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Abstract
In this study, L-methionine and nano-Fe3O4 were encapsulated and cured on sodium alginate by the ionic
cross-linking method to form magnetic composite gel spheres (SML). The in�uence of adsorbent
dosages, pH, reaction time, and initial ion concentration on the ability of the gel spheres to adsorb Zn(II)
was investigated. The experimental results indicated that under the optimum conditions, the maximum
amount of Zn(II) adsorbed by the adsorbent gel spheres reached 86.84 mg g-1. The experimental results
of adsorption indicate that the reaction process of this adsorbent �ts well with the Langmuir and pseudo-
second-order kinetic models and is a heat absorption reaction. The results of the adsorption investigation
of the coexistence system showed that the adsorbent would preferentially adsorb Pb(II), and the
adsorption e�ciency of Zn(II) decreased when the concentration of interfering ions increased. The
structure of this adsorbent and the adsorption mechanism were investigated by Fourier transform
infrared spectrometer, thermal gravimetric analyzer, vibrating sample magnetometer, scanning electron
microscope, Brunner-Emmet-Teller measurements, and X-ray photoelectron spectroscopy. The results
show that this magnetic composite adsorbent is a mesoporous material with superior adsorption
performance, and the amino and carboxyl groups on it react with Zn(II) via ligand chelation; the ion
exchange effect of Ca(II) also plays a role. The desorption-adsorption experiments of the adsorbent
indicated that the adsorption amount of Zn(II) was maintained at a higher level after several cycles, and
the loss of Fe was approximately 0.2%. In summary, SML is an ideal adsorbent for environmental
protection.

Introduction
Water is a vital resource for human survival. With the rapid growth of industrialization and urbanization,
hazardous industrial waste is discharged into the environment through wastewater, causing tremendous
damage to the ecological environment. Most heavy metals cannot be biodegraded and accumulate in the
environment, which deteriorates the quality of water and causes incurable damage to human health
(Huang et al. 2018; Thasneema et al. 2021; Wang et al. 2016).

Zinc is mostly used in the electroplating, paint and coating, textile, chemical, and paper industries and
generates a large amount of zinc-containing wastewater (Hoseinian et al. 2017). Zinc is di�cult to
degrade in water and accumulates in water (Liu et al. 2020). Zinc is an essential element of the human
body and regulates many physiological activities. However, excessive amounts of zinc can harm human
health, causing diseases such as anemia (Fu &Wang, 2011). Consequently, the treatment of zinc-
containing wastewater remains a major research topic in the �eld of environmental protection.

Processes, namely chemical precipitation, photocatalysis, electrodeposition, photocatalysis, and sorption
(Fang et al. 2018; Godiya et al. 2019; Mao et al. 2021), have been widely used in the advanced treatment
of wastewater containing Zn(II). Among several processes, adsorption is considered the most e�cient
method for the treatment of heavy metals because of its simplicity of operation, excellent adsorption
performance, cost-effectiveness, and selectivity for heavy metal ions based on synthetic raw materials
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(Godiya et al. 2019; Chai et al. 2021; Jin et al. 2019; Varghese et al. 2019). Many related studies have
been on traditional adsorbent types, including activated carbon (Skubiszewska-Zieba et al. 2017), ion
exchange materials(Fu et al. 2018), zeolites (Garg et al. 2015), clay mineral materials (Soltani et al. 2019),
biosorbents such as cellulose (Deghles et al. 2019), chitosan (Zhang et al. 2020), and fruit waste
(Gopalakrishnan et al. 2020). However, most traditional adsorbents are costly, and biosorbents are
modi�ed or cross-linked by hazardous chemicals to improve their adsorption ability, which means they
are unfriendly to the environment. For instance, to improve the adsorption capacity, phthalic anhydride
was employed to modify chitosan (Ghiggi et al. 2017). In the case of cellulose, triethylenetetramine is
considered an effective material for increasing adsorption capacity (Gurgel &Gil 2009). Hence, preparing
a highly e�cient adsorbent that has outstanding recyclability and is environmentally friendly is
important.

