dye desorption (De%) was calculated 
using the following equation [47]:

De
Dye desorbed mg L

Dye adsorbed mg L
%( ) = ( )

( )
×

−

−

1

1
100  (5)

The results of adsorptions were evaluated by the root 
mean sum-of-squares error equation (RMSE) [48]:

RMSE cal= −( )
=
∑1

2

1n
q q

i

n

exp  (6)

where qcal is a kinetic model predicting the adsorption capac-
ity value, qexp is the experimental adsorption capacity value, 
and n is the number of points.

Table 1
Experimental parameters used for the GHAp/CHAp nanocomposite synthesis

Sample Molarity of 
Ca(NO3)4H2O (M)

Amount in 
grams (g)

Molarity of 
(NH4)2·HPO4 (M)

Amount in grams 
(g)

Amount of Gra-C 
vs. CNT-C (g)

GHAp 1 1 11.807 0.6 3.450 0.01 Gra-C
GHAp 0.5 0.5 5.9035 0.3 1.7253 0.01 Gra-C
CHAp 1 1 11.807 0.6 3.450 0.01 CNT-C
CHAp 0.5 0.5 5.9035 0.3 1.7253 0.01 CNT-C
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3. Results and discussion

3.1. Characterization of nanocomposites

The proposed mechanism of HAp formation on carboxyl-
ated Gra-C nanoplatelets is presented in Scheme 1A. Gra-C 
have negatively charged carboxylic (–COOH) groups at their 
edges which work as anchor sites and, thus, strongly attracts 
Ca2+ ions from Ca(NO3)4H2O through electrostatic attraction 
and further phosphate ions (PO4

3–) from (NH4)2HPO4, thus 
nucleating the HAp on the surface of the Gra-C. As Gra-C 
have two basal planes, HAp will form between the staking 
of graphene layers [44]. Contrarily, by using carboxylated 
MWCNT (CNT-C), HAp formation will take place only on 
the surface of the CNT-C via available carboxylic groups 
which work as nucleating sites for HAp formation by the 
same mechanism.

Different analytical methods are used to character-
ise the structure and morphology of the nanocomposites 
synthesized.

The crystal structure and phase purity of Gra-C, CNT-
C, HAp and its composites were characterised by the XRD 
diffractograms depicted in Fig. 2. The Gra-C shows its 
characteristic high-intensity peak at around 26.56° of 2θ, 
corresponding to the (002) plane of the graphene’s highly 
crystalline structure [48]. On the other hand, the CNT-C 
shows two broad peaks centred at around 25.92° and 42.94°, 
being related to the (002) and (001) planes of carbon [49]. 

Synthesized HAp shows an exact resemblance in peak 
positions of the planes, except for peak broadness when 
compared to the commercial HAp, which is an indication 
of the relatively lower crystalline structure; the peaks are 
located at 2θ values of 25.96°, 32.09°, 32.76°, 34.09°, 39.90°, 
46.71°, and 49.36°, corresponding to the related crystal 
planes at (002), (211), (112), (300), (202), (130), (222), and 
(213), respectively (JCPDS card no. 09–0432) [42,47]. The 
HAp modified CNT-C and Gra-C (i.e. CHAp and GHAp 
nanocomposites) showed the characteristic peaks of the 
synthesized HAp planes, with a significant presence of both 
Gra-C and CNT-C, respectively, being seen by an additional 
small peak at 26.25° in the case of GHAp composites, and 
a sharp peak at 25.9° in the case of the CHAp composite, 
overlapping with the (002) plane of the HAp. It can be also 
noted that other peaks of the composites (for GHAp at about 
25.96°, 26.25°, 31.93°, 32.76°, 34.15°, 39.93°, 46.71°, and 
49.53°, and for CHAp at about 25.84°, 32.01°, 32.93°, 34.09°, 
39.57°, 46.71°, and 49.72), correspond to the crystal index 
planes (002), (211), (112), (300), (202), (130), (222) and (213) 
of the HAp. The relative sharpness of these peaks, being 
expressed a bit better in the case of GHAp, is an indication of 
the relatively good crystalline structure of HAp formed onto 
the Gra-C and CNT-C particle surfaces. However, the crys-
tallite sizes of synthesized HAp (Table in Fig. 2), calculated 
from the peak at around 26°, corresponding to the indices 
at (002) of the HAp crystal index, is calculated to be higher 

 

Adsorbent  HAp GHAp 0.5 GHAp 1 CHAp 0.5 CHAp 1 

Crystallite size of HAp (nm) 9.16 11.20 12.70 14.2 10.26 

Crystal structure of HAp Hexagonal crystal structure 

Lattice constants (nm) 
a=b=0.94 

c=0.68 
a=b=0.94 

c=0.68 
a=b=0.94 

c=0.68 
a=b=0.94 

c=0.68 
a=b=0.92 

c=0.68 

Fig. 2. XRD diffractograms of HAp (synthesized and commercial), Gra-C, CNT-C, and their nanocomposites with the crystallite size 
and crystal structure of synthesized HAp.
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(10.26 and 14.2 nm) for CHAp compared to GHAp (11.20 and 
12.70 nm), and to that of pure synthesized HAp (9.16 nm), 
also dependent on the quantity of precursors used (0.5 and 
1 M). The lattice constants were also calculated using the 
crystal lattice formula for hexagonal systems and the values 
obtained for the composites were similar to the HAp lattice 
constant parameters of a = b = 0.94 nm and c = 0.68 nm [46], 
except for the CHAp1 sample having a = b of 0.92 nm.

