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a b s t r a c t
In this work, a nanostructural composite based on the superparamagnetic iron oxide nanoparticles 
(SPIONs) coated with hydroxyapatite (HAp) was demonstrated as an effective adsorbent for the 
removal of the Congo red (CR) from aqueous solutions. Prior to its application on the model pollutant, 
the morphology, crystallinity, specific surface area, chemical composition, and magnetic properties 
were characterized with several techniques, including scanning electron microscopy, transmission 
electron microscopy, Fourier-transform infrared spectroscopy, X-ray diffraction, Brunauer–Emmett–
Teller, and vibrating sample magnetometer. Amongst composites synthesized in different ratios of 
SPION’s weight, the composite containing 35 wt.% of SPION was chosen to adsorb CR. The magne-
tization saturation of the latter was about 20.39 emu·g–1, still enough for magnetic separation. The 
effect of adsorbent mass, pH, initial concentration, temperature, and contact time on the adsorption 
efficiency and capacity of CR was evaluated using UV-Vis spectrometry. It was shown that the most 
effective results of CR removal were achieved for 0.10 g dosage of SPION/HAp to absorb 50 mL of 
CR solution of 50 mg·L–1 at pH0 and a contact time of 4 h. The CR adsorption process on SPION/
HAp composite is matched with the pseudo-second-order kinetic model and the Langmuir model. 
The obtained thermodynamic parameters (ΔG° > 0, ΔH° = –39.02 kJ·mol–1, ΔS° = –0.134 kJ·mol–1·K–1) 
suggest that the adsorption of CR onto the composite is non-spontaneous, exothermic, with a ris-
ing of randomness at the adsorbate–adsorbent interface. The maximum CR adsorption capacity 
using the SPION/HAp adsorbent was determined to be 158.98 mg·g–1, suggesting that the adsor-
bent has a satisfactory potential to adsorb CR. The chosen composite can be easily separated using 
magnets, making it a promising material for wastewater treatment.

Keywords:  Superparamagnetic iron oxide nanoparticles/hydroxyapatite (SPION/HAp); Magnetic 
nanoparticles; Apatite ore; Adsorption; Congo red; Wastewater treatment
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1. Introduction

Organic dyes, including both cationic and anionic dyes, 
have been widely employed in numerous areas over the 
last century, including textiles, paper, printing, plastic, rub-
ber, coating, leather, and the food industry [1]. Thanks to 
the acceleration of modernization and industrialization, the 
entire number of natural and synthetic dyes on the market 
has surpassed 10,000, and global annual output has already 
exceeded 7 × 105 million tons [2]. However, around 5% to 
10% of these dyes are discharged into the aquatic environ-
ment without treatment and contributed to 20% of water 
pollution [3]. Many dyes are difficult to treat within the 
photo- and bio-degradation, so other ways of their removal 
from water are deeply needed [4].

Congo red [1-naphthalene sulfonic acid, 
3,30-(4,40-bipheny lenebis (azo)) bis(4-amino-)disodium 
salt, CR] is a benzidine-based anionic diazo dye with pKa 
of 4.5 which has two azo groups [5,6]. It forms a red col-
loidal solution in water, where it is expected to metabolize 
to benzidine, a chemical that has been linked to carcino-
genic and mutagenesis effects in aquatic animals [7,8]. Its 
increased content in drinking water comes from the textile 
and chemical industries, textile dyeing, paper, cosmetics, 
and even rubber or pharmaceutical industry [9–12] making 
it a pollutant causing severe health effects [13]. Some stud-
ies also refer to its adverse effect on the eyes, and skin, and 
relate it to respiratory problems [14]. CR has been outlawed 
in many nations due to health risks but is otherwise regu-
larly consumed in many other countries [15]. Basically, even 
a tiny amount of dye discharge into water resources inhib-
its light penetration and alters the gas solubility for photo-
synthesis and respiration activities [4]. Directing touch with 
dissolved dyes might irritate eyes and skin [16]. Therefore, 
wastewater containing dyes like CR must be purified 
before being released into an aquatic environment [17,18].

Literature refers to many ways to remove CR from water 
and wastewater, including oxidation [19], ozonation [20], 
electrochemical process [21], electro-Fenton process [22], 
Fenton-biological treatment [23], enzymatic treatment [24], 
membrane filtration [25], photocatalytic degradation [26], 
biological treatment [27], biological degradation [28], and 
adsorption [8]. Despite the high effectiveness of some tech-
niques, water purification still is challenging. For example, 
biological treatment is slow in achieving the desired removal 
state. Membrane separation and oxidation generate second-
ary waste, and the cost of operation is high, making them 
non-cost effective. Among different techniques, adsorp-
tion is broadly recognized as the most efficient technique 
for reducing dye effluent, even at low concentrations. Such 
water pollution treatment technique is also cost-effective, 
facile to scale up, and simple in operation, while its effec-
tiveness depends on the type of adsorbent.

