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Abstract
In this study, a hydrogel adsorbent was successfully synthesized using hydroxyapatite/acrylamide/βcyclodextrin to adsorb heavy metal ions and dyes in water. In the study, different contents of
hydroxyapatite were added to the hydrogel, and then the mechanical properties and adsorption properties
of the material were studied. The results show that the compressive strength of hydrogel added with
hydroxyapatite increased by 37.1%. According to the adsorption isotherm model, the maximum
adsorption capacity is 300mg/g. In addition, the preparation process of the composite hydrogel is simple,
and can be used at a lower pH value, and can be used multiple times. Therefore, the material is of great
significance to the treatment of pollutants.

Introduction
At present, heavy metals and industrial dyes are the main pollutants of water resources in many parts of
the world. Industrial activities have caused a large amount of organic and inorganic printing and dyeing
wastewater. These pollutants can cause genetic and physiological problems in organisms [1, 2]. At
present, there are many methods to deal with toxic substances, such as: chemical deposition, ion
exchange, electrochemical removal, adsorption, coagulation, flocculation, membrane separation and
other methods [3-6].
The adsorption method is superior to other methods due to its low cost, simple design and high
efficiency. It is widely used due to its simplicity and high efficiency. However, it is difficult for traditional
adsorbents to treat toxic substances in wastewater to a safe level [7-9]. Hydrogels are the latest
adsorbents used to treat pollutants in recent years [10, 11]. They have good mechanical properties and
are easy to use and reuse [12]. Therefore, the hydrogel has found a special location in the field of
wastewater treatment [13]. At present, the main materials of synthetic hydrogels are natural polymers or
synthetic polymers: inorganic clay, cellulose, acrylic acid and graphene oxide [14-16]. Hydroxyapatite
widely exists in nature and is used in medical field because of its unique compatibility [17-19]. In addition,
hydroxyapatite has a large number of active groups, which can adsorb toxic substances in the medium in
the form of ion exchange, coordination and hydrogen bond, so it is also used as an adsorbent [20, 21].
In this study, hydroxyapatite and acrylamide / cyclodextrin / polyvinyl alcohol were used to synthesize a
hydrogel adsorbent. The influence of inorganic material hydroxyapatite on hydrogel adsorbent was
discussed. In this study, the mechanical properties and adsorption properties of hydrogels were
characterized and tested, and the effects of hydroxyapatite on the properties of hydrogels were also
discussed.

Materials And Methods
2.1. Materials
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Acrylic acid, acrylamide, melamine and paraformaldehyde were purchased from Tianjin Kairuisi Fine
Chemical Co., Ltd (Tianjin China); Polyvinyl alcohol (PVA) and Dimethyl Sulfoxide (DMSO) purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd(Shanghai China); N,N'- methylenebisacrylamide
(MBA), potassium peroxodisulfate (KPS), Ni(NO3)2, Pb (NO3)2, β-cyclodextrin, epichlorohydrin(ECH),
NaOH, all purchased from Tianjin Jiangtian chemical(Tianjin China)；Hydroxyapatite was purchased from
Shengan Biotechnology (China), with a particle size of 10±1μm. The physical diagrams of the three clays
are shown in Figure 1.
2.2 Hydrogel preparation
First, prepare a 10w/w% polyvinyl alcohol solution under the condition of 90℃. Subsequently, 1%, 3%
and 5% of its mass of hydroxyapatite were added to the PVA solution. Dissolve 2g β-cyclodextrin, 2ml
acrylic acid, 2g acrylamide and 30mg MBA in 5ml deionized water, then add the mixed solution to 20ml
PVA solution containing hydroxyapatite and stir evenly, and finally add to the mixed solution 15mg of
KPS. Nitrogen protection is used during the preparation process, and the mixed solution is placed in a
vacuum drying oven at 60°C for 2 hours. Finally, using 20 mL DMSO as the solvent, 4mL epichlorohydrin
was dissolved in DMSO and 2g sodium hydroxide was added. Then the hydrogel was impregnated in the
mixed solution and kept at 60℃ for 1h to obtain the hydroxyapatite composite hydrogel. The physical
diagram of the sample is shown in Figure 2.
2.3. Characterizations
The thermal stability of the hydrogel is tested with a thermogravimetric analyzer (TG 209F3, NETZSCH,
Bavaria, Germany); Analyze samples with Fourier infrared spectrometer (Thermo Scientific Nicolet 380 FTIR Fourier spectrometer). The Instron 5969 (Instron, US) was used to compress the hydrogel and the
compression rate was 300mm/min. Use flame atomic absorption spectrometer (PerkinElmer AA900) to
test the ion concentration of lead ions and nickel ions; Use UV spectrophotometer (UV-2600) to measure
the concentration of methylene blue; X-ray photoelectron spectroscopy (Thermo Fisher Scientific
ESCALAB 250Xi) measures the change of atomic energy before and after adsorption of the material. The
swelling experiment of the hydrogel was measured by gravity method. Under certain conditions (pH=7,
T=25℃), it swelled from the absolute dry state to the swelling equilibrium state. All samples were
measured 3 times and the average value was taken. The swelling rate (SR) of the hydrogel is calculated
using Equation 1:

(1)
Where Wt is the mass of the hydrogel for swelling time t, and Wd is the mass of the absolutely dry
hydrogel.
2.4. Sorption experiments
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For the adsorption performance of the hydrogel materials for pollutants, this study conducted a series of
adsorption experiments using two heavy metal ions and methylene blue. Prepare a Ni(II) and Pb(II)
solution with a concentration of 1g/L for standby; configure a 1g/L methylene blue solution for standby.
The adsorption capacity (Qe) of the material for ions can be expressed by Equation (2) as follows:

(2)
where C0 and Ce are the initial and final concentrations (mg/L) of Pb(II) and Ni(II), V is the volume of the
solution (mL), and m is the weight of the adsorbent (mg).
In order to study the effect of pH and sodium ion on the performance of adsorption, HCl (1 M) or NaOH (1
M) were used to adjust the pH value of the solution of the two ions to range from 2 to 7. The initial
concentration of both ions is 50mg/L. The adsorption properties of hydrogels were tested at different
temperatures and their adsorption models were fitted.
In order to evaluate the recyclable properties of hydrogels, the Pb(II) and Ni(II) adsorbents were eluted
with 0.1 M HCl solution and then treated with 0.1 M NaOH solution. The methylene blue was desorbed by
hydrochloric acid and anhydrous methanol solution with a concentration of 0.1 mol/L. Finally, deionized
water was used to wash the adsorbents.

Results And Discussion
3.1. Characterizations
Figure 3a is the infrared analysis spectrum of the hydroxyapatite composite hydrogel. The -C=O
stretching vibration peaks of the carboxyl group of acrylic acid and the amide group of acrylamide at
1727 and 1649cm-1 respectively correspond to the bending vibration of -NH- at 1025cm-1 [22-24]; The
peaks at 3100-3400cm-1 and 1090cm-1 correspond to the -OH stretching vibration and -CO- stretching
vibration of polyvinyl alcohol [25]. The main functional groups of β-cyclodextrin mostly overlap with the
characteristic peaks of PVA. The -PO4 characteristic peak of hydroxyapatite at 1030 cm-1 is basically
covered by the amino characteristic peak of acrylamide, and the characteristic peak of -OH near 3300 cm1

[26]. The combination of hydroxyapatite and hydrogel does not affect the characteristic functional