The FTIR spectra of HAp and its composites are 
performed to get better insight about their chemical 
composition. As shown in Fig. 3, the FTIR spectrum of 
synthesized HAp is nearly identical to those obtained in the 
literature. The strong and sharp peaks appeared at about 
1,022.98 cm−1, as well as at about 602.33 and 561.33 cm−1, cor-
responding to the stretching and bending modes of the P–O 
bond vibration of phosphate groups (PO4

3−), respectively, of 
the HAp [50]. In addition, small and broader peaks at about 
2,359.21; 1,422.15; and 1,022.98 cm–1 are seen, correspond-
ing to the O=C=O stretching mode of CO2, the stretching 
mode of (CO3)2, and B-type of CO3

2– - v3 vibration mode, 
respectively [51–53]. All of these HAp characteristic peaks 
can be observed in the case of both nanocomposites with 
some small differences. The CHAp shows similar peaks 
with a small shifting of the peak at about 961 to 963 cm–1 

that may be related to an increase of P–O bonds, coincid-
ing with an increase of the crystallite size of HAp (Fig. 2, 
XRD data), as well as a very weak peak at around 1,300–
1,400 cm–1 which may be the C–O stretch of the carboxylic 
groups. In the case of GHAp, an additional weak band is 
observed at around 875 cm–1 which is related to the CO3

2– 
type B-v2 vibration mode and v2 vibration mode of HPO4

2–, 
as well as two weak peaks at about 1,300 and 1,400 cm–1, 
corresponding to the C–O stretching and O–H bending 
vibrations of anionized carboxylic groups, respectively.

The zeta potential values of samples as a function of 
pH were determined to get additional information on the 
adsorbents` surface charge being related to the ionization 
of different functional groups [46]. As seen from Fig. 4, the 
original and composites have a slightly positive or neutral 
surface charge at pH 3, which are becoming more negative 
by raising the pH to 11, however with a different slope. 
It can also be observed that the zeta potential values of orig-
inal Gra-C are decreasing the most significantly, reaching a 
value of about –53.7 mV at pH 11 compared to the CNT-C 
reaching a zeta potential of –29.9 mV at pH 11. This indicates 
that plane Gra-C samples contain more and better available 
surface- and end-located anionic carboxylic reactive groups 
(Scheme 1A) which are ionized by an increase of pH from 
around 3.5 (as related to their pK value), compared to tubular 
CNT-C, having negative functional groups much less acces-
sible. On the contrary, all the HAp composites show a similar 
trend of the slope decreases, similar to the pure HAp ones, 
indicating that both the Gra-C and CNT-C are surface mod-
ified with the HAp, however, with some small differences. 
A bit less- negative zeta potential values of both GHAp (–17.4 
to –14.5 mV) composites at around the pH 9, compared to 
CHAp (–18.5 to –17.0 mV) may be the consequence of a dif-
ferently structured HAp on the Gra-C vs. CNT-C surfaces 
with newly introduced phosphoric acid groups of pKas 
at about pH 2, 7, and 12, besides the remaining carboxylic 
groups also contributing to the different ionization effect.

The surface chemistry of the samples was also inves-
tigated employing the XPS technique. In Fig. 5a, the wide 
energy scale XPS spectrum of the sample GHAp 0.5 is 
shown, being also typical for all analysed nanocomposites. 
The spectrum contains C 1s, O 1s, P 2p, P 2s, Ca 2p, Ca 2s 
and O 2s peaks, revealing the presence of Ca, P, O and C 
elements. By using the intensities of C 1s, O 1s, Ca 2p and 
Ca 2p peaks in the XPS spectra, chemical composition was 
calculated in the surface region of a thickness of about 5 nm 
(Fig. 5, inserted Table). The Ca/P ratio, being calculated from 
the ratio of concentration for Ca and P, is not stoichiometric 
(1.67), stable HAP phases have been found to exist over a 
range of Ca/P ratios from 1.2 to 1.5, correspond to the pre-
cursor concentration (0.5 to 1 M), indicating that more phos-
phorus-based groups are bounded from the higher molar 
solution. For charge compensation, the XPS spectra were 
calibrated on the energy scale, setting the Ca 2p3/2 peak at 
247.2 eV characteristic for a HAp compound. On the other 
hand, the spectra of P 2p were at 133.2 eV and the spectra of 
O 1s at 531.3 eV, being related to PO4

