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a b s t r a c t

In the paper, magnetic Fe3O4/Hydroxyapatite (Fe3O4/HA) nanocomposites were prepared by a 
mechanical method and an in-situ method. XRD and SEM were used to characterize the microstruc-
ture and morphology. The adsorption performance of bare HA as well as the magnetic Fe3O4/HA 
nanocomposites to Cu2+ ions were investigated and compared. The results showed that the parti-
cle size of magnetic Fe3O4/HA nanocomposites synthesized in-situ had a uniform distribution. The 
crystallinity and the particle size were found to increase with the molar ratio of Fe3O4: HA and the 
hydrothermal reaction temperature. The magnetic Fe3O4/HA nanocomposites prepared by the two 
methods both have the ability to absorb Cu2+ ions. The removal efficiency of magnetic Fe3O4/HA 
nanocomposites in-situ to Cu2+ ions is 95%, higher than those by the mechanical method (91%). The 
adsorption capacity of Fe3O4/HA in-situ is higher than that mechanically and bare HA. The mag-
netic Fe3O4/HA nanocomposites can be completely separated by external magnetic field, so it has the 
potential of practical application in the heavy metal wastewater treatment.
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1. Introduction

With increasing amount of heavy metal pollution in 
global water, how to mitigate the heavy metal pollution in 
water resources has become a top priority for research sci-
entists. The heavy metal pollution treatment technologies 
can be classified into three categories: chemical precipi-
tation, physical chemistry and biological method [1]. The 
adsorption method removes heavy metal ions through the 
strong affinity between the heavy metal pollutants and the 
adsorbent. Adsorption method is a convenient and effec-
tive method with the advantages of simple and convenient 
operation, good removal efficiency, easy recovery of heavy 
metal ions, no or little secondary pollution, a wide range of 
material sources and low cost, etc. [2]. Therefore, it attracts 
broad academic interest to develop adsorbents that are sim-
pler and cheaper, and can be used repeatedly.

Natural mineral materials such as zeolite, smectite, rec-
torite, diatomite and apatite have been gradually developed 
for the adsorbent materials [3–7]. They have advantages 
such as extensive resources, low cost, and no secondary 
pollution in heavy metal wastewater treatment and soil 
remediation compared with other types of adsorbents. 
Hydroxyapatite (HA) has achieved good results in adsorp-
tion of heavy metal ions due to its special crystal structure, 
good ion exchange and thermal stability, and become a new 
environmental protection functional material [8,9]. HA has 
a wide range of acceptability for heavy metal ions and is 
easy to be synthesized [10,11], therefore, it has great poten-
tial value in wastewater treatment. However, it is difficult 
to be separated completely from the waste water due to 
its powdery appearance and poor mechanical properties, 
which limits its practical application.

Magnetic separation technology has emerged as a phys-
ical separation method in industrial wastewater treatment. 
Fe3O4 is a traditional magnetic material with the advantages 
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of large specific surface area, high reactivity, low prepara-
tion cost and high efficiency. Its unique magnetic properties 
make it widely used in various fields. Since the beginning 
of the 20th century, the magnetic properties and electrical 
properties of Fe3O4 particles have attracted the attention of 
researchers in various fields, Fe3O4 has been widely used in 
magnetic fluids, magnetic records, magnetic refrigeration, 
catalysts, medicine and construction [12–16]. At present, its 
excellent magnetic properties, high specific surface activity 
and biocompatibility have enabled it to be used as an adsor-
bent in the treatment of heavy metal ions. Z. Chen et al. used 
the electronegativity of the surface of Fe3O4 nanoparticles 
to adsorb heavy metal ions in the wastewater [17]. Mag-
netic adsorbents have the characteristics of easy recycling 
and excellent adsorption performance, and are considered 
as a green and environmentally friendly adsorbent [18,19].
High-performance adsorption and magnetic recovery prop-
erties can be achieved by combining magnetic Fe3O4 with 
other materials. It has the great potential in the treatment of 
wastewater, and the heavy metals can be recovered and no 
secondary pollution occurs.