Due to high adsorption capacity, small particle size, large 
surface area, high catalytic activity, and thermal stability, 
nanomaterials have received a lot of attention in recent years 
to be used in wastewater treatment with the adsorption of 
pollutants [29]. So far, many non-conventional adsorbents 
such as bentonite [30], montmorillonite [31], coir pith car-
bon [32], mesoporous activated carbons [33], fly ash [34], 
activated red mud [34], rice hull ash [35], leaf [36], rice husk 

[37], chitosan [38], and hydroxyapatite (HAp) [39] have been 
used to treat CR from aqueous solutions. Especially the last 
material, HAp, offers effective water purification. It is an eco-
friendly mineral that naturally occurs in bones and teeth, 
and it can easily be synthesized artificially [40]. For its high 
porosity and large surface area, it can adsorb a variety of 
inorganic and organic substances, including organic pollut-
ants and inorganic salts. Literature refers its promising use 
over Methylene blue, methyl orange, phenol red, phenol [41], 
Congo red [39], nitrobenzene [42], F−, antibiotic [43], Co2+, 
Ni2+, Hg2+, Fe3+ [44], Cr(VI) [45], Ag+ [46], Cu2+, Zn2+, Cd2+ [47] 
revealing its large adsorption capacity, biodegradability, inex-
pensiveness, stability, and reactivity [48]. HAp can be easily 
synthesized from many sources, including apatite ore. One of 
the tremendous resources of apatite offering over 2,550 tons 
is in Vietnam, Lao Cai province, making HAp cost-effective 
to be synthesized during the facile modification of ores. 
Nanostructural HAp made from apatite offers adsorption 
efficiency in the range of 83.7% to 99.9%, and the adsorption 
capacity for F– is from 2.74 to 7.2 mg·g–1 [49], for Pb2+ from 7.94 
to 14.3 mg·g–1, for Zn2+ is from 19.26 mg·g–1 [50], for Cd2+ from  
103–122 mg·g–1 [51].

Another promising adsorbent is based on the super-
paramagnetic iron oxide nanoparticles (SPIONs) having a 
core mainly made of γ-Fe2O3 (maghemite) or Fe3O4 (mag-
netite) particles with sizes below 35 nm [52]. SPIONs can 
be easily synthesized and offer a high volume-to-surface 
ratio and fast attraction by magnets. These properties along 
with non-cytotoxicity [53,54], and facile doping, or surface 
modification [55,56] make it a multifunctional material for 
the adsorption of pollutants from aqueous media and mag-
netic separation, maintaining a low cost of its synthesis and 
operation [57]. Due to their simplicity in production and 
their non-toxic characteristic, magnetite (Fe3O4) nanoparti-
cles have attracted the most attention among the advanced 
magnetic nanoparticles, despite their agglomeration and 
instability in highly oxidizing and acidic environments 
[58]. The drawback is the ability of iron oxide molecules 
in a solution to interact with one another through hydro-
phobic interactions and aggregate into larger groups of 
particles with smaller, poorer surface areas. Additionally, 
because they have a lower bonding potential than hydrated 
ferric oxide, they have a lower capacity for adsorbing pol-
lutants, necessitating surface modification and function-
alization with several compounds, including silica, fatty 
acids, chitosan, polyethylene glycol, and apatite, to prevent 
their surface from acidic media [59].

SPIONs and their composites like SPION/HAp can be 
easily separated from the purified water within a mag-
netic field without filtration or centrifugation, reducing the 
amount of waste that is released into the environment [60]. 
Literature refers successful application of SPION/HAp com-
posites to treat water pollutants like Methylene blue [61] 
or heavy metal ions [62], where the HAp was made from 
chicken bones. As follows, HAp was also made from egg-
shells to be used as SPION/HAp composite for Methylene 
blue treatment [63]. Despite the effectiveness of the pro-
posed composite, the modification from animal sources 
for HAp production required the application of high tem-
peratures, generating expensive costs. Therefore, in this 
work, the composite based on SPION and HAp, where 
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the HAp was made from apatite ore, was proposed as an 
inexpensive adsorbent that can be used for the magnetic 
separation of dye pollutants from water. SPION/HAp was 
synthesized by the co-precipitation method delivering the 
material with a high surface area. It was used to remove 
Congo red (CR) in the function of contact time, initial CR 
concentration, pH, adsorbent mass, and temperature on 
adsorption capacity and efficiency.

2. Materials and methods

2.1. Materials chemicals

The apatite ore is collected from Lao Cai Province, 
Vietnam. HNO3 65%–68%, citric acid HOC(CH2CO2H)2 
99.5%, sodium hydroxide NaOH 96%, ammonia NH3 25%–
28%, Congo red (C32H22N6Na2O6S2) are pure chemicals from 
Anh Tuan Chemical Company Limited, Vietnam. Iron chlo-
ride tetrahydrate FeCl2·4H2O 98%, and iron chloride hexahy-
drate FeCl3·6H2O 99% are pure chemicals of Merck. Acetone 
(CH3)2CO 99% is a pure chemical from Xilong, China.

2.1.1. Apatite modification experiment

The pristine apatite ore was ground and dried at 100°C. 
Then, 1 g of ore was treated with 20 mL of 1 M HNO3 and 
stirred at a rate of 400 rpm for 30 min to dissolve. With 
this procedure, 20 mL of precursor for the synthesis of 
0.5 of HAp was obtained. The increase in the mass of ore 
requires an increase in the volume of HNO3 for scaling up. 
After stirring, the solution was filtered to separate insoluble  
substances.