3– species [54]. All of these 
binding energies are characteristic for a HAp compound, 
confirming the formation of HAp on both the graphene and 
CNT surfaces. At the same time, the carbon concentration 
obtained from the XPS spectra on the surface is in the range 
10–25 at.%, and it originates partially from the graphene 
and CNT material incorporated in the nanocomposites, and 
partially from surface contamination, which is always pres-
ent on air-exposed samples. The carbon C 1s spectra from 
the nanocomposites are rather broad (FWHM ~ 3–4 eV), 
showing either possible differential charging on the micro-
scopic level due to the dielectric nature of HAp or different 
types of carbon bonds (Fig. 5b). This charging is frequently 
observed in the photoelectron spectra from materials with 
low electrical conductivity such as ceramics [55]. As may be 
seen from Fig. 5b, the C 1s spectra are dominated by a strong 
peak at 284.8 eV, corresponding to the non-oxygenated C–C 
ring (C1). At higher binding energies the contributions of 
C–O/C–OH/C–O–C (hydroxyl and epoxide, C2), O–C–O/
C=O (carbonyl, C3), and O–C=O (carboxyl, C4) bonds at 
286.5, 288.0, and 289.5 eV, respectively, can be also detected. 
An absolute presence of hydroxyl and epoxide groups at 
GHAp compared to CHAp samples with comparable car-
bonyl and higher carboxyl groups content, can be observed, 
evidencing on a generally higher oxygen degree in CHAp 
determined by the oxygenated functional groups located on 
its surface. On the other hand, a reduction of peak intensi-
ties for same of these groups at GHAp with the increasing of 
precursors concentration (from 0.5 to 1 M), reveal on differ-
ently structured HAp on it surface. These observations are in 
agreement with results from FTIR and zeta-potential studies, 
provides a base for the understanding of the growth of HAp.

The surface morphology of synthesized HAp and its 
nanocomposites was examined by SEM imaging as depicted 
in Fig. 6. The nanocomposites prepared with higher HAp 
precursor content (GHAp 1 and CHAp 1) are more dense 
compared to ones prepared with a lower amount of HAp 
precursors (CHAp 0.5 and GHAp 0.5), having also more uni-
formly distributed particles of differently large aggregates, 
being more expressed in the case of the CHAp 1 sample. 
By using lower HAp precursor concentrations, the distri-
bution of synthesized nanoparticles is much more irregular, 
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being the more expressed in case of the CHAp 0.5 samples. 
It is clear that the presence of Gra-C or CNT-C induces the 
heterogeneous nucleation of Hap, and further modulates the 
kinetics and morphology of HAp crystal growth, depending 
on the type of the available surface morphology (plane Gra-C 
vs. tubular CNT-C) and quantity of available functional car-
boxylic groups acting as a binding site to form HAp nuclei. 
The particle size is, namely, associated with the nucleation 

and growth of the pattern, which is also related highly to 
the degradation of supersaturation in the liquid phase as has 
been presented in Scheme 1A. The Gra-C, having a much 
higher amount of available negative functional groups acting 
as cavities formed in between the stacking of the graphene 
layer, permits fast and easy interactions with HAp precur-
sors (Ca2+ ions binding through ion-dipolar forces followed 
by PO4

3− ions binding through coordination interactions) 

 

 
Adsorbent HAp GHAp 0.5 GHAp 1 CHAp 0.5 CHAp 1 

O=C=O stretching mode of CO2
 2,359.21 2,358.70 2,358.93 2,359.34 2,358.63 

Stretching mode of the (CO3)2 1,422.15 1,420.17 1,454.94 1,418.72 1,418.64 

B-type CO3
2- –v3 vibration mode 1,022.98 1,022.04 1,022.04 1,022.04 1,022.24 

Symmetric stretching modes of 
the P–O bonds 961.33 961.90 962.43 963.10 963.30 

CO3
2− type B- v2 vibration 
mode; v2/HPO4

2− –  875.61 875.13 –  –  

O–P–O bond vibrations 
602.33 

561.33 

600.81 

561.05 

600.49 

561.05 

601.04, 

561.24 

600.95 

561.85 

(a)

(b)

Fig. 3. FTIR spectra of (a) HAp and HAp-based nanocomposites and (b) selected GHAp and CHAp nanocomposites before and after 
Rh 6G dye adsorption.
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onto its surface, as well as into its inner layers of graphene 
[44], compared to the CNT-C that provides the active sites 
for Ca2+ binding only on its surface. Consequently, the phys-
ical growth of HAp could be identified as more homogenous 
and smaller in particle size for hybrids synthesized in the 
presence of Gra-C, compared to bigger particles in the case 
of using CNT-C with low efficient nucleation sites.