Our research group has conducted some work on the 
adsorption performance of HA and modified HA to heavy 
metal ions in recent years [20–25]. The effects of pH, tem-
perature and adsorption time have been investigated in 
previous work. We found that: at low pH, a large amount 
of H+ and Cu2+ ions in the solution can be adsorbed on the 
active sites. HA has a small amount of dissolution, the Ca2+ 

dissolved will not make effect to adsorb Cu2+ ions, so the 
removal rate is not very high; when 3 < pH < 7, as the pH 
value increases, the negative charge on the surface of HA 
increases, which is favorable for the adsorption of cations 
on the surface of HA, and the removal rate to Cu2+ ions 
shows an upward trend; when 7 < pH < 8, the removal rate 
begins to decrease; when pH = 9, the removal rate slightly 
increased because of the precipitation of Cu(OH)2. In gen-
eral, when the pH ≥ 3, the removal rate is on the high level, 
the adsorption of Cu2+ ions by HA has a wide pH range. 
Here, pH = 7 is carried out based on two considerations: 
(1) the best adsorption performance under pH = 7 condi-
tion according to previous research, (2) its ease to operate 
for no need to add acid or alkali to adjust the pH value. 
With the increase of temperature, the removal rate of Cu2+ 
ions increases, especially between 20~40°C and slower 
after 40°C. However, considering the actual situation, it is 
generally preferred to carry out adsorption at room tem-
perature, so adsorption experiments were carried out at 
room temperature here. This work focuses on the magnetic 
Fe3O4/HA nanocomposites synthesized mechanically and 
in-situ for the removal of Cu2+ from aqueous solution. The 
composite adsorbent can be magnetized under an external 
magnetic field, thereby facilitating the separation, recy-
cling and reuse of the adsorbent.

2. Experimental 

2.1. Materials

All commercial reagents such as CaNO3·4H2O, 
(NH4)2HPO4, C12H22SO4Na (SDS), FeCl3·6H2O and 
FeCl2·4H2O etc. are all analytical grade and used directly 
without any further purification.

2.2. Preparation of Fe3O4/HA nanocomposites

In the in-situ method, the anionic template SDS 5 g 
was dissolved in 60 mL ethanol/water (1:1, v/v) solution 
and preheated to 60°C to fully dissolve. FeCl3·6H2O and 
FeCl2·4H2O in the molar ratio of 2:1 were dissolved in 40 mL 
ethanol/water (1:1, v/v) solution and heated to 60°C, and 
then mixed with the SDS solution above (marked as Solu-
tion A). 2 M NaOH solution was injected into the solution 
A with a syringe to control the pH > 11. 2 g NaOH and 0.03 
mol (NH4)2HPO4 were dissolved in 60 mL ethanol/water 
(1:1, v/v) solution and preheated to 60°C. Under nitrogen 
protection, 60 mL Ca(NO3)2 solution with pH > 11 was 
added drop wise into (NH4)2HPO4 solution with stirring at 
60°C for 30 min (marked as Solution B). The molar ratio of 
Ca:P is 5:3. The molar ratio of (Fe2++Fe3+):Ca2+ is 3:10, 3:20 
and 3:30, respectively. The solution A and B were poured 
into PTFE reactors and heated at 60°C for 12 h. After cooling 
to room temperature, it was washed with ethanol and water 
until neutral. Powder was vacuum dried at 55°C for 24 h. 
Fe3O4/HA composites were obtained after the template was 
removed by vacuum sintering at 600°C. The above exper-
iments were repeated with the hydrothermal tempera-
ture at 80°C and 120°C for 12 h, respectively. In addition, 
bare Fe3O4 and HA were separately synthesized using the 
same process. Fe3O4/HA nanocomposites in-situ marked 
as molar ratio (Fe3O4:HA)@hydrothermal temperature. For 
example 1:1@60°C represents the molar ratio of Fe3O4:HA is 
1:1 and hydrothermal temperature is 60°C.

In the mechanical method, bare Fe3O4 and HA were 
mechanically mixed with the molar ratio of Fe3O4:HA = 1:1, 
1:2, 1:3, respectively. Deionized water was used as the dis-
persant, and the resulting suspension was stirred at 60°C 
for 90 min at a nitrogen atmosphere, then magnetic separa-
tion was performed. The dark brown magnetic Fe3O4/HA 
composite powders were obtained after drying under vac-
uum at 55°C for 24 h. Fe3O4/HA nanocomposites prepared 
mechanically marked as M-1:1, M-1:2 and M-1:3 according 
to the molar ratio of Fe3O4 to HA, respectively.

2.3. Adsorption experiments

Adsorption experiments were carried out in batch at 
room temperature. The concentration of adsorbent and 
Cu2+ are 2 g/L and 20 mg/L, respectively, and pH value is 
7. After different adsorption duration, magnetic separa-
tion was performed using a magnet, and then the super-
natant was filtered and diluted with 1% HNO3 solution, 
which was used to measure the concentration of Cu2+ res-
idue. All experimental data were in triplicate and finally 
averaged.