groups of the hydrogel. Figure 3b shows the thermogravimetric analysis of the four hydrogels. It can be
seen that the hydroxyapatite composite hydrogel is relatively stable below 200°C. The swelling rate is an
important parameter of the hydrogel used in water treatment. Figure 3c shows the swelling rate before
and after adding hydroxyapatite to the hydrogel. As can be seen in Figure 3b, the swelling rate of the
hydrogel after adding hydroxyapatite decreased (from 180% to 167%), and the swelling rate decreased
with the increase of clay. Since hydroxyapatite can adhere to the long polymer chain, the pores of the
three-dimensional structure formed by PVA and PAA are reduced, and the space for filling free water is
reduced, so that the swelling rate of the hydrogel is gradually reduced.
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Figure 3d shows the compression resilience curves of three Hydroxyapatite-hydrogels at 50% strain. First,
the addition of hydroxyapatite improves the compressive strength of the hydrogel. The integral area of
the compression rebound curve represents the internal friction dissipation during compression. The
smaller the area, the better the elasticity of the hydrogel, so the introduction of hydroxyapatite reduces the
elasticity of the hydrogel. Figure 3d shows the maximum compressive strength of the hydroxyapatite
composite hydrogel. It can be seen that the greater the amount of hydroxyapatite added, the greater the
strength of the hydrogel. From the results, hydroxyapatite improves the compressive strength of the
hydrogel the most (37.1%). The crystal structure of hydroxyapatite belongs to the hexagonal crystal
system, and the OH- in it can form hydrogen bonds with the hydroxyl group of PVA, and its nanoparticles
can adhere to the three-dimensional framework of PVA and polyacrylic acid, and have a certain crosslinking effect on the long chain of PVA and polyacrylic acid [26].
3.2 Adsorption study
3.2.1. Effect of environmental conditions
Figure 4 (a-c) shows the effect of changing the pH of the system on the removal of Pb(II) and Ni(II) ions
and MB by the hydroxyapatite composite hydrogel. It can be seen that as the pH value of the system
increases from 2 to 6, the removal efficiency of the hydrogel for pollutants gradually increases, and the
adsorption equilibrium is finally reached. When pH<2, the removal efficiency of the adsorbent for the two
ions is low. Due to the occurrence of protonation (ie -NH2+H+→-NH3+ or -COO-+H+→-COOH) [27], the
removal efficiency is low. Subsequently, the adsorption of lead ions and nickel ions reached adsorption
equilibrium at pH=3, and the adsorption of MB reached adsorption equilibrium at pH=4.5, which may
mean that the adsorption principles of metal ions and methylene blue are different. It can be seen from
Figure 3d that the pHPZC of the hydrogel is 8.12, and the pHPZC of the hydroxyapatite composite hydrogel
is 7.43. This means that the positive charge on the surface of the hydrogel is reduced after adding
hydroxyapatite, which facilitates the adsorption of cations [17]. It is worth noting that at a lower pH, the
composite material has a higher removal efficiency for the two metal ions. At this time, there is still a
large amount of positive charges in the system, which is not conducive to the adsorption of metal ions.
The reason may be that the large amount of metal ions in the hydrogel The electron-rich group adsorbs
heavy metal ions in a coordinated manner[14].
3.2.2 Adsorption kinetics
Figure 5 shows the time curve of the adsorption of two metal ions and methylene blue by the hydrogel. It
can be seen that in the initial stage of adsorption, the removal efficiency of the two metal ions increased
rapidly and reached equilibrium within the next 50 minutes. The adsorption of metal ions reached
equilibrium faster than the adsorption of methyl blue. In the initial stage of adsorption, the hydrogel
contains a large number of adsorption sites provided by polar groups, such as hydroxyl, carboxyl, and
amino groups, so the concentration of pollutants decreases rapidly. In order to better understand the
relationship between time and adsorption rate, use the pseudo-first-level model and pseudo-second-level
Page 5/18

model to fit the kinetic data and analyze the equilibrium time data (supporting information, equation 12) [28-30]. The adsorption kinetics are summarized in Table 1. It can be seen from Fig. 5 and table 1 that,
compared with the pseudo first-order kinetic model, the fitting correlation coefficient R2 of the pseudo
second-order kinetic model is higher than 0.985, and the fitting results of Pb (II) and Ni (II) are more in line
with the pseudo second-order kinetic model, which can also better explain the relationship between time
and adsorption rate in the adsorption process, The results show that the adsorption rate limiting step may
be chemical adsorption or coordination adsorption involving shared valence bonds through electron
exchange. The fitting result of the composite hydrogel's adsorption data of methylene blue accords with
the pseudo-first-order kinetic model, which indicates that the adsorption mechanism of the dye is
different from that of the metal ion. From the perspective of the adsorption rate constant, the crystal
structure of hydroxyapatite will affect the adsorption of metal ions by the hydrogel. The adsorption rate
depends not only on the content of functional groups, but also on the structure of the material.
Table 1 Hydroxyapatite-hydrogel adsorption kinetic model fitting parameters.
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Pb