The inserted EDS data show the reduction of O and 
increase of C for both nanocomposites synthesized with 
higher HAp precursors’ concentration compared with their 
counterparts. All samples also contain Ca and P, which Ca/P 
ratio is greater than the 1.67 of the used precursors, indicating 
synthesis of a Ca2+ rich apatite structure. However, this is 
most apparent in the case of HAp (Ca/P of 2.14) compared 
to other synthesized nanocomposites.

3.2. Adsorption studies

3.2.1. Effect of solution pH

Different solution pH values were used to investigate 
the effect of pH on the adsorption of Rhodamine 6G (Rh 
6G) on the nanocomposites, and the obtained results are 
depicted in Fig. 7a. The Hap, as well as the nanocomposites, 
shows an increase in % removal of the dye as the solution 
pH increases, being the highest at pH 9. However, while the 
removal is around 16.89% for HAp, it is increased from about 
50.55% and 42.70% at Gra-C and CNT-C to about 87.12% and 
82.18% for GHAp vs. 75.55% and 72.24% for CHAp, being 
prepared by 1 and 0.5 M of HAp precursors, respectively.

Such an increase of cationic Rh 6G adsorption on the 
GHAp and CHAp could be explained by quantitatively 
higher sites of negatively-charged groups arising from avail-
able carboxylic groups of Gra-C and CNT-C and additional 
phosphorus groups from HAp conjugated on their surfaces, 
both interacting electrostatically with the positively charged 
dye at pH 9, as depicted schematically in Scheme 1B. On the 
contrary, in the acidic medium, the positively charged sur-
face sites on the HAp and Rh 6G cations are submitted to 
electrostatic repulsions which, besides the H+ competition, 
do not favor the adsorption of the dye. However, a consid-
erable amount of Rh 6G was absorbed by HAp at lower pH 

values, which suggested that other mechanisms might also 
be involved in the Rh 6G adsorption process. It was reported 
that a strong H-bonding interaction between the P–OH 
group of HAp and the nitrogen atom of the Rh 6G mole-
cule [31], as well as Lewis acid-base interaction with the Ca2+ 
groups of HAp [56], could contribute toward its adsorp-
tion. In both nanocomposites, the π–π electron donor-ac-
ceptor interaction (coupling) between C=C double bonds 
of Rh 6G benzene rings and Gra-C vs. CNT-C surface may 
also be involved, being more in favor at Gra-C with a larger 
and smoother surface, compared to tubular CNT-C, which 
makes Gra-C as the higher adsorption capability. As shown 
in Fig. 3, the characteristic peaks of FTIR spectra for GHAp 
and CHAp adsorbents, before and after Rh 6G dye adsorp-
tion, are similar, with small changes in red shifting and 
decrease in absorbance peak intensities at around 1,022.98, 
602.45; and 561.33 cm–1, corresponding to the stretching and 
bending modes of the P–O bond vibration of the phosphate 
groups (PO4

3–), which indicates these groups interaction 
with the dye molecules.

3.2.2. Effect of adsorbent dosage

The effects of nanocomposites dose (0.1–0.9 g L–1) on 
Rh 6G adsorption (Fig. 7b) increases for all composites 
until a dosage of around 0.5 g L–1, when the active sites on 
the adsorbent surface available for adsorption are becom-
ing saturated. The adsorption of dye molecules is, however, 
reducing from 86.89% and 82.09% to75.54% and 72.08% 
for GHAp and CHAp composites prepared with 0.5 and 
1 g L–1 of HAp precursors, respectively. At the same time, 
the dye adsorption by synthesized HAp, Gra-C, CNT-C are 
reaching 15.98%, 55.88%, and 43.65%, respectively.

3.2.3. Effect of contact time – kinetic of adsorption

The adsorption of Rh 6G dye on the HAp, Gra-C, 
CNT-C and its composites was investigated as a function 
of contact time to determine the suitable time at which 
the adsorption process reaches equilibrium. Solutions of 
different initial dye concentrations were used with fixed 
amounts of adsorbent dose. As seen from Fig. 8, the ini-
tial adsorbent rate in the case of HAp is very slow, reach-
ing equilibrium at about 50 min, with 24.54%, 24.62%, 
and 14.22% of removal and adsorption capacities of 2.54, 
4.32, and 5.69 mg g–1 for dye concentration of 5, 10, and 
20 mg L–1, respectively. Gra-C and CNT-C reaches the 
equilibrium for all dye concentrations at nearly the same 
contact time (55–60 min), with the removal of 81.79% 
(8.17 mg g–1) and 75.62% (7.65 mg g–1) for dye conc. of 
5 mg L–1, 69.21% (13.84 mg g–1) and 63.35% (12.67 mg g–1) 
for dye conc. of 10 mg L–1, and 50.55% (20.22 mg g–1) and 
45.70% (18.28 mg g–1) for a dye conc. of 20 mg L–1. Among all 
HAp-conjugated nanocomposites, the GHAp 0.5 shows the 
highest removal efficacy, that is, 94.88% (9.48 mg g–1) and 
86.99% (34.79 mg g–1) for 5 and 20 mg L–1 dye concentration, 
respectively, and reaches equilibrium at nearly 60 min; this 
maybe due to the formation of much lower particle size 
using 0.5 g L–1 of HAp precursors (SEM, Fig. 7) and, thus, a 
higher amount of active sites on the GHAp surface (lower 
zeta-potential, Fig. 4) available for adsorption. Other 

 
Fig. 4. Zeta potential plots of HAp, Gra-C, CNT-C, and differently 
synthesized HAp-based nanocomposites.
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adsorbents (GHAp 1, CHAp 0.5 and CHAp 1) have the 
removal rates of 89.93% (8.99 mg g–1), 89.91% (8.99 mg g–1), 
and 88.03% (8.80 mg g–1), respectively.