Sodium alginate (SA) is a natural polysaccharide carbohydrate with excellent characteristics such as
high biocompatibility, biodegradability, and regeneration (Gurgel & Gil 2009). SA, as a large molecule
adsorbent, has a molecular chain rich in hydroxyl and carboxyl groups, which are available for heavy
metal ions adsorption and other reactions to form hydrogels; can maintain a good swelling state in water
but is insoluble in water; and is available for a wide range of wastewater treatment applications (Wang et
al. 2019). Polyfunctional groups can also be used for cross-linking. However, the adsorption capacity of a
single SA is limited because of the insu�cient adsorption sites; thus, it needs to be modi�ed to improve
its adsorption capacity. Mousa et al. (2016) prepared hydrogel spheres by combining montmorillonite
with SA by cross-linking with calcium chloride, and the adsorption amount of Pb2+ reached 244.6 mg·g−1.
He et al. (2019) used SA encapsulated carboxymethyl chitosan and kaolin clay to produce a new gel
sphere with an adsorption capacity of Cu2+ up to 206 mg·g−1. The �ndings of these studies revealed that
the removal capacity of SA hydrogels for metals was signi�cantly improved by modi�cation. In this
regard, the selection of modi�ers is particularly important for the improvement of SA adsorption
performance. Methionine (L-met), an essential amino acid, has carboxyl and amino groups, which are
easily complexed with divalent metal ions in solution, and the introduction of these groups will
substantially enhance the adsorption capacity of SA. Because of its nontoxicity and good
biocompatibility, it has the potential to become a promising environmental modi�er (Giles et al. 2003;
Kumar et al. 2013). However, if the adsorbent cannot be recycled, its acquisition is a waste of resources,
and there remains a risk of environmental contamination. Fe3O4 nanoparticles have received wide
interest for their excellent magnetic response properties and low biotoxicity. Fe3O4 nanoparticles show
good response performance even at low magnetic �eld strengths (Yavuz et al. 2006), and the loading on
the adsorbent can result in a fast recycling function. Additionally, Fe3O4 nanoparticles can enhance heavy
metal adsorption performance(Song et al. 2018). Moreover, magnetic SA is prepared by an embedding
method without the use of hazardous substances such as potent oxidizing agents or other chemicals.

Consequently, this work proposes using methionine to modify SA hydrogel and introduce a magnetic
medium to make it magnetically responsive to obtain SML, which has high adsorption ability and rapid
recycling. SML was characterized using a scanning electron microscope (SEM), Fourier transform
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infrared spectrometer (FTIR), thermal gravimetric analyzer (TGA), and vibrating sample magnetometer
(VSM). Its structural features and reaction mechanisms were investigated using Brunner-Emmet-Teller
measurements (BET) and X-ray photoelectron spectroscopy (XPS). The effects of the initial pH of the
reaction system, SML dosage, reaction time, and initial concentration of metal ions were investigated,
and the cyclic performance of the SML was also investigated.

Materials And Methods

Materials
SA, methionine, and calcium chloride (CaCl2) were obtained from Aladdin Reagent Co., Ltd. (Shanghai,
China). Ferric chloride hexahydrate (FeCl3·6H2O), ferrous chloride tetrahydrate (FeCl2·4H2O), and
ammonia monohydrate (NH3·H2O) were acquired from Damao Chemical Reagent Factory (Tianjin,
China). Zinc nitrate (Zn(NO3)2), hydrochloric acid (HCl), nitric acid (HNO3), and sodium hydroxide (NaOH)
were acquired from Guangzhou Chemical Reagent Factory Co., Ltd. (Guangzhou, China).

SML Preparation
First, nanoscale Fe3O4 particles were prepared. First, 100 mL ultrapure water was mixed with FeCl3 6H2O
and FeCl2 4H2O in a molar ratio of 2:1, and reacted at 85°C in N2 atmosphere 1 h. NH3 H2O solution was
added to the �ask, making the pH reach 10 and then react at 80°C for 2 h under constant conditions, and
a magnet was used to separate the synthesized Fe3O4 nanoparticles. The samples were washed several
times with ethanol and ultrapure water and dried at 60°C. These steps represent the preparation of SML.
Fe3O4 nanoparticles were ultrasonically distributed in 100 mL of water for 5 min. SA (3 g) and methionine

(0.5 g) were added to the aforementioned solution and mixed at 200 r min−1 for 3 h. The product was
added to a CaCl2 solution at a rate of 1 drop per second, cured for 8 h, �ltered and washed a few times,
and dried at 60°C to obtain the �nal product.