2.4. Characterization

X-ray diffraction (XRD, PANalytical, Holland) was ana-
lyzed by Cu Kα radiation (λ = 0.15418 nm) at 40 kV and 
40 mA from 20° to 70°. The scanning speed is 10°/min at 
the step length of 0.03°. The microstructure and morphol-
ogy were observed by a Field Emission Scanning Electron 
Microscope (FE-SEM, HitachiS4800, Japan). Before the SEM 
measurement, samples were sputtered with gold by an ion 
sputter device (E-1045, Hitachi, Japan). The concentration 
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of Cu2+ was measured by atomic adsorption spectroscopy 
(AAS, Varian AA220, USA). 

The removal efficiency was calculated using the follow-
ing equation:

Y
C C

C
e=

−
×0

0

100%  (1)

where Y is the removal efficiency(%), C0 and Ce are the con-
centration (mg/L)of Cu2+ ions in solution before and after 
adsorption.

The adsorption capacity was calculated using the fol-
lowing equation:

Q
C C V

m
e=

−( ) ×0  (2)

where Q is the adsorption capacity (mg/g), V is the volume 
of the solution (L), m is the amount of HA in the adsorbent 
(g).

Pseudo-first-order kinetic model used to describe the 
solid-liquid adsorption process is shown in Eq. (3), 

ln( ) lnQ Q Q k te t e− = − 1  (3)

The pseudo-second kinetic model is based on Eq. (4),

t Q k Q t Qt e e/ ( / ) /= +1 2
2  (4)

The intraparticle diffusion model was proposed by 
Weber and Morris, and its expression is:

Q k t It id= +1 2/  (5)

where Qt is the amount of adsorption at t time (mg /g), Qe 
is the balanced adsorption amount (mg/g), k1 is the first-or-
der adsorption rate constant (min–1), k2 is the second-order 
adsorption rate constant (g/mg·min–1), t is the adsorption 
time (min), kid is the intraparticle diffusion rate constant, 
and I is the thickness of the boundary layer.

3. Results and discussion

3.1. Microstructure and morphology

XRD patterns of HA, Fe3O4 and Fe3O4/HA nanocom-
posites (M-1:1, M-1:2, M-1:3) prepared mechanically are 
shown in Fig. 1. The diffraction peaks of HA at 25.8°, 31.8°, 
46.9° and 49.7° are corresponding to the (002), (211), (222) 
and (213) according to JCPDS 76-0694. It is noticed that 
all diffraction peaks of Fe3O4 at 30.2°, 35.6°, 43.2°, 53.7°, 
57.2° and 62.7° can be indexed to face-centered cubic 
magnetite (JCPDS No. 85-1436), and are corresponding 
to (220), (311), (400), (422), (511) and (440) planes, respec-
tively. XRD patterns of Fe3O4/HA nanocomposites com-
bine Fe3O4with HA, which indicates that magnetic Fe3O4/
HA nanocomposites were successfully prepared mechan-
ically. For M-1:1, due to the high content of Fe3O4, the 
diffraction peak of Fe3O4 is strong and sharp, and become 
the main crystal phase, while HA is the secondary crystal 
phase. With the increase of HA content, HA diffraction 
peak become stronger and sharper than Fe3O4, and the 

peak shape of M-1:2 and M-1:3 is more similar with the 
pattern of bare HA.

XRD patterns of Fe3O4/HA nanocomposites synthe-
sized in-situ are shown in Fig. 2. There are difference among 
the XRD patterns due to the different hydrothermal tem-
perature and molar ratio of Fe3O4 to HA. It can be seen that 
all the diffraction peaks correspond to the characteristic 
peaks of Fe3O4 or HA, and no other peaks can be observed. 
The results show that magnetic Fe3O4/HA nanocompos-
ites were successfully synthesized by the in-situ synthesis 
method. The diffraction peaks of Fe3O4/HA nanocompos-
ites appear narrower, stronger and sharper with the hydro-
thermal temperature increase from 60°C to 120°C. It can be 
explained that the grain growth rate is accelerated with the 
increase of temperature, which is consistent with the results 
of SEM later.