In order to explanation the mechanism and kinetics of 
rate-controlling steps during the adsorption of Rh 6G dye 
on synthesized nanocomposites, various kinetic models 
were used by using the experimental data whose results 
are presented in Fig. 9 and collected in Table 2.

The linear form of the pseudo-first-order kinetic model 
is given as [46]:

1 1 11

1 1q
k
q t qt

= +  (7)

where q1 and qt are the amounts of adsorbate molecules at 
equilibrium (mg g–1) and at various time t, respectively, and 
k1 is the rate constant (min–1) of the first-order model for the 
adsorption process. Values of q1 and k1 are calculated from 
the plots of 1/qt against 1/t (Figs. 9a and b). The maximum 
adsorption capacities are decreasing from 35.21, 34.84, 28.57, 

Elements 
(wt.%) 

HAp 
Synthesised GHAp 0.5 GHAp 1 CHAp 0.5 CHAp 1 

C 9.6 ± 3 21.8 ± 4 12.4 ± 3 26.2 ± 5 23.7 ± 5 
O 58.6  ±  12 50.7 ± 11 56.7 ± 11 49.4 ± 10 49.6 ± 10 
P 11.9 ± 3 10.1 ± 2 13 ± 3 9.8 ± 2 10.7 ± 2 

Ca 17.4 ± 3 13.9 ± 3 16.1 ± 3 14.6 ± 3 13.6 ± 3 
Ca/P ratio 1.46 ±  0.1 1.37 ± 0.1 1.23 ± 0.1 1.48 ± 0.1 1.27 ± 0.1 

   

  

 (a) 

(b) 

Fig. 5. XPS spectrum of (a) GHAp 0.5 nanocomposite sample with a surface composition of corresponding HAp and nanocomposites 
(inserted Table) and (b) high-resolution C1s spectra of differently prepared samples.
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Elements 

(wt%) 
HAp 

Synthesi sed GHAp 0.5 GHAp 1 CHAp 0.5 CHAp 1 

C 30.61 ± 2.28 39.91 ± 4.63 50.24 ± 1.35 24.74 ± 12.1 46.51 ± 2.28 
O 40.27 ± 4.25 40.63 ± 1.82 32.88 ± 3.10 47.87 ± 5.31 40.24 ± 1.69 
P 9.27 ± 0.63 7.06 ± 1.21 5.69 ± 0.65 9.19 ± 2.23 4.49 ± 0.32 

Ca 19.85 ± 2.12 12.40 ± 1.85 11.19 ± 1.62 18.19 ± 4.84 8.77 ± 0.35 
Ca/P ratio 2.14 1.75 1.96 1.97 1.95 

(a)

(b)

(c)

(d)

(e)

Fig. 6. SEM images of (a) HAp, (b) GHAp 1, (c) GHAp 0.5, (d) CHAp 1, and (e) CHAp 0.5 with corresponding EDS analysis.
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and 26.64 mg g–1 with RMSE values of 0.17, 0.82, 0.47, and 
0.044, obtained for GHAp 0.5, GHAp 1, CHAp 0.5 and for 
CHAp 1, respectively, however with the R2 values not fit-
ted the best with this model above all those obtained for 
Gra-C and CNT-C used as adsorbents.

The linear form of the pseudo-second-order kinetic 
model is expressed as [42]:

t
q k q

t
qt

= +
1

2 2
2

2

 (8)

where q2 is the maximum adsorption capacity (mg g–1) for 
the pseudo-second-order adsorption, qt is the amount of 
dye adsorbed at equilibrium (mg g–1) at time t (min), and 
k2 is the rate constant of the pseudo-second-order adsorp-
tion (g mg–1 min–1). Values of k2 and q2 are calculated from 
the plot of t/qt vs. t (Figs. 9c and d). The calculated q2 values 
of Rh 6G adsorption on composites (Table 2) were closer to 
the experimental values, with lower RMSE and high correla-
tion coefficient (R2 = 0.99). Calculated q2 values for compos-
ites (with corresponding experimental values in brackets) 

are decreasing from 35.11 mg g–1 (34.79 mg g–1), 34.24 mg g–1 

(32.83 mg g–1), 28.90 mg g–1 (29.74 mg g–1) to 27.93 mg g–1 

(26.65 mg g–1) for GHAp 0.5, GHAp 1, CHAp 0.5 and CHAp 
1, respectively. At the same time, the q2 for HAp, Gra-C 
and CNT-C are 6.47, 23.80, and 19.84 mg g–1, respectively.