Characterization
Surface functional groups of the adsorbents were obtained using Fourier transform infrared spectrometer
(FTIR, Tensor 27, Bruker, Germany). Changes in the adsorbents from 2 to 900°C were observed using a
TGA, PerkinElmer, USA) at a heating rate of 5°C/min. The magnetic performance of the samples was
characterized using a VSM (7400, Lake Shore, USA). The surface appearance of the adsorbents was
observed using an SEM (650, USA). The relative surface area and pore diameter of the adsorbent were
investigated using BET analysis (ASAP2460, Micromeritics Instrument, USA). The surface chemistry of
the adsorbents was characterized using XPS (Thermo Fisher Scienti�c, USA).

Adsorption experiments
Adsorption experiments were system pH (2-6), initial concentration of heavy metals (0-500 mg·L−1),
reaction time (0–180 min), and dosage amount (0.1–2 g·L−1). In the experiment, system pH was
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regulated with 0.1–0.5M HCl and NaOH. At the end of the adsorption process, the adsorbent was
separated from the solution. Concentrations of the remaining metals in the supernatant were detected
using �ame atomic adsorption spectrometry. All adsorption studies were repeated twice, and the �nal
average was used as the result. The adsorption capacity of SML and removal e�ciency were calculated
using Eqs. (1) and (2)(Yahaya et al. 2009).

qe =
C0 − Ce V

m

1

QR =
(C0 − Ce)

C0
× 100%

2
q  e  (mg g−1) is the adsorption capacity of SML, QR is the removal e�ciency of Zn(II), C0 (mg L−1) is the

initial concentration of heavy metals in the solution, Ce (mg L−1) is the concentration of the residual
metal in the solution, m (g) is the dosing amount, and V (L) is the solution volume.

Desorption and regeneration
When the adsorption process was complete, magnetic gel spheres with Zn(II) adsorption were placed in
0.1 mol L−1 HNO3 solution, mechanically stirred for 30 min, and cleaned a few times with ultrapure water;
gel spheres were then placed in a 2.5% CaCl2 solution, re-cured for 12 h, and washed and placed in a
drying oven at 60°C.

Results And Discussion

Characterization
SEM analysis

The surface morphology of the magnetic composite gel spheres was dense and slightly rough, as shown
in Fig. 1(a), which facilitates contact with Zn(II), mainly due to the cross-linking of the carboxyl group on
SA with Ca2+ in the solution. As shown in Fig. 1(b), the internal mesh structure of SML with more folds
provides a channel for Zn(II) to enter the gel sphere and expand the contact area between the target ions
and adsorption sites. Figs. 1(c) and 1(d) show that Fe and N were evenly distributed on the surface,
indicating that Fe3O4 and L-met were uniformly distributed on the adsorbent.

FTIR analysis

( )
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The structure of the SML is shown in Fig. 2(a). The vibrational peak at 3430 cm−1 is caused by the
stretching of the -OH group vibration (Lin et al. 2012), indicating the presence of water crystallization in
the magnetic composite gel spheres. The C-H group adsorption peak was observed at 2930 cm−1. The
vibration bands at 1421 cm−1 and 1510 cm−1 represent the bending vibration peaks of the -COO and N-H
bonds, respectively, indicating the presence of L-methionine in the composite material. The stretching
bond, appearing near 580 cm−1, belongs to the peak of Fe-O, and it shows that Fe3O4 loaded successfully
in the composite material (Jiang et al. 2013).