2.1.2. Fe3O4 synthesis

0.1992 g FeCl2·4H2O was added to 0.5413 g FeCl3·6H2O 
dissolved in 10 mL distilled water under a nitrogen atmo-
sphere in a 50 mL glass bottle. In a fume hood, 20–25 mL of 
NH3 was added dropwise to reach pH 10–11. After 30 min of 
stirring at 80°C and 1,300 rpm, the precipitate was decanted 
on a magnet and washed with distilled water until it 
reached a pH of 7, yielding 0.2 g SPION.

2.1.3. Fe3O4 modified

Wet precipitate containing 0.2 g of Fe3O4 was filled with 
50 mL sodium citrate solution pH 5.5 (made from 0.1 M citric 
acid, where NaOH was added to adjust particular pH) and 
stirred at 1100 rpm for the first 30 min at 60°C and 600 rpm 
for the second 30 min. Finally, the product was decanted 
magnetically and cleaned three times with 2 mL acetone. 
Then, the SPION modified with citrates was suspended in 
distilled water.

2.1.4. Fe3O4/HAp synthesis

Following previous studies, from 20 mL ore solution, 
after the precipitation process by NH3 solution, 0.5 g HAp 
was obtained. In order to synthesize the composite with 
different ratios, various volumes of ore solution were used 
with 0.2 g of SPION. NH3 and ore solution were added 
dropwise to ensure a pH of 10 for the solution. After 

30 min of stirring at 800 rpm, the product was collected at 
the bottom of the container onto the magnet and washed 
with water until pH 7. Finally, the material was dried and 
ground, yielding SPION/HAp.

2.2. Congo red adsorption experiments

The Congo red adsorption experiments were conducted 
with 50 mL solution in the range of concentration from 25 
to 900 mg·L–1. A mass of SPION/HAp (from 0.01 g to 0.15 g) 
was immersed into the solution. Initial pH values of the 
solution were adjusted from 4 to 12 using 0.01 M NaOH 
and 0.01 M HCl and a pH meter was used to check the pH 
solution. By using a shaker at a rate of 250 rpm, the mix-
tures were stirred at various times (0.5, 1, 2, 3, 4, 5, and 6 h).

CR adsorption efficiency H (%) and capacity Q (mg·g–1) 
were determined by the following equations:

H C C
Ce� �� ��0

0

100
 (1)

Q C C V
me� �� ��0  (2)

where C0 (mg·L–1) is the initial CR concentration in the 
solution, Ce (mg·L–1) is the equilibrium CR concentration 
after the adsorption process, V (L) is the solution volume 
(V = 50 mL), and m (g) is the mass of SPION/HAp.

2.3. Methods

SPION/HAp composite was characterized by the satura-
tion magnetization, the molecular structure, phase compo-
nent, morphology, specific surface area, and element com-
ponent by a vibrating sample magnetometer (home-made 
VSM) at room temperature with the maximum applied field 
of 11 kOe, infrared (IR, Nicolet iS10, Thermo Scientific), scan-
ning electron microscope-energy-dispersive X-ray spectros-
copy (SEM-EDS, Hitachi S-4800-Japan), X-ray diffraction 
(XRD, D8 ADVANCE-Bruker, CuKα radiation (λ = 1.54056 Å) 
with a step angle of 0.030°, scanning rate of 0.04285os−1, 
and 2θ degree in the range of 20°–70°), Brunauer–Emmett–
Teller method (BET, TriStar II, Micromerit, 77K, N2).

The CR concentrations were determined by the 
UV-Vis method at a wavelength of 497 nm on a UV-Vis 
Spectrometer S80 Libra (Biochrom, UK).

3. Results and discussion

3.1. Characterization of SPION/HAp

3.1.1. Fourier-transform infrared spectroscopy and XRD 
analysis

Initially, the chemical composition of the obtained com-
posite was investigated based on the Fourier-transform 
infrared spectroscopy (FT-IR) analysis, and the presence 
of particular, characteristic bands corresponding to the 
presence of SPIONs and HAp in the SPION/HAp nano-
composite were recorded. Studies were performed for 
the nanocomposite having different stoichiometry from 
pristine SPIONs to a composite containing 40% of wt% of 
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SPIONs. As can be seen in Fig. 1, the peak at 619.96 cm–1 
corresponds to the Fe–O bond of magnetite [64] confirm-
ing the presence of iron oxide in the samples. An increase 
of HAp in the composite leads to the shift of this band to 
587.24 cm–1. For composites, the band at 1,050.73 cm–1 is 
related to PO4

3– bands, which is in good agreement with the 
literature [65]. An observed peak in the range of 3,432.23 
and 3,435.64 cm–1, respectively, in the FT-IR analysis of 
Fe3O4 and Fe3O4/HAp nanocomposites, is attributed to the 
stretching vibrations of the OH– groups or the absorbed 
water [66]. Furthermore, the bending vibration of the OH– 
group is also characterized by a peak at a wavenumber of 
1,628.04 cm–1. The peak at 1,394.26 cm–1 corresponds to the 
NO3

– group because HNO3 is used to dissolve apatite ore 
in the composite synthesis process [67].