The sorption kinetics may, alternatively, be also described. 
The overall adsorption process is controlled by either one or 
a combination of more steps, for example, film or external 
diffusion, pore diffusion, surface diffusion and adsorption 
on the pore surface. However, in a rapidly stirred batch, the 
diffusive mass transfer can be related by an apparent diffu-
sion coefficient which will fit the experimental sorption rate 
data. Generally, a process is diffusion-controlled if its rate 
depends on the rate at which components diffuse towards 
one to another.

The transport of dye molecule from the aqueous solution 
to the surface of the composite adsorbents is thus followed 
by diffusion of the molecules into the interior pores of the 
adsorbent, which is likely to be a slow process and is, there-
fore, considered as a rate-determined step [57]. The Weber 
and Morris intraparticle diffusion model is used widely 
to analyze the nature of the rate-controlling step, which is 
represented by Eq. (9) to explain its mechanism [58]:

q K t It p= +1 2/  (9)

where Kp is the intra-particle diffusion constant (mg g–1 
min–0.5) and I (mg g–1) is the intercept. If the so–called Weber–
Morris plot of qt vs. t 1/2 gives a straight line, then the sorption 
process is controlled by the intra-particle diffusion process 
only. However, if the data exhibit multi-linear plots, then 
two or more steps influence the sorption process. In the case 
of Gra-C and CNT-C the plot of the intra-particle diffusion 
model (Figs. 9e and d) is nearly straight, indicating the dif-
fusion stage is not occurring, and most of the dye molecules 
rapidly take places on a surface. On the other hand, two 
phases are observed in the case of HAp and all nanocompos-
ites (GHAp, CHAp), showing also a curvature for the initial 
period show, usually attributed to the boundary layer diffu-
sion effects or external mass transfer effects [59]. In addition, 
the deviation of straight lines from the origin may be due to 
the difference in the rate of mass transfer in the initial and 
final stages of the adsorption [57].

3.2.4. Effect of initial dye concentration: isotherm analysis

To evaluate the maximum adsorption capacity of the 
adsorbents, the equilibrium adsorption of Rh 6G was studied 
as a function of variation in concentration (Ci = 5 to 75 mg L–1) 
with a fixed amount of adsorbent dose (0.5 g L–1). Langmuir 
and Freundlich isotherm models are used to describe the 
adsorption equilibrium data.

The Langmuir theory [60] is valid for monolayer adsorp-
tion onto a surface containing a finite number of identical 
sites, where no migration of the adsorbate in the plane of 
the surface is taking place and is expressed as:

q
q C K
K Ce

m e L

L e

=
+1

 (10)

 

(a)

 (b)  

Fig. 7. Effect of (a) pH (using adsorbent dose of 0.5 g L–1) and (b) 
adsorbent dosage on the removal of 20 mg L–1 Rh 6G dye with 
HAp and its nanocomposites after 300 min.
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(a)

(b) (c)

(d) (e)

(f ) (g)

Fig. 8. Effect of contact time on Rh 6G dye adsorption by (a) HAp (synthesized), (b) Gra-C, (c) CNT-C, (d) GHAp 0.5, (e) GHAp 1, (f) 
CHAp 0.5, and (g) CHAp 1 adsorbent (initial Rh 6G dye concentrations – 5, 10, and 20 mg L–1, adsorbent dose – 0.5 g L–1).
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(a) (b)

(c) (d)

(e)

(f )

Fig. 9. Pseudo-first-order (a and b), pseudo-second-order (b and c) and intra-particle diffusion models (e and f) for Rh 6G dye adsorp-
tion (initial dye concentration of 20 mg L–1, and adsorbent dosage of 0.5 g L–1).

where qe is the equilibrium concentration of the adsor-
bent (mg g–1), qm is the monolayer sorption capacity on the 
adsorbent (mg g–1), and Ce is the equilibrium concentra-
tion in the solution (mg L–1). The KL is the Langmuir con-
stant (L mg–1), which is determined by plotting (Ce/qe) vs. 
(Ce), representing the maximum adsorption capacity and 
energy constant linked to the heat of adsorption capacity. 
For fitting the experimental data, the Langmuir model is 
linearized as:

C
q q K

C
q

e

e m L

e

m

= +
1  (11)

As in being observed from the data collected in 
Table 3, the maximum monolayer coverage capacity (qm) 
was 90.90 mg g–1 for GHAp 0.5, 76.33 mg g–1 for GHAp 1, 
58.82 mg g–1 for CHAp 0.5, and 54.94 mg g–1 for CHAp 1, with 
an isotherm constant (KL) of 0.29, 0.22, 0.25, and 0.23 L mg–1, 
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respectively, fitting quite well for all the adsorbents, as the 
values of R2 were higher than 0.95. Comparably, the qm was 
6.45, 25, and 20 mg g–1 for HAp, Gra-C and CNT-C, respec-
tively, indicating much improvement of active sites by HAp 
conjugation with Gra-C and CNT-C surfaces. The qmax for 
the removal of Rh 6G by GHAp and CHAp nanocomposites 
obtained from adsorption isotherms are quite good com-
pared to previously reported adsorbents as listed in Table 4.