Thermogravimetric analysis

As shown in Fig. 2(b), the entire pyrolysis process of SML exhibited four weightlessness stages, and
peaks appeared at 190, 290, 520, and 750°C. First, the weightlessness stages observed from room
temperature to 190°C were mainly due to the reduction of free water, and the corresponding percentage of
weightlessness was approximately 15.96%. Second, the relative weight loss of the magnetic adsorbent
was approximately 29.45% for temperatures ranging from 190 to 290°C, which is related to the skeleton
breakage of calcium alginate and the removal of the adjacent hydroxyl groups. Next, decomposition and
carbonization of some carboxyl functional groups from 290 to 500°C caused a weight loss of
approximately 11.15%. Finally, near 11.45% of weightlessness occurs under 520 to 750°C, which
indicates further oxidation and decomposition of calcium alginate.

Magnetic property analysis

Hysteresis lines of Fe3O4 and SML were measured using a magnetometer to determine whether the
resulting magnetic composite gel spheres could be separated quickly from water under an applied
magnetic �eld.

In Fig. 2(c), both samples appear superparamagnetic and do not show hysteresis; the saturation
magnetizations of SML and Fe3O4 are 72.92 emu g−1 and 4.84 emu g−1, respectively. Although the
surface of the material is covered by SA, which degrades the magnet response performance, it maintains
good performance and does not affect the magnetic separation effect. Under the condition of an applied
magnetic �eld (0.4 T), a solid–liquid can be separated rapidly, facilitating recycling after adsorption and
reducing the risk of secondary contamination.

Adsorption
Effect of pH on the adsorption of Zn( )

Figure 3(a) shows the effect of pH on the adsorption ability of SML in simulated wastewater. In the
beginning, the adsorption capacity increases as the pH increases; at pH=5, maximum adsorption ability is
89.9 mg g−1; when pH=2, the adsorption effect of the adsorbent is poor. This is because the competitive
adsorption between H+ and Zn2+ causes the carboxyl group, and the reduction of amino groups seriously
affects the effect of SML. Because the functional group is protonated, the effect of electrostatic repulsion
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is increased, which interferes with Zn(II) adsorption. As pH increases, H+ decreases to a large extent, the
amino and carboxyl groups are rapidly deprotonated, and the electrostatic repulsion is gradually reduced,
which increases the adsorption capacity of the gel spheres. When pH=6, the solution produced white
precipitate Zn(OH)2, which is not conducive to adsorption with the gel ball; therefore, the adsorption
capacity decreased.

Effect of SML dosage on the adsorption of Zn(II)

Figure 3(b) presents the effects of SML dosage on target metal ion adsorption capacity. In this section,
the removal rate increased as the SML dosage increased. The removal rate was nearly 70% when the
dosage was 0.7 g·L−1, and the adsorption capacity remained at a high level with a slight decrease. A
reasonable conclusion is that increasing the gel ball improved the adsorption properties and contact area
with heavy metal ions. When the dosage of magnetic adsorbent reached 2 g·L−1, the removal e�ciency
was 90.14%, and the removal rate increased, whereas the adsorption capacity decreased. This �nding
can be explained as follows: excess adsorption sites on the gel ball lead to a decrease in the unit
adsorption capacity. Thus, 0.7 g·L−1 is the optimal dosage of SML based on the adsorption capacity and
removal rate.

Effects of initial concentration on adsorption of Zn( ) on different materials

The adsorption performance improved with the increase in the initial concentration of Zn(II), as shown in
Fig. 3(c), because the electrostatic gravitational force also gradually increases, and the adsorption sites
of the gel spheres are easily occupied (Hongyu et al. 2015). The increase in adsorption gradually
decreased at 200 mg L−1 to 500 mg L−1 and tended to reach equilibrium. Moreover, adsorption with gel
spheres on metal ions encapsulated with L-met at initial concentrations of 20 mg L−1 to 500 mg L−1 is
signi�cantly higher than that of SA and SA@Fe3O4. This result demonstrates that the loading of L-met
increases the effective functional groups of the gel spheres for heavy metal adsorption, which increases
the quantity of adsorption spots of the material, improving the adsorption e�ciency. The reason for the
greater adsorption of SA than SA@Fe3O4 is that the nanoscale Fe3O4 in the gel spheres limits the contact
of metal ions in solution with the sites, reducing the adsorption capacity of the material(Zhang et al.
2013).