Complementary to the FT-IR analysis, the XRD method 
was also used for the characterization of the composite. 
According to Fig. 2, the XRD patterns demonstrate the exis-
tence of Fe3O4 and HAp, where the HAp phase is marked 
with the * symbol, and iron oxide with the + symbol. The 
cubic structure of pure Fe3O4 nanoparticles is described 
by diffraction peaks with 2θ at 35.65°, 43.24°, 57.31°, and 
62.91°, which are assigned to the corresponding (311), (511), 
(222), and (004) crystal planes (the JCPDS No. 19-0629) 
[64]. The formation of the HAp phase is suggested by the 
diffraction angles of 25.97°, 32.1°, 39.8°, 46.92°, and 49.6°, 
which are attributed to (002), (211), (310), (222), and (004), 
respectively (COD No. 96-900-2215) [68]. When the ratio of 
Fe3O4 in composite increased, the intensity of the charac-
teristic diffraction peak for Fe3O4 also increased (typically 
at 2θ at 35.65° and 62.91°) and the characteristic peaks of 

HAp decreased (typically at 2θ at 25.97° and 32.1°), corre-
sponding to the results % of substances calculated from 
the peak heights characterized by XRD, Table 1.

3.1.2. EDS analysis

Additionally, the elemental analysis was performed 
within the EDS technique. Obtained spectra are presented 
in Fig. 3 and the atomic ratio is seen in Table 2. EDS results 
indicated that calcium, oxygen, phosphorous, and iron were 
in the composite’s components, where the ratios of Ca/P 
for different composite samples range from 1.30 and 1.51. 
The molar ratio of Ca/P was near to standard hydroxyap-
atite because HAp is synthesized from apatite ore contain-
ing many impurities. On the other hand, the EDS result in 
Table 2 shows that Fe composition increases from 5.86% to 
24.28% when the ratio of Fe3O4 increases from 10% to 40%.

3.1.3. Nanocomposite morphology analysis

The morphology of the nanocomposite was investi-
gated using SEM. As can be seen in Fig. 4, the obtained 
structures form agglomerates (caused by the drying of the 
sample), where the particular structures have spherical and 
rod-like shapes for Fe3O4 and HAp, respectively. The more 
HAp was coated on Fe3O4, the more rod-like structures are 
obtained. Large particles can range in size from 15–20 nm. 
When the composite contains a higher amount of Fe3O4, 
the morphology is more homogenous with spherical shapes.

3.1.4. Brunauer–Emmett–Teller

As the proposed nanocomposite is used for the absorp-
tion of pollutants, the specific surface area was investigated. 
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Fig. 1. Fourier-transform infrared spectra of Fe3O4 and 
Fe3O4/HAp.

Table 1
Ratio of SPION and HAp in composite was recorded by X-ray diffraction

10%-SPION/HAp 20%-SPION/HAp 30%-SPION/HAp 35%-SPION/HAp 40%-SPION/HAp

% Fe3O4 8.1% 17.6% 23.2% 34.5% 39.3%
% HAp 91.9% 82.4% 76.8% 65.5% 60.7%
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Fig. 2. X-ray diffraction patterns of Fe3O4/HAp.
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The BET method was used to investigate the porosity of the 
material. Fig. 5a shows the nitrogen adsorption–desorption 
isotherms of HAp, Fe3O4, and Fe3O4/HAp, while Fig. 5b 
shows the BET diagram of HAp, Fe3O4, and Fe3O4/HAp. The 
specific surface area of the synthesized materials was cal-
culated from the BET diagram and presented in Table 3. It 
can be seen that the isotherms in Fig. 5a followed the type 
IV adsorption isotherms defined by the IUPAC, with meso-
porous properties. The hysteresis loop is classified as type 

B by DeBoer, and the pore can be observed in the shape 
of an ink-bottle [69]. The specific surface area of HAp is 
216.66 m2·g–1, quite larger than that of Fe3O4 (91.37 m2·g–1). 
When the composition of Fe3O4 in the composite increased 
from 10% to 40%, the specific surface area of the material 
decreased. According to Table 3, the composite is mes-
oporous due to its size range of 6 to 12 nm. Following 
other studies, the HAp and its composite have potential 
in the treatment of pollutants [70].

Fig. 3. Energy-dispersive X-ray spectra of Fe3O4/HAp with different ratios.

Table 2
Composition of elements in Fe3O4/HAp with different ratios

Element 10%-Fe3O4/HAp 20%-Fe3O4/HAp 30%-Fe3O4/HAp 35%-Fe3O4/HAp 40%-Fe3O4/HAp

% w % a % w % a % w % a % w % a % w % a

O 47.60 68.15 48.00 69.50 48.40 70.43 52.84 75.08 43.39 67.15
P 16.89 12.49 14.51 10.85 13.15 9.88 10.43 7.5 11.6 9.27
Ca 29.66 16.95 25.13 14.52 22.31 12.96 17.53 9.75 20.74 12.81
Fe 5.86 2.40 12.36 5.13 16.14 6.73 19.2 7.67 24.28 10.76
Ca/P – 1.36 – 1.51 – 1.44 – 1.30 – 1.38
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Fig. 4. Scanning electron microscopy images of 10%-Fe3O4/HAp (a), 20%-Fe3O4/HAp (b), 30%-Fe3O4/HAp (c), 35%-Fe3O4/HAp (d), 
and 40%-Fe3O4/HAp (e).