1%

Ni

MB

Pb

3%

Ni

MB

Pb

5%

Ni

MB

C0

Pseudo-first-order

(mg/L)

k1

Qe

(L/min)

(mg/g)

50

0.052

46.58

100

0.049

50

Pseudo-second-order

k2

Qe,

(g/(mg h))

(mg/g)

0.9639

0.090

46.58

0.9639

95.76

0.9716

0.041

95.76

0.9716

0.036

46.91

0.9773

0.050

53.87

0.9915

100

0.025

97.69

0.9828

0.016

115.26

0.9909

50

0.031

48.36

0.9944

0.037

56.66

0.9812

100

0.031

98.23

0.9978

0.019

114.74

0.9882

50

0.037

47.70

0.9742

0.052

54.36

0.9913

100

0.042

97.12

0.9746

0.030

109.48

0.9878

50

0.056

46.84

0.9585

0.083

52.22

0.9831

100

0.026

99.15

0.9696

0.017

115.48

0.9826

50

0.033

48.53

0.9934

0.040

56.31

0.9818

100

0.033

97.91

0.9962

0.020

113.59

0.9875

50

0.059

47.46

0.9614

0.092

52.32

0.9856

100

0.049

95.76

0.9716

0.037

106.76

0.9884

50

0.044

47.80

0.9853

0.063

53.90

0.9940

100

0.026

99.66

0.9927

0.016

117.77

0.9938

50

0.033

49.21

0.9925

0.040

57.18

0.9753

100

0.032

99.17

0.9960

0.019

115.53

0.9825

R2

R2

Fig. S1 is a fitting diagram of the internal diffusion model of hydroxyapatite composite hydrogel (support
information, equation 3). It can be seen that the adsorption process mainly includes two steps, and the
curve of the first step does not pass through the origin. According to the model, if it passes through the
origin, it is considered that the adsorption of pollutants is two steps working at the same time [31, 32].
3.2.3 Adsorption isotherm and thermodynamics
Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherm models are most commonly used in
adsorption thermodynamic models (supporting information, equations 4-5). Fig. S2 fitting Langmuir and
Freundlich models for hydroxyapatite composite hydrogel to adsorb three pollutants. The adsorption
capacity of the composites for the three pollutants increases with the increase of pollutant concentration.
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Even if the pollutant concentration (> 200 mg / L) is higher, the materials have higher removal efficiency
(> 95%). In addition, when the content of hydroxyapatite increased, the adsorption capacity of hydrogel
increased. At 313K, the maximum adsorption capacity of hydroxyapatite composite hydrogel (5%) was
337.68mg/g (Pb), 226.26mg/g (Ni) and 330.46mg/g (MB). In addition, it can be seen from Figure S1 that
the fitting result of the adsorption isotherm is more complex with the Langmuir adsorption model
(R2>0.98), indicating that the adsorption of the three pollutants by the material is mainly through singlelayer adsorption[33, 30].
Table S2-3 and Figure S3 show the fitting results of the adsorption thermodynamics and the DubininRadushkevich adsorption isotherm model[34]. It can be seen that according to the Vanter Hoff equation,
the adsorption process of hydroxyapatite hydrogel to the three pollutants is exothermic and spontaneous
(△G <0, △S> 0) [6]. According to the Dubinin-Radushkevich adsorption isotherm model, E(8.18-11.97) is
calculated in the range of 8-16 kJ/mol. It can be determined that the main form of adsorption of the three
pollutants by the material is through chemical adsorption [35].
3.2.4 Adsorption mechanism
Different adsorbents have different adsorption mechanisms, such as electrostatic interaction, ion
exchange and chelation [36, 37, 21]. The polyvinyl alcohol and acrylamide of the hydrogel contain a large
number of electron-rich groups such as carboxyl groups and amino groups that can adsorb pollutants
[38].
In order to further prove the mechanism of this study, taking the state before and after the adsorption of
lead ions by the hydrogel as an example, X-ray photoelectron spectroscopy was used to test the changes
before and after the adsorption of lead ions by the hydrogel (Figure 7). First, from the full spectrum scan,
a new peak of Pb4f appears in the material, indicating that lead ions are adsorbed by the material (Figure
6a). Figure 6b shows the precise scanning spectrum of C1s, which can be divided into three peaks: C-C, CN and C=O[39, 40]. When lead ions are adsorbed, the binding energies of these three peaks all increase to
different degrees, indicating that nitrogen and oxygen near carbon are involved in the adsorption process.
Figure 6c and Figure 6d correspond to the precise scanning spectra of O1s and N1s, respectively,
corresponding to O=C and -NH3+ at 532.08eV and 399.48eV [41]. After the adsorption process technology,
O=C and -NH3+ The binding energies of the corresponding peaks all appear to increase, indicating that the
lone pair electrons in nitrogen form coordination bonds with lead ions, thereby adsorbing lead ions [42].
3.2.5 Comparison with other adsorbents
Hydroxyapatite hydrogel has a high adsorption capacity, but the adsorption capacity cannot be directly
compared between adsorbents due to different use conditions. In terms of adsorption capacity, Table S4
summarizes the adsorption capacity of this study and other adsorbents. It can be seen that
hydroxyapatite hydrogel has great potential in the field of pollutant removal.
3.2.6 Selective adsorption test and Adsorption Recyclability
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In this study, the selective adsorption of materials was tested to deal with the diversity of pollutants in
wastewater. The selective adsorption properties of hydrogels were tested by mixed solutions of four
metal ions (Pb (II), Cu (II), Zn (II) and Ni (II)). The results are shown in Figure 7. The removal efficiency of
lead ion by hydroxyapatite hydrogel is higher than that of the other three (> 80%), followed by copper ion,
zinc ion and nickel ion. This shows that the material can not only adsorb a variety of ions in the mixed
solution, but also preferentially remove lead ions.
Recyclability is a must-have of the adsorbent. The study conducted 5 adsorption-desorption experiments
on hydroxyapatite hydrogel, as shown in Figure 8. After 5 cycles of adsorption-desorption experiments,
the removal efficiency of hydroxyapatite hydrogel for both ions and dyes is still greater than 81%. The
result meets the requirements of the adsorbent, and the decrease in removal efficiency may be caused by
the quality loss of the material, but this does not affect the reusability of the material.