The Langmuir isotherm on the adsorption nature was 
further assessed by the following equation:

R
C KL

L

=
+
1

1 0

 (12)

where RL is a dimensionless equilibrium parameter or the 
separation factor, and C0 is the initial concentration of a 
metal solution (mg L–1). The value of RL denotes the adsorp-
tion nature to be unfavorable (RL > 1), favorable (0 < RL < 1), 
irreversible (RL = 0), or linear (RL = 1). According to Eq. (12), 
the values of RL were found to be between 0.04–0.48 for 
different concentrations of Rh 6G, indicating that the adsorp-
tion process was favorable.

The Freundlich isotherm [60] model presumes that 
adsorption occurs on a heterogeneous surface through 
a multi-layer adsorption mechanism, and the adsorbed 
amount increases with the concentration leading to the 
following equation:

q K Ce F e
n= 1/  (13)

which can be linearised by fitting the experimental data 
as follows:

log log logq K
n

Ce F e= +
1  (14)

where qe and Ce are adsorption at equilibrium concentra-
tions (mg g–1) on the adsorbent and in the liquid phase, 
while the constant Kf is an indicator of adsorption capacity 
(L mg–1). The constant n is the empirical parameter related 
to the intensity of adsorption, which varies with the het-
erogeneity of the material. When 1/n values are in the 
range of 0.1 < 1/n < 1, the adsorption process is favorable 
[61]. A smaller 1/n value indicates a more heterogeneous 

Table 2
Parameters of pseudo-first-order, pseudo-second-order and intra-particle diffusion kinetic models

Pseudo-first-order kinetic model

Adsorbate qe(exp) (mg g–1) k1 (min–1) q1 (mg g–1) RMSE R2

HAp 5.69 26.58 7.057 0.55 0.98
Gra-C 20.22 33.02 24.63 1.80 0.86
CNT-C 18.28 23.47 20.04 0.71 0.78
GHAp 0.5 34.79 1.24 35.21 0.17 0.93
GHAp 1 32.83 7.05 34.84 0.82 0.95
CHAp 0.5 29.74 1.73 28.57 0.47 0.93
CHAp 1 26.65 2.29 26.64 0.044 0.85

Pseudo-second-order kinetic model

Adsorbate qe(exp) (mg g–1) k2 (min–1) q2 (mg g–1) RMSE R2

HAp 5.69 0.0087 6.476 0.32 0.98
Gra-C 20.22 0.0015 23.80 1.46 0.96
CNT-C 18.28 0.00314 19.84 0.63 0.94
GHAp 0.5 34.79 0.011 35.71 0.37 0.99
GHAp 1 32.83 0.0052 34.24 0.57 0.99
CHAp 0.5 29.74 0.01351 28.90 0.34 0.99
CHAp 1 26.65 0.0110 27.93 0.52 0.99

Intra-particle-diffusion model

Adsorbate qe(exp) (mg g–1) I (mg g–1) KP (mg g–1 min–0.5) RMSE R2

HAp 5.69 3.24 0.22 0.99 0.96
Gra-C 20.22 7.43 1.15 5.21 0.98
CNT-C 18.28 1.79 1.51 6.73 0.97
GHAp 0.5 34.79 33.13 0.16 0.68 0.88
GHAp 1 32.83 31.07 0.08 0.71 0.82
CHAp 0.5 29.74 26.68 0.12 1.24 0.91
CHAp 1 26.65 24.34 0.25 0.94 0.76
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surface, whereas a value closer to or even 1 indicates the 
adsorbent has relatively more homogeneous binding 
sites. The parameters (Table 3) show that all composite 
adsorbents having R2 values are close to 0.98–0.99, which 
indicates that the adsorption isotherms (Fig. 10) are fitted 
by the Freundlich equation to these samples as well. As 

1/n < 1, it indicates favorable and normal adsorption for 
all the samples. However, the 1/n of GHAp adsorbent sam-
ples are higher and closer to 1 than CHAp samples, indi-
cating that GHAp adsorbents have relatively more homo-
geneous binding sites which is related to much lower of 
regularly distributed HAp particle on the Gra-C surfaces.