 
 

(a) (b)

Fig. 5. N2 adsorption–desorption isotherms (a) and Brunauer–Emmett–Teller plots (b) of HAp, Fe3O4, and Fe3O4/HAp with 
different ratios.
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3.1.5. Magnetic properties of nanocomposite

A VSM was used to analyze the magnetic properties 
of the as-synthesized Fe3O4 and Fe3O4/HAp samples. As 
the material is dedicated to magnetic separation, the nano-
composite requires fast collection on a magnet, and a low 
or lack of magnetic memory is highly desired. The results 
are depicted in Fig. 6. For Fe3O4, the saturation magneti-
zation (Ms) value at 300 K is 65.76 emu·g–1, similar to the 
values obtained in the literature [71–73]. The Ms of Fe3O4/
HAp increased from 4.61 to 22.91 emu·g–1 when the ratio of 
Fe3O4 in composite increased from 10% to 40%. The HAp 
surrounds the Fe3O4 particles, which weakens the magnetic 
properties for the diamagnetic character of HAp, leading 
to the decrease of the Ms values. The Fe3O4/HAp still main-
tains the superparamagnetic characteristics and is strong 
enough to be magnetically separable when a magnetic 
field is applied [74]. It has been reported that a Ms greater 
than 16.30 emu·g–1 is enough for magnetic separation by 
ordinary magnets [75]. The Ms of 35%-Fe3O4/HAp was 
20.39 emu·g–1, which is enough to separate from the solu-
tion by an external magnetic field. But when the amount 
of Fe3O4 in the composite was higher, the specific surface 
area decreased, which may lead to a decrease in adsorp-
tion efficiency. Therefore, the 35%-Fe3O4/HAp was chosen  
for dye adsorption.

3.2. Nanocomposite application in Congo red adsorption

3.2.1. Calibration curve

The effectiveness of the Congo red removal from aque-
ous media was investigated using UV-Vis spectrometry. 
Prior to these studies, the calibration curve in the con-
centration range for CR from 10 to 50 mg·L–1 was estab-
lished (Fig. 7). The calibration equation is a linear curve: 
y = 0.01226x with correlation coefficient R2 = 0.99964 was 
used to determine CR concentration in the next experiments.

3.2.2. Effect of Fe3O4/HAp mass

Fig. 8 illustrates the effect of Fe3O4/HAp mass m rang-
ing from 0.01 g to 0.15 g on the adsorption capacity and 

efficiency of CR during a contact time t of 4 h. It was shown 
that the adsorption efficiency rose rapidly from 27.31% to 
75.93% when m increased from 0.01 to 0.1 g, but from 0.10 to 
0.15 g the efficiency increased slightly (nearly unchanged), 
while the capacity decreased. Finally, m = 0.10 g was pro-
posed as a suitable amount for further experiments to 
obtain not only a relatively high treatment efficiency but 
also a high adsorption capacity.

3.2.3. Effect of contact time

The effect of the contact time t ranging from 30 min 
to 6 h on the adsorption process was investigated. Fig. 9 
shows an analogical trend. When t increased from 30 min to 
4 h, the CR adsorption efficiency increased from 66.49% to 
93.92%, and the capacity raised from 15.62 to 21.98 mg·g–1. 
With t ranging from 4 to 6 h, the adsorption efficiency and 
capacity remained stable. This can be explained by the fact 
that when t increases, the CR fills the pores of the nano-
composite, leading to an increase in the adsorption effi-
ciency and capacity. However, after a definite period, the 
adsorption equilibrium is gained, and the adsorption capac-
ity stays nearly unchanged. Therefore, 4 h is the suitable 
contact time for the CR adsorption process.

 

Fig. 6. Magnetization curves of Fe3O4 and Fe3O4/HAp.

 

Fig. 7. Calibration curves of Congo red.

 

Fig. 8. Effect of Fe3O4/HAp mass (pH0 6.55, C0 = 50 mg·L–1, t = 4 h).
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3.2.4. Adsorption kinetics

The kinetic studies of CR adsorption on the Fe3O4/HAp 
were required for finding the optimal condition towards 
upscaling the CR removal, where the kinetic parameters are 
needed for the prediction of the adsorption rate and mod-
eling. Therefore, Lagergren’s pseudo-first-order law and 
McKay and Ho’s pseudo-second-order law model were 
used, where the measurements were performed in function 
of contact time for the optimal conditions (C0 = 50 mg·L–

1, pH0 6.55, m = 0.10 g). The equations of the two models 
are given in Eqs. (3) and (4), respectively [76–78]:

ln lnq q q k te t e�� � � � 1  (3)

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

t
q k q q

t
t e e

� �
1 1

2
2  (4)

where k2 (g·min–1·mg–1) is the pseudo-second-order rate 
constant for adsorption.

Fig. 10a shows the kinetic data using Lagergren’s pseu-
do-first-order equation, and Fig. 10b shows the kinetic 
data plotted by McKay and Ho’s pseudo-second-order 
equation. A linear trend with a high correlation coefficient 
(R2 = 0.99721) between t/qt and t was obtained, suggesting 
that the CR adsorption on the composite was fitted with the 
pseudo-second-order model than the pseudo-first-order 
one. The calculated parameters of this model are presented 
in Table 4.