Effect of time on adsorption of Zn(II) by SML at various starting concentrations

As shown in Fig. 3(d), the effect of SML on Zn(II) exhibited a rapid increase with the increase of
adsorption time over 30 min. The leading cause of this situation is that the gel sphere has su�cient
adsorption sites occupied by heavy metal ions, and there is a large concentration difference between the
inside and outside of the gel sphere during the early period of adsorption. Metal ions diffuse rapidly to the
surface of the gel sphere; some target heavy metals enter the gel sphere through ion exchange; and the
higher the concentration gradient of the solution, the greater the driver will be at the beginning. Thus, the
greater the original concentration of the metal, the faster the adsorption rate of the material. The amount
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of Zn(II) adsorbed by SML reached 302.12 mg-L−1 at 60 min, close to the adsorption equilibrium amount.
After 60 min, the adsorption sites of Zn(II) gradually saturated, and the concentration difference between
the heavy metal inside and outside the adsorbent decreased, which reduced the adsorption driver and led
to gradual degradation in the adsorption rate. Additionally, the number of available adsorption sites on
the material also slowly decreased, and this did not facilitate the adsorption process; thus, the adsorption
capacity increased slowly and tended to dynamic equilibrium.

Adsorption kinetics analysis

Saturated adsorption of SML was 29.82, 51.2, 83.92, 86.84 mg·L−1 at 20 to 200 mg·L−1, respectively.

Table.1 Calculated kinetic parameters for adsorption of Zn(II) by SML

Co(mg·L−1) Pseudo-�rst-order kinetic model Pseudo-second-order kinetic model

  Qe(mg·g−1) k1 R2 Qe(mg·g−1) k2 R2

20 47.74 0.0895 0.9782 42.70 0.00348 0.993

50 95.12 0.0411 0.9753 94.61 0.00281 0.999

100 161.9 0.0237 0.9152 164.9 0.00194 0.999

200 323.1 0.0229 0.9223 328.8 0.00129 0.999

As shown in Table 1, the higher value of the regression coe�cient for the pseudo-second-order model
than that of the other models con�rms this �nding. The kinetics of Zn(II) adsorption by SML were
governed by chemisorption. 

Adsorption isotherms analysis

Table.2 Relevance parameters of SML for Zn(II) adsorption

Temp(℃) Langmuir Freundich

Qmax(mg·g-1) kL(L·mg-1) R2 RL kL(L·mg-1) n R2

25 85.13 0.0618 0.995 0.0512 16.974 3.029 0.764

35 90.83 0.0671 0.997 0.0472 19.221 3.210 0.785

45 93.15 0.0762 0.997 0.0419 20.921 3.331 0.789

55 96.01 0.0761 0.997 0.0420 21.217 3.165 0.836

The results in Table 2 indicate that the reaction process of SML shows a relatively higher correlation in
the Langmuir adsorption isotherm equation than in the Freundlich adsorption isotherm equation. The
coe�cients of determination R2 were all greater than 0.99, indicating that the monomolecular layer of
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SML after adsorption formed uniformly adsorbed onto the surface material. The separation constant at
different temperatures was in the range of 0 < RL < 1, indicating that the reaction process can proceed
easily. Kf in the Freundlich model increased gradually from 25 to 55 °C, indicating that the increase in
temperature can promote the adsorption reaction. 

Adsorption thermodynamic analysis

Table.3 Fitting parameters for adsorption thermodynamics of Zn(II) by the SML

Temp(℃) kF ∆G/(kJ·mol-1) ∆H(kJ·mol-1) ∆S/(J·mol-1)

25  
 
115.329

-11.762   55.804

35 121.857 -12.299 4.8667 55.732

45 129.423 -12.857 55.702

55 138.027 -13.437   55.654

Table 3 shows that ΔG is -7.019,-7.573,-8.043, and -8.334 kJ·mol-1 at 25–55 °C, indicating that the gel
sphere adsorption process is spontaneous. The entropy characteristics (ΔS) listed in Table 3 indicate that
the adsorption reaction is a process of entropy increase. The enthalpy change(ΔH) is 4.866 kJ·mol-1,
indicating that the sorption of Zn(II) belongs to the heat absorption process. 

Cycle performance

Figure 4 shows the cycle performance of the magnetic composite gel spheres. In this section, SML was
used to conduct �ve adsorption-desorption experiments in 0.1 mol·L−1 HNO3.