Table 3
Parameters of the Langmuir isotherm model, separation factor (RL) and Freundlich isotherm model

Langmuir isotherm model

Adsorbate qm (mg g–1) KL (L mg–1) R2

HAp 6.45 0.21 0.98
Gra-C 25 0.38 0.98
CNT-C 20 0.45 0.99
GHAp 0.5 90.90 0.29 0.96
GHAp 1 76.33 0.22 0.97
CHAp 0.5 58.82 0.25 0.98
CHAp 1 54.94 0.23 0.98

Separation factor (RL)

Concentration HAp Gra-C CNT-C GHAp 0.5 GHAp 1 CHAp 0.5 CHAp 1

5 0.48 0.34 0.30 0.40 0.47 0.44 0.46
10 0.32 0.20 0.18 0.25 0.31 0.28 0.30
20 0.19 0.11 0.10 0.14 0.18 0.16 0.17
30 0.13 0.08 0.06 0.10 0.13 0.11 0.12
50 0.08 0.05 0.04 0.06 0.08 0.07 0.08

Freundlich isotherm model

Adsorbate Kf (mg g–1) 1/n R2

HAp 1.41 0.48 0.96
Gra-C 9.25 0.28 0.93
CNT-C 7.92 0.26 0.92
GHAp 0.5 19.95 0.53 0.99
GHAp 1 14.51 0.57 0.99
CHAp 0.5 13.32 0.45 0.98
CHAp 1 12.14 0.44 0.98

Table 4
Adsorbent materials with their adsorption capacity for Rh 6G dye

Sr. No. Adsorbent Experimental conditions Adsorption 
capacity (mg g–1)

Ref.

1 Activated carbon Dose – 1 g/100 ml, pH–7, contact time–48 h 44.7 [62]
2 Hexadecyl functionalized magnetic silica pH – 10, contact time – 40 min 36.51 [63]
3 Graphene-oxide Dose – 15 mgL–1 23.3 [64]
4 Almond shell (Prunus dulcis) Dose – 10 g L–1, pH – 9, contact time – 500 min 32.6 [65]
5 Coffee – ground powder pH – 2 contact time–3 h 17.37 [66]
6 Na+-montmorillonite Dose – 0.01/25 ml, contact time – 24 h 0.4 [67]
7 Trichoderma harzianum mycelial waste Dose – 0.5 g L–1, pH – 8, contact time – 140 min 3.40 [68]
8 Biological sludge Dose – 1 g L–1, pH – 7, contact time – 50 h 16.3 [69]
9 GHAp 0.5 Dose – 0.5 g L–1, pH – 9, contact time – 300 min 90.90 This study
10 CHAp 0.5 Dose – 0.5 g L–1, pH – 9, contact time – 300 min 58.82 This study
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3.3. Desorption and regeneration study

The adsorption performance of GHAp 0.5 and CHAp 
0.5 in the reusability experiments was investigated, and 
the profile of three repeated experiments in the adsorption 
on Rh 6G is shown in Fig. 11. It can be seen that GHAp 0.5 
and CHAp 0.5, have 77.24% and 69.39% of the adsorption 
efficiency respectively after three repeated cycles, proving 
GHAp 0.5 is an efficient adsorbent compared to the CHAp 
0.5 nanocomposite.

4. Conclusion

The hydroxyapatite (HAp) is conjugated on carbox-
ylated graphene nanoplatelets (GHAp) and multi-walled 
carbon nanotube (CHAp) surfaces, respectively, by its 
synthesis in-situ using chemical precursors and the wet 
precipitation process to increase the surface area and nega-
tively-charged active sites for the removal of cationic Rh 6G 
dye from the aqueous solution. Spectroscopic, microscopic 

and zeta potential studies revealed the formation of GHAp 
and CHAp nanocomposites with more homogeneously 
located and smaller HAp particles on plane Gra-C, the 
crystalline structure, surface area and size of which is gov-
erned by the distribution of quantitatively higher carbox-
ylic groups, being anchor sites for growing HAp. The dye 
removal is, thus, dependent primarily on the pH value, 
resulting in the surface ionic interactions of dye cations with 
available negative phosphate (from HAp) and remaining 
carboxylic (from Gra-C/CNT-C) groups, and, secondly, in 
the π–π electron donor-acceptor interaction between the 
C=C double bonds of dye benzene rings and nanomaterials. 
The adsorption data fitted better to the Freundlich than the 
Langmuir isotherm model, showing the maximum adsorp-
tion capacity for GHAp (90.90 mg g–1), being followed by the 
monolayer adsorption capacity and heterogeneous sorption 
according to the pseudo-first- and pseudo-second-order 
kinetic models, respectively. The reusability of both GHAp 
and CHAp nanocomposites were also confirmed by 77.24% 
and 69.39% of adsorption efficiency, respectively, after three 

 

(a) (b)

(c) (d)

Fig. 10. Langmuir (a and b) and Freundlich (c and d) isotherms for Rh 6G dye adsorption (initial dye concentrations – 5 to 50 mg L–1, 
adsorbent dose – 0.5 g L–1).



V.N. Narwade et al. / Desalination and Water Treatment 192 (2020) 340–357356

repeated cycles, showing their potential to be used as an 
efficient adsorbent with relatively high adsorption ability.
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