Conclusion
In this study, a hydrogel adsorbent was successfully synthesized, and its adsorption and mechanical
properties were studied. The study found that after adding hydroxyapatite to the hydrogel, the
compressive strength increased (the maximum increase was 37.1%), the swelling performance
decreased, and the maximum adsorption capacity of the hydrogel increased by about 10%. Finally, this
study can be complicated It removes heavy metal ions and dyes in a high-quality environment, and can
be reused many times. The materials used in the research are low in cost and short in process flow, which
has great potential for the treatment of polluted wastewater.
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Figures

Figure 1
Physical map of clay

Figure 2
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Preparation process of hydrogel

Figure 3
Infrared spectrogram(a) and thermogravimetric analysis diagram(b) of hydrogel; schematic diagram of
swelling of hydrogel with different hydroxyapatite content(c); The compression rebound curve and
maximum compression force value(d) of hydroxyapatite hydrogel at 50% deformation(e)
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Figure 4
The effect of pH changes on the adsorption performance of Hydroxyapatite composite hydrogel.C0=100
mg/L, m/V=1g/L, T=298K.
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Figure 5
Sorption kinetics of Pb(II) and Ni(II) on hydroxyapatite composite hydrogel (a), Sorption kinetics of MB on
hydroxyapatite composite hydrogel (b),. C0 = 50 mg/L or 100 mg/L, T = 303 K, m/V = 1 mg/mL, pH=5
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Figure 6
XPS spectra of hydroxyapatite composite hydrogel before and after the adsorption of lead ions. (a) Full
spectrum scan;(b) C1s peaks; (c) O1s peaks; (d) N1speaks

Figure 7
The adsorption efficiency of composite materials for mixed ions. pH=5，T=298K，C0=100mg/L.

Figure 8
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Composite material circulation adsorption test. T = 313 K, m/V = 1 g/L, pH = 5, t=6h. C0=100mg/L

Supplementary Files
This is a list of supplementary files associated with this preprint. Click to download.
Supportinginformation.docx

Page 18/18