As shown in Fig. 4, some of the adsorption sites occupied by H+ are released and exposed again, and the
adsorption capacity of the magnetic adsorbent on Zn(II) reaches 58.65 mg L−1 after �ve adsorption-
desorption experiments. The concentration of Fe in the experiment’s solution is 0.24 ± 0.02 mg·L−1, and
the leaching rate is 0.0629%. This phenomenon indicates that SML can still maintain good adsorption
capacity after times adsorption-desorption experiments, with a low waste rate of Fe. Additionally, the
stability of SML does not cause the threat of the instant release of heavy metals.

Effect of coexisting ions
Effect of increasing total amount of Pb( ) on adsorption of material to Zn( )

Zn(II) concentration in the solution system was limited to 50 mg-L-1; the changes in sorption of two
heavy metals by SML were investigated by increasing the concentration of Pb(II); and the Zn(II):Pb(II)
concentration ratios were set to four concentration ratio gradients: 50:10, 50:25, 50:50, and 50:100.
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As shown in Fig. 5(a), the adsorption of Pb(II) showed an increasing trend when the Pb(II) concentration
in the solution system gradually increased from 10 to 100 mg. The adsorption amount of Zn(II)
decreased from 30.26 to 18.73 mg, which indicated that interfering Pb(II) in�uenced the adsorption of
magnetic composite gel spheres on Zn(II), and SML has preferential adsorption on Pb(II).

Effect of increasing total amount of Pb( ) on adsorption of material to Pb( )

The concentration of Pb(II) was limited, and the variation of SML on Pb(II) adsorption was investigated
by increasing the concentration of Zn(II) in the system. As shown in Fig. 5b, when the interfering ion
concentration was increased from 10 to 100 mg, there was no in�uence on the sorption of Pb(II) by SML,
and the amount of Pb(II) sorption remained at approximately 50 mg. As the concentration of exogenous
ion Pb(II) increased, although the amounts of Zn(II) adsorbed steadily increased to 37.81 mg, they were
still much lower than those of Pb(II) adsorption. This difference might be mainly because the ionic radius
of Pb(II) is 119 pm, which is greater than that of Zn(II) (83 pm); therefore, the polarization force is smaller
for Pb(II) ions than for Zn(II), which facilitates complexation with functional groups and thus preferential
adsorption on Pb(II). Zhu et al.(2012) prepared modi�ed chitosan magnetic gel spheres and found that
the order of competing order was Pb(II) > Zn(II), and our experimental �ndings are in agreement with this
conclusion.

Adsorption mechanism
BET analysis

The results of the pore size distribution and adsorption-desorption isotherms are presented in Figure 6.
Fig. 6(a) shows that the relative surface area of the SML is 10.11 m2/g, average pore size is 20.02 nm,
and pore volume is 0.0182 cm3·g−1, indicating that this material is mesoporous. The adsorption-
desorption curves of SML were drawn by changing the pressure and using the BJH method in the
nitrogen condition, and the appearance of the hysteresis loop at 0.65 P/Po reveals that the magnetic
adsorbent has slit-like holes formed by a loose polymer. Additionally, in Fig. 6(b), the curve belongs to the
H3 hysteresis loop(Liu et al. 2005), and this conclusion is consistent with the material properties of SA
polymer. The absence of adsorption limitation in the relatively high-pressure region indicates that the
present material is a mesoporous material with a relatively superior adsorption performance.