It can be seen from Fig. 2 that the main crystal phase 
is HA and secondary crystal phase is Fe3O4for all samples 
except 1:1@80°C and 1:1@120°C, which indicates that the 
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Fig. 1. XRD patterns of HA, Fe3O4 and Fe3O4/HA prepared by 
mechanical mixing method.
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hydrothermal temperature and molar ratio can influent the 
phase composition. The diffraction peaks at 31.5° and 32.8° 
split clearly and become sharper with the increase of HA 
content, which indicates that the powder crystallizes to a 
higher degree. It may be explained that Fe3O4 nanoparticles 
cause heterogeneous nucleation. HA coats on the surface of 
Fe3O4 nanoparticles acting as the nucleus, more and more 
HA precipitates on the surface of Fe3O4 with the increase 
of HA content, so leading to the increase of the composite 
particle size.

SEM images of bare HA, bare Fe3O4 and Fe3O4/HA 
nanocomposites synthesized mechanically are shown 
in Fig. 3. HA (Fig. 3a) appears as short nanorods and the 

particle size distributes uniformly. Fe3O4 (Fig. 3b) appears 
nanospheres with the particle size of 20–40 nm, and a lit-
tle aggregation is visible. The short HA nanorods and the 
Fe3O4 nanospheres can be seen from Figs. 3c, d and e, which 
indicates that there is no chemical action between the Fe3O4 
and HA in the mechanical mixing process. With the increase 
of the HA’ content, particle agglomeration phenomenon 
decreases and the dispersibility becomes better. 

SEM images of Fe3O4/HA synthesized in-situ are 
shown in Fig. 4. The Fe3O4/HA nanocomposites appear 
as short nanorods. Both the particle size and the aggre-
gation degree increase with the increase of hydrothermal 
temperature and HA’ content. Compared the particle size 

Fig. 3. Micromorphology of bare HA (a), bare Fe3O4(b) and Fe3O4/HA (c,d,e) synthesized mechanically.
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Fig. 4. Micromorphology of Fe3O4/HA synthesized in-situ. (a) 1:1@60°C; (b) 1:2@60°C; (c) 1:3@60°C; (d) 1:1@80°C; (e) 1:2@80°C; (f) 
1:3@80°C; (g) 1:1@120°C; (h) 1:2@120°C; (i) 1:3@120°C.
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of Fe3O4/HA naocomposites under same molar ratio, 
samples at 60°C has the smallest size with larger specific 
surface area and better dispersibility, which can provide 
more adsorption sites and facilitate the removal of heavy 
metal ions, it will be testified by follow-up adsorption per-
formance discussion. Comparing the morphology of the 
samples synthesized at same temperature, the particle size 
and aggregation degree increases with the increase of HA’ 
content.

3.2. Magnetic property and adsorption performance

In order to test the magnetic property of the Fe3O4/HA 
nanocomposites, a simple magnet experiment was per-
formed. 0.2 g Fe3O4/HA nanocomposites M-1:1 (Fig. 5a) 
and 1:1@60°C (Fig. 5c) are dispersed ultrasonicly in deion-
ized water for 30 min, respectively. Fe3O4/HA nanocompos-
ites were quickly attracted to the magnet side after applying 
an external magnetic field by a rubidium magnet for 2 min, 
as shown in Figs. 5b,d. The obvious magnetic response indi-
cates that the Fe3O4/HA nanocomposites prepared mechan-
ically and in-situ are magnetic . Comparing Fig. 5b with 5d, 
it can be found that the supernatant of Fe3O4/HA nanocom-
posites prepared in-situ was clearer, which indicates that its 
magnetic separation is more thorough. It can be explained 
that the HA coated completely on the Fe3O4 nucleus by 
in-situ method, while mechanical mixing method may not 
combine the HA with Fe3O4uniformly. HA is not magnetic, 
the magnetic property of composite particles are completely 

caused by the super paramagnetism of Fe3O4, which proves 
that Fe3O4 is successfully compounded with HA by in-situ 
method, and can be quickly removed under the magnetic 
field conditions.

The removal efficiency of bare HA and Fe3O4/HA nano-
composites synthesized mechanically and in-situ to Cu2+ 
were investigated at different adsorption time, and shown 
in Fig. 6. It can be seen from Fig. 6 that the adsorption capac-
ity of Fe3O4/HA M-1:3 is significantly better than that of 
M-1:1 and 1:2, and the saturation removal efficiency reaches 
91%. Under the same molar ratio 1:2 condition, the removal 
efficiency of 1:2@60°C to Cu2+ ions is higher than that of 
1:2@80°C, and 1:2@120°C is the lowest. As the hydrother-
mal temperature increases, the degree of crystallization and 
agglomeration increases, the particle size becomes larger, 
which results in the decrease of the specific surface area, so 
the adsorption active sites decrease and lead to the decrease 
of the removal efficiency. 