3.2.5. pH value at the point of zero charge (pHpzc)

The pHpzc is the pH value at which the static charge on 
the surface of the adsorbent is equal to zero. The pHpzc was 
measured according to the literature reported by Lei et al. 
[79]. The pHpzc results of the nanocomposite are shown in 
Fig. 11. The adsorbent has the point of zero charge at pHpzc 
7.05. Depending on the pH of the adsorption medium, the 
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Fig. 9. Effect of contact time (C0 = 50 mg·L–1, pH0 6.55, m = 0.10 g).

 

(a)   (b) 

Fig. 10. Adsorption data modeled using kinetic models: (a) Lagergren’s pseudo-first-order law and (b) McKay and Ho’s pseudo- 
second-order law.

Table 4
Parameters of the Congo red removal process calculated using 
McKay and Ho’s pseudo-second-order law model

Linear equation qe,exp 
(mg·g–1)

qe,cal 
(mg·g–1)

k2 
(g·mg–1·min–1)

R2

y = 0.04256x + 0.01731 24.50 23.50 0.104642 0.99721

Table 3
Surface area and pore analysis of materials

Surface area 
(m2·g–1)

Pore volume 
(cm3·g–1)

Pore size 
(nm)

Bare HAp 216.66 0.49 9.23
10%-Fe3O4/HAp 208.73 0.35 6.61
20%-Fe3O4/HAp 206.58 0.38 6.69
30%-Fe3O4/HAp 175.61 0.32 7.59
35%-Fe3O4/HAp 166.11 0.35 8.13
40%-Fe3O4/HAp 143.70 0.40 11.44
Bare Fe3O4 91.37 0.28 12.05
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surface of the material has a positive or negative charge. If 
the adsorption is carried out at pH < pHpzc 7.05, the mate-
rial surface has a positive charge, whereas, with a pH > 7.05, 
the surface of the material has a negative charge [80]. 
The determined pHpzc values can be served as a basis for 
explaining the dependency of the adsorption capacity of 
the material on the pH of the environment.

3.2.6. Effect of pH

It is reported that the pH of the solution is an import-
ant factor that alters the adsorption efficiency [81]. The 
pH of the initial solution of CR in the adsorption pro-
cess of the composite varied from 4 to 12. Fig. 12 shows 
the effect of initial pH on the CR removal efficiency. It is 
observed that the removal efficiency decreases as the pH 
increases. To further analyze the effect of pH on adsorp-
tion efficiency, the point of zero charge value (pHpzc) was 
determined. As shown in Fig. 11, pHpzc of Fe3O4/HAp is 
measured to be 7.05. The adsorbent is positively charged 
when the solution pH < 7.05, thereby attracting the anionic 
dye CR. Moreover, the concentration of OH– in the solu-
tion increases in an alkaline environment, and OH– is 

competition for the free adsorption site with anionic dye, 
resulting in a decrease in CR removal efficiency. Therefore, 
the electrostatic attraction could be the main adsorption 
mechanism. A similar effect of the initial solution pH on the 
adsorption of CR onto m-cell/Fe3O4/ACCs [82] and Fe3O4/
CLAP [17] was reported in previous studies. A relatively 
low pH is more favourable for adsorption. At pH0 6.55 
(unadjusted) the efficiency was 66.14%, not significantly 
different from that at pH 4.40 (69.15%). Thus, in order not 
to have to adjust, the initial pH was fixed at pH0 6.55 for  
other experiments.

3.2.7. Effect of initial CR concentration

The effect of the initial CR concentration C0 ranging 
from 25 to 900 mg·L–1 on the adsorption efficiency and 
capacity of Fe3O4/HAp was investigated. Fig. 13 shows that 
when C0 increased, the adsorption efficiency decreased, and 
the capacity rose. When C0 varied to a definite value, the 
adsorption capacity reached the saturated state. With a cer-
tain amount of Fe3O4/HAp, there are a specified number of 
adsorption sites. In the case of all the adsorption sites being 
full by the CR ion, when the concentration of Congo red 
increases, the adsorption capacity nearly has no change.

  

(a)  (b) 

Fig. 11. pHpzc of 35%-Fe3O4/HAp in both a wide pH range (a) and a narrow pH range (b).

 

Fig. 12. Variation of adsorption efficiency and capacity follow 
pH with the mass of composite = 0.10 g, C0 = 50 mg·L–1, contact 
time = 4 h.

 

Fig. 13. Effect of initial Congo red concentration (m = 0.10 g, 
pH0 6.55, t = 4 h).
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3.2.8. Maximum adsorption capacity

The adsorption experiments were conducted under 
the following conditions: 0.10 g of composite in 50 mL 
of CR solution with varied concentrations, stirred in 4 h 
with a speed of 250 rpm. To better understand the adsorp-
tion process, two isotherm models are used to evaluate the 
experimental data. The expressions are shown as equations.

Langmuir isotherm:

C
q q K

C
q

e

e m L

e

m

� �
1  (5)

Freundlich isotherm:

R
K CL
L

�
�
1

1 0

 (6)

log log logq K
n

Ce F e� �
1  (7)

where qe and qm (mg·g–1) represent the equilibrium adsorption 
capacity and the maximum adsorption capacity calculated 
from the Langmuir isotherm. KL (L·mg–1) and KF ((mg·g–1)
(L·mg–1)1/n) represent the constants of these two models. 
The RL is related to whether an isotherm is unfavorable 
(RL > 1), linear (RL = 1), favorable (0 < RL < 1), and irrevers-
ible (RL = 0). The 1/n is related to the intensity of adsorption. 
The adsorption is favorable when 1/n < 1.