XPS analysis

Figure 7 shows the elements change on SML before and after the adsorption of Zn ( ). As revealed in
Figure 7(a), the Zn2p peak appeared, and the strength of Ca2s peak weakens after adsorption, indicating
an ion exchange in the adsorption system of the Ca and Zn. The change in N1s peak is shown in Figure
7(b). The binding energy of amino shifted from 400.13 to 399.18 ev, which shows that the nitrogen-
containing groups in L-met were involved in the reaction. The spectrum of O1s is presented in Figure 7(c).
A shift in the binding energy of C=O-O, C-O, and C=O shifted from 533.9 eV, 532.9 eV, and 531.7 eV to
534.06 eV, 532.77eV, and 531.55 eV, respectively, which indicated that the binding energy of oxygen-
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containing groups has changed after adsorption. We conclude that oxygen-containing groups
coordinated with Zn( )(Sun et al. 2019). Additionally, FTIR analysis results showed the presence of
carboxyl and amino groups, con�rming that these two groups are participating in the adsorption process
of heavy metal ions. The Zn2p spectrum in Figure 7(d) is composed of two peaks, representing the
formation of Zn-O and Zn-N. According to the Lewis acids and bases and hard-soft-acid-base theory, the
existence of electron-donating groups is the reason for the adsorption of the material and the divalent
metal ion. The transfer of O and N lone pairs of electrons during the adsorption process causes changes
in binding energy, indicating that the donor atoms (O and N) have a coordination effect with Zn( )
(Matlock et al. 2002). Additionally, the adsorption process is affected by the ion exchange effect of Ca(II).

Concentration analysis of Ca(II) after adsorption of SML on Zn(II)

The concentration of Ca(II), shown in Fig. 8, is after the adsorption of SML on Zn( ). The sorption ability
of SML for Zn(II) was 1.128 mmol·g−1, and the release of Ca(II) in the adsorbent was 0.6258 mmol at a
concentration of 100 mg·L−1. At this concentration, the capacity of adsorption and release of Ca(II) in
SML tended to balance, and the contribution of ion exchange in adsorption was approximately 48.98%.
We conclude that the Ca(II) in the gel spheres underwent ion exchange with heavy metal and separated
into solution, whereas the Ca(II) used to cross-link was unable to react with heavy metals.

Conclusion
In this study, a magnetic composite adsorbent is prepared. The adsorption capacity and magnetic
reaction properties were combined to the maximum. Experimental results showed that the adsorbent
adsorbed up to 86.86 mg·L−1 of Zn(II) under optimal conditions. SEM and VSM analysis results indicated
that the adsorbent had outstanding magnetic response properties. After �ve cycles of performance test
experiments, the adsorption ability of SML can still be maintained at more than 65% of the largest
adsorption amount, and the loss of iron is extremely low, making it di�cult to cause secondary pollution.
The adsorption data were well �tted to the pseudo-second-order equation and the Langmuir equation,
respectively, indicating that the adsorption process is mainly controlled by chemisorption, and
thermodynamic studies have found that the reaction process is an entropy-increasing heat absorption
process. XPS analysis revealed the presence of the ion exchange of heavy metals with Ca(II) and ligands
of carboxyl and amino groups with metals in the adsorption process, with ion exchange accounting for
48.98% of Zn(II) adsorption. Thus, we conclude that the adsorbent is practical and has promise because
of its adsorption performance and environmental protection aspects.
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Figure 1

SEM images (a) Surface morphology of SML. (b) Cross-sectional view of SML.

(c) Element distribution of Fe. (d) Element distribution of N
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Figure 2

(a) Fourier infrared spectrum of SML. (b) Thermogravimetric analysis chart of SML. (c) Hysteresis loop of
Fe3O4 and SML
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Figure 3

(a) Effect of pH on adsorption of Zn( ). (b) Effect of dosage on the adsorption capacity of Zn( ) by SML.
(c) Effects of the initial concentration on the adsorption of Zn( ) on different materials. (d) Effect at
various starting concentrations of time for Zn(II) adsorption by SML
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Figure 4

Changes in SML adsorption capacity and Fe loss under the number of cycles
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Figure 5

(a)Effect of increasing the quantity of total Pb(II) on Zn(II) sorption by SML (b) Effect of increasing total
amount of Zn( ) on sorption of material to Pb( )

Figure 6

(a)Pore size distribution (b)Adsorption-desorption isotherms



Page 21/22

Figure 7

(a)XPS full spectrum of Zn( ) adsorption for SML. (b) Narrow spectrum of N pre and post the adsorption
of Zn ( ). (c) Narrow spectrum of O pre and post the adsorption of Zn ( ). (d) Narrow spectrum of Zn pre
and post the adsorption of Zn ( )
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Figure 8

Ca(II) concentration after adsorption of SML 