Comparing the adsorption curves of Fe3O4/HA syn-
thesized in-situ at 60°C, the saturation removal efficiency 
of 1:2@60°C is the highest, about 95%, and 1:3@60°C is 
the lowest, about 62%. This is due to that the crystallin-
ity is greatly increased with the increase of HA’ content. 
The sintered neck forms between particles and particles 
become bigger and coarser, thus leads to a decrease in the 
specific surface area, and therefore the adsorption effect is 
significantly reduced. However, the removal efficiency of 
1:1@60°C is not as good as 1:2@60°C, which is due to the 
low HA’ content.

Fig. 5. Photographs of magnetic property test for M-1:1 (a,b) and 1:1@60°C (c,d).
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It also can be seen that the removal efficiency of magnetic 
Fe3O4/HA nanocomposites are lower than that of bare HA. 
It is due to the HA’ content in composites is lower than that 
of bare HA. Here, the adsorption capacity were calculated 
based on the HA content, the results are shown in Fig. 7. It can 
be seen that the adsorption capacity increases gradually with 
adsorption duration time, eventually reaching the adsorption 
equilibrium. Qe of bare HA is 9.73 mg/g, that of 1:1@60°C is 
10.83 mg/g, that of 1:2@60°C is 10.48 mg/g, and that of M-1:3 
is 9.80 mg/g. Qe from large to small is: 1:1@60°C > 1:2@60°C > 
M-1:3 > HA > 1:2@80°C > 1:2@120°C > 1:3@60°C. Therefore, 
it can be concluded that magnetic Fe3O4/HA nanocompos-
ites synthesized in-situ has better adsorption performance 
than that synthesized mechanically and bare HA.

Fitting of ln(Qe – Qt) versus t of bare HA and Fe3O4/
HA nanocomposites were performed according to the 
pseudo-first-order kinetic model (Figs. 8a,b). The pseu-
do-first-order adsorption rate constant k1 of bare HA is 
0.0036. The correlation coefficient R2 is 0.31866. The experi-
mental value of Qe is 9.73. Its theoretical value is 4.96. The k1 
of Fe3O4/HA nanocomposites is 0.0221, and R2 is 0.37475, its 
experimental value of Qe is 10.60 and the theoretical value 
is 3.38. The first-order kinetics expresses the relationship 
between the occupancy rate of the adsorption sites and the 
number of unoccupied adsorption sites. It shows that the 
pseudo-first-order kinetics does not fit the adsorption of 
bare HA or Fe3O4/HA to Cu2+ well.

Figs. 9a and b is a pseudo-second-order kinetic fitting of 
bare HA andFe3O4/HA nanocomposites. The pseudo-sec-
ond-order adsorption rate constant k2 of bare HA is 0.061 
and R2 is 0.99993. The k2of Fe3O4/HA is 0.023 and R2 is 
0.99964. Both correlation coefficients R2 are more than 0.999, 
and the theoretical value of Qe (HA: 9.78; Fe3O4/HA: 10.75) 
is consistent with the experimental values (HA: 9.73; Fe3O4/
HA: 10.60), which indicates that the pseudo-second-order 
kinetics can describe the adsorption of bare HA and Fe3O4/
HA nanocomposites to Cu2+ ions well. The adsorbent and 
adsorbate have electrons shared or exchanged during the 
adsorption rate control stage,so it is concluded that there 
exists ion exchange between Ca2+ in HA and Cu2+ and chem-
ical adsorption between O2– in Fe3O4 with Cu2+.

The relationship of Qt versus t1/2 for bare HA and Fe3O4/
HA nanocomposites is shown in Fig. 10 (a) and (b) accord-
ing to the intraparticle diffusion model, respectively. As can 
be seen that there are two different adsorption stages, the 
first stage is mainly film diffusion, and the second one is 

Fig. 6. The removal efficiency of bare HA and Fe3O4/HA synthe-
sized mechanically and in-situ to Cu2+.