Langmuir isotherm theory assumes that the process 
is monolayer adsorption on a homogeneous adsorbent 
surface with a limited adsorption site amount whereas 
Freundlich’s model indicates that the adsorption process is 
not restricted to a monolayer adsorption process [83,84].

Fig. 14 shows the data fitting curves and the isotherm 
parameters are listed in Table 5. Langmuir’s model described 
the adsorption behaviour well with a relatively high R2 
value. The maximum adsorption capacity qe,exp (146.03 mg·g–

1) obtained by the experiments is close to qe,cal (158.98 mg·g–1) 
calculated from the Langmuir isotherm, indicating that 

the Langmuir model is applicable for the adsorption of 
CR onto Fe3O4/HAp. Therefore, the adsorption of CR onto 
Fe3O4/HAp can be expected as a favourably homogeneous 
monolayer adsorption process. A similar result has been 
reported in the adsorption of CR onto hierarchical NiO-
SiO2 [79]. Due to the R2 of the Freundlich isotherm model, 
the value is only 0.93955 (30°C), so it can be concluded that 
such an isotherm model is not suitable for the adsorption  
process.

The maximum adsorption capacity of Fe3O4/HAp on 
CR is 158.98 mg·g–1, which is higher or comparable with 
values of adsorption capacity described for magnetic 
materials selected from the literature, Table 6.

3.2.9. Effect of temperature

When the temperature of the adsorption process 
increased, the adsorption efficiency and capacity decreased 
(Table 6). The thermodynamic parameters, including the 
standard Gibb’s free energy change (ΔG°), the enthalpy 
change (ΔH°), and the entropy change (ΔS°) of the adsorp-
tion of CR onto Fe3O4/HAp are specified using the fol-
lowing equations:

� � � �G RT Kdln  (8)

lnK H
R T

S
Rd � �

�
� �

�� �1  (9)

 

  

(a)    (b) 

Fig. 14. Adsorption isotherm curves of Congo red follow the Langmuir model (a) and Freundlich (b).

Table 5
Isotherm parameters of adsorption of Congo red onto 
Fe3O4/HAp

Langmuir Freundlich

qm 
(mg·g–1)

KL 
(L·mg–1)

R2 KF 
((mg·g–1)(L·mg–1))1/n)

1/n R2

158.98 0.018 0.9972 60.31 1.860 0.9396
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where R is the universal gas constant (8.314 J·mol–1·K–1), 
T is the temperature (K), and Kd is the equilibrium constant. 
The intercept and slope of the plot of lnKd vs. 1/T (Fig. 15) 
give the values of ΔG°, ΔH°, and ΔS° (Table 7). A positive 
value of ΔG° and a negative value of ΔH° showed that the 
adsorption process was non-spontaneous and exother-
mic. The ΔS° with negative values proved the decrease in 
randomness at the adsorbate–adsorbent interface.

3.3. Mechanism studies

The adsorption mechanism could be described as the 
interaction between the CR molecules and the surface of the 
adsorbent. Based on the pH studies and the compositional 
studies of the adsorbent using FT-IR, it can be concluded 
that the CR adsorption on the surface of Fe3O4/HAp under-
goes the Langmuir model assuming that CR is adsorbed 
on the binding or active sites of the adsorbent’s surface, 
where the adsorption sites are energetically comparable 
[90]. Each molecule of CR reaches each active site on time 
forming a monolayer. As the CR is an ionic dye dissociat-
ing in low pH to a polar group (R-SO3–), it interacts with 
the positively charged surface of the material in acidic pH 

(pH < pHpzc) [90,91]. At the same time, the opposing charges 
on the adsorbent’s surface and the CR molecule enhance 
electrostatic interactions [92]. Besides Coulomb interac-
tions, the adsorption process also undergoes hydrogen 

Table 6
Comparison of adsorption capacities of various adsorbents for Congo red removal

Adsorbents Adsorption conditions qmax (mg·g–1) References

Bentonite pH 5.8, 25°C 68.96 [30]
Chitosan/montmorillonite pH 7, 30°C 54.52 [31]
Coir pith pH 7.70, 35°C 6.72 [32]
KJA/Ti 25°C 52.00 [33]
KJA/N/café 25°C 159.00 [33]
SA/N/café 25°C 161.00 [33]
KJA/S/café 25°C 189.00 [33]
Activated red mud pH 7 7.08 [34]
Neem leaf powder pH 6.7, 25°C 41.2 [36]
Chitosan hydrobeads pH ~ 6.0, 30°C ± 1°C 65.77 [38]
Pine bark pH 2–9, 25°C–60°C 0.3–1.6 [85]
Industrial waste pH 7, 25°C 22.12 [10]
Ash-fly@Fe3O4 pH 6.5–7 154 [86]
Breadfruit leaf biochar pH 6.37 17.81 [87]
Magnetic HKUST-1 pH 7, 25°C 49.5 [88]
Kaolin-aminated-chitosan pH 7, 25°C 104.16 [89]
Magnetic nanocellulose based ionic liquid pH 6.8, 25°C 102.4 [89]
Fe3O4/HAp pH 6.55, 28°C 158.98 This work

 

Fig. 15. Relationship between lnKd and 1/T.

Table 7
Parameters H (%), Qe (mg·g–1), and Kd when temperature varies in the Congo red adsorption process (t = 4 h, m = 0.10 g, pHo 6.55)

T (K) C0 (mg·L–1) Ce (mg·L–1) H (%) Qe (mg·g–1) Kd = Qe/Ce lnKd 1/T

301

47.72

23.74 50.26 11.98 0.50 –0.68 0.003322
308 23.33 51.11 12.16 0.52 –0.65 0.003247
318 30.42 36.24 8.60 0.28 –1.26 0.003145
328 36.79 22.91 5.48 0.15 –1.90 0.003049
338 39.15 17.95 4.30 0.11 –2.21 0.002959
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bonding. Fig. 16 presents a schematic image describing the 
mechanism of CR adsorption on the Fe3O4/HAp surface.

3.4. Reusability studies

From the practical and economical point of view, 
another factor closely related to the potential of upscaled 
application of adsorbent is the number of cycles of oper-
ation. So far, the reusability was investigated using the 
optimal conditions, namely 4 h contact time, 0.10 g of 35%-
Fe3O4/HAp adsorbent, 50 mL of 50 mg·L–1 CR, and pHo 6.55. 
Then, the adsorbent was separated magnetically from the 
CR solution and placed in 50 mL of 0.1 M NaOH solution 
with stirring at about 150 rpm for 4 h for desorption of 
the anionic dye. Initially, the ethanol was tested as eluent; 
however, the effectiveness was not satisfactory. Thus, for 
the more economical reuse of adsorbent, NaOH was cho-
sen. Messaoudi et al. [93] also refer to NaOH as the more 
effective eluent for CR desorption than alcohols. After 4 h 
treatment, the adsorbent was separated magnetically from 
the NaOH solution containing desorbed CR, washed with 
distilled water, and dried in the oven. Then, the Fe3O4/HAp 
was placed directly into the fresh CR solution, where the 
dye solution was exposed to the adsorbent in the same way. 
The adsorption/desorption was performed 5 times for the 
same material. As can be seen in Fig. 17 the effectiveness 
of CR removal after the first cycle is about ~63%, while 
the desorption reaches nearly 83%. Then, within the sec-
ond cycle the adsorption yield H% increased and remains 
about 65% effective for subsequent 3–5 cycles likewise the 
iron-based or Ca-based materials presented in the litera-
ture [94–96], and in the desorption process, it is seen that 
the H% tend to decrease. Decreasing effectiveness may be 

related to the blocking of the adsorbent’s surface with CR 
or compositional changes of the surface after the NaOH  
treatment.

4. Conclusion

The SPION/HAp nanocomposite synthesized by the 
co-precipitation method using the apatite ore as a HAp 
precursor is a promising material for water purification. 
In addition, the synthesis of HAp from the apatite ore 
found in Lao Cai – Vietnam is a useful solution when tak-
ing advantage of available resources. The morphology 
of the composite depends on the HAp content, where its 
increase leads to the formation of rod-like structures. The 
FT-IR results confirm the presence of functional groups of 
both Fe3O4 and HAp such as Fe–O, O–H, and PO4

3–. The spe-
cific surface area of 35%-Fe3O4/HAp is high (166.11 m2·g–1) 
contributing to the treatment of pollutants. The superpara-
magnetic properties of the Fe3O4/HAp nanoparticles are 
still ensured which is suitable for magnetic separation from 
the solution. The application of nanocomposite towards the 
Congo red removal from aqueous media is cost-effective, 
easy to operate, and makes it possible to remove the adsor-
bent magnetically. A suitable condition for the absorption 
of 50 mL of 50 mg·L–1 CR solution was determined with a 
contact time of 4 h, 0.10 g of material, and pH0 6.55. The 
Fe3O4/HAp composite has a maximum adsorption capacity 
value of 158.98 mg·g–1 and follows the Langmuir isotherm 

 

Fig. 16. Proposed mechanism of Congo red adsorption on 
Fe3O4/HAp.

Table 8
Parameters ΔH°, ΔS°, ΔG°

T (K) ΔH° (kJ·mol–1) ΔS° (kJ·mol–1·K–1) ΔG° = ΔH°–TΔS° (kJ·mol–1) ΔG° = –RTlnKd

301

–39.02 –0.134

1.27 1.71
308 2.21 1.67
318 3.54 3.34
328 4.88 5.19
338 6.22 6.21

 

Fig. 17. Adsorption and desorption yield H% in the function of 
cycles operation.
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adsorption model, where the interactions between the 
adsorbent and adsorbate are mainly based on the hydrogen 
bonds and Coulomb interactions. The pseudo-second-order 
kinetic models have more potential in describing the kinetic 
behaviour of the process than the pseudo-first-order kinetic. 
The thermodynamic parameters such as enthalpy (ΔH°), 
entropy (ΔS°), and Gibbs free energy (ΔG°) highlighted that 
the adsorption of CR using the SPION/HAp nanoparticles 
is exothermal and non-spontaneous. The obtained mate-
rial was used within the 5 cycles of operation offering its  
reusability.
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