0 60 120 180 240
2

3

4

5

6

7

8

9

10

11

 

 

Q
/(m

g/
g)

Time/min

 HA 
 1:2@60℃
 1:1@60℃
 1:3@60℃
 1:2@80℃
 1:2@120℃
 M-1:3

Fig. 7. The adsorption capacity of bare HA and Fe3O4/HA nano-
composites to Cu2+.

0 50 100 150 200 250

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

 

y=0.6958-0.0036x
R2=0.31866

ln
(Q

e-Q
t )

t /min

HA

(a)

0 50 100 150 200 250
-8

-6

-4

-2

0

2

 

 

ln
(Q

e-Q
t )

t /min

y=0.5292-0.0221x
R2=0.37475

(b)

Fe3O4/HA

Fig. 8. The pseudo-first-order kinetic fitting of bare HA and 
Fe3O4/HA nanocomposites.



Z. Hou et al. / Desalination and Water Treatment 141 (2019) 229–237236

the internal diffusion. The kid1 and kid2 of bare HA are 0.3010 
and 0.0283, respectively, and the intercepts I1 and I2 are 
7.4516 and 9.2959, respectively; the kid1 and kid2 of Fe3O4/
HA are 0.5198 and 0.0247, respectively and the intercepts I1 
and I2 are 6.2205 and 10.2164, respectively. The adsorption 
to heavy metal ions from solution by solids is a multi-step 
complex process. Heavy metal ions are first adsorbed from 
the solution to the surface of the solid particles boundary 
layer and then transferred to the surface of particles through 
the boundary layer. So, adsorption experiences film diffu-
sion and internal diffusion. The internal diffusion process 
is slow, and is usually the rate determining stage. If there is 
internal diffusion, then the relationship between Qt and t1/2 
must be linear. If the internal diffusion is the rate-determin-
ing step, then the straight line need to pass the origin [26]. 
It can be seen from Fig. 10 that the straight line does not 
pass through the origin, which indicates that the adsorp-
tion process of Cu2+ ions by bare HA and Fe3O4/HA is not 
determined solely by internal diffusion. And the boundary 
layer thickness I2 of the internal diffusion of Fe3O4/HA and 
bare HA are both larger than their boundary layer thickness 
I1 of the film diffusion, and the internal diffusion rate kid2 are 
both smaller than the film diffusion rate kid1, which indicates 
that the internal diffusion is dominant.

According to the kinetics and intraparticle diffusion 
model analysis, the adsorption of Fe3O4/HA to Cu2+ ions can 

be divided into two stages. The first stage is rapid surface 
adsorption, and the second is a slowly reaching adsorption 
equilibrium stage. The introduction of magnetic Fe3O4 does 
not change the adsorption mechanism of HA.

4. Conclusions

The Fe3O4/HA magnetic nanocomposites were suc-
cessfully prepared by a mechanical method and an in-situ 
method. The magnetic Fe3O4/HA nanocomposites pre-
pared mechanically are compounded with nanorod HA 
and spherical magnetic Fe3O4 in the physical way. The mag-
netic Fe3O4/HA nanocomposites synthesized in-situ are 
short rod-like nanoparticles, and the crystallinity degree 
and particle size increase with the increasement of hydro-
thermal temperature and molar ratio of Fe3O4 to HA. When 
the hydrothermal temperature is 60°C and the molar ratio 
is 1:1 (Fe3O4:HA), the magnetic Fe3O4/HA nanocomposites 
synthesized in-situ appear as uniform nanoparticles and 
good dispersibility. The morphology is more favorable to 
the adsorption for heavy metal ions. The magnetic Fe3O4/
HA nanocomposites prepared by the two methods are both 
able to remove Cu2+ ions. When the ratio is 1:3 (Fe3O4:HA)
for mechanical mixing method, the saturation removal effi-
ciency reaches 91%. The saturation removal efficiency of 
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Fig. 10. The intraparticle diffusion model fitting of bare HA and 
Fe3O4/HA nanocomposites.
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1:2@60°C in-situ reaches 95%. The equilibrium adsorption 
capacity of 1:1@60°C is 10.83 mg/g, higher than M-1:3 (9.80 
mg/g) and bare HA (9.73 mg/g). Under the same condi-
tions, magnetic Fe3O4/HA nanocomposites synthesized 
in-situ has better adsorption performance than that synthe-
sized mechanically and bare HA, and easy to be separated 
by the external magnet field. The pseudo-second-order 
kinetics and intraparticle diffusion models can describe the 
adsorption of bare HA and magnetic Fe3O4/HA nanocom-
posites to Cu2+ ions well.
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