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Abstract

In this study, NaAlSiO, hollow microspheres for Ni(II) and Cd(II) removal from wastewa-
ter were synthesized through a solvothermal method combined with calcination treatment.
The hollow microspheres were characterized by SEM, TEM, DSC, XRD, FT-IR, and N,
adsorption/desorption analyzer. The average diameter of microspheres was approximately
2 £ 0.5 um, and the average pore size was approximately 20~60 nm. The removal ability
was evaluated under different conditions, including various pH values, metal ion concen-
trations, and adsorption times. Results show that the adsorption capacity of the NaAlSiO,
hollow microspheres depends on the surface area and the content of hexadecyl trimethyl
ammonium bromide for Ni(Il) and Cd(II), respectively. The maximum adsorption capacity
calculated from Langmuir models was 297.11 mg/g for Ni(II) and 449.71 mg/g for Cd(II).
The adsorption isotherm and kinetic fitting preferably agree with the Langmuir isotherm
model with monolayer coverage. The Ni(II) adsorption efficiency was still more than
95% (Cd(II) adsorption efficiency significantly decreased to 23%) after four cycles, sug-
gesting the high reusability of the hollow microspheres for Ni(Il). The successful removal
of Ni(Il) and Cd(II) from water samples demonstrates the great potential of the proposed
NaAlSiO, to remediate Ni(II) and Cd(II) polluted water in environmental remediation.
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1 Introduction

Heavy metal ions are discharged into water through metal smelting and processing (Adnan
et al. 2022), discharge of chemical wastewater (Damiri et al. 2022; Kusworo et al. 2021;
Velusamy et al. 2021), abuse of pesticides and fertilizers (Khatun et al. 2022), and disposal
of domestic garbage (Guo et al. 2022b; Lv et al. 2022), causing serious pollution to the envi-
ronment and serious harm to human health. Ni(II) and Cd(II) are two of the most common
heavy metal ions found in effluents from a wide range of industries, which have been identi-
fied as the most dangerous heavy metals. Both are non-biodegradable and easily enriched
in organisms and can cause various serious diseases, such as kidney damage, bone degen-
eration, hypertension, emphysema, nervous system damage, and even cancer(Beniamino
et al. 2022; Thévenod and Lee 2013). The Studies have shown that the maximum Ni(II)
and Cd(Il) in drinking water are 20 pg/L and 3.0 pg/L(Islam et al. 2019; Sheikh et al.
2023). Therefore, in order to protect water quality and human health, efficient technology is
urgently needed to remove excessive Ni(Il) and Cd(II) in water. In recent years, many effec-
tive methods for removing heavy metal ions have been developed, including chemical pre-
cipitation (Benalia et al. 2021; Hu et al. 2021), ion exchange(Ahmad et al. 2021), adsorption
(Guo et al. 2022b), membrane filtration (Kusworo et al. 2021), oxidation—reduction (Song et
al. 2022), and biological and photocatalytic methods(Punia et al. 2022; Razzak et al. 2022).
Among these methods, the adsorption method is widely used due to its simple, effective,
and low-cost treatment (Guo et al. 2022b; Mao and Gao 2021). Adsorption strategies mainly
include physical adsorption and chemical adsorption. Several types of adsorbents, includ-
ing natural wastes, polymers, metal nanoparticles, metal oxide nanoparticles, carbon-based
nanomaterials and ligand based composite materials have been used (Awual 2019; Awual
et al. 2020; Dou et al. 2019a, b; Liu et al. 2019; Salman et al. 2023; Waliullah et al. 2023).
However, in large-scale practical applications, conventional adsorbents still have problems
such as high cost, difficult production methods, and low reusability. The search for efficient
and inexpensive Cd(II) adsorbent materials is an effective way to solve the problem of
Cd(II) pollution.

The high surface area, large interior space, and good thermal and mechanical properties
of hollow microspheres make it a better adsorbent compared to conventional materials (An
et al. 2017; Gong et al. 2014). Various kinds of microspheres can be used for heavy metal
ion adsorption, such as glass microspheres, metal microspheres, ceramic microspheres, etc.
(Monier et al. 2010; Rostamian et al. 2011; Tang et al. 2022). Recently, mesoporous ceramic
hollow microspheres have attracted considerable attention due to their good performance,
such as low cost, minimization of secondary wastes, large surface area, and high mechani-
cal stability (An et al. 2020; Qiao et al. 2022; Samad et al. 2021; Yan et al. 2019). The hol-
low interior space is created either by dissolution of the core using a suitable solvent or by
calcination at high temperature. Microspheres can be manufactured by different production
methods and have their own unique functions and structures. At present, the commonly
used production methods of hollow microspheres include the sol-gel method (Wang et al.
2022a), solvothermal method (Jin et al. 2022), hydrothermal method (Vereshchagina et al.
2018), spray drying method (Qiao et al. 2022), and lotion polymerization method (Wang
et al. 2022b). The solvothermal method can directly produce hollow spheres on its surface
through adsorption or chemical reactions using surfactants as templates, which has been
proven to be a convenient and effective synthesis strategy (Wu et al. 2021).
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In this study, a series of mesoporous NaAISiO, hollow microspheres were synthesized
through the solvothermal method combined with high-temperature calcination. The physi-
cochemical properties of the as-synthesized mesoporous NaAlSiO, hollow microspheres
were characterized through elemental analysis, FTIR, SEM, TEM, XRD and TG-DSC.
The adsorption performance of mesoporous NaAlSiO, hollow microspheres was evaluated
using Ni(II) and Cd(II) as the models under different adsorption conditions, such as initial
pH, concentration of different ions and adsorption time. Accordingly, the adsorption mecha-
nism of heavy metal ions by mesoporous NaAlSiO, hollow microspheres was analyzed
and discussed. There are few studies on the use of NaAlSiO, microspheres as adsorbents
to adsorb heavy metal ions. Thus, this study provides an effective absorbent for removing
heavy metal ions in wastewater treatment and environmental remediation.

2 Materials and Methods
2.1 Materials

Chemical reagents, including tetraethyl orthosilicate (TEOS), sodium aluminate, hexadecyl
trimethyl ammonium bromide (CTAB), sodium hydroxide (NaOH), hydrochloric acid
(HCI), nickel acetate tetrahydrate (Ni(II)), cadmium sulfate, 8/3-hydrate (Cd(Il)), ammonia
solution, and absolute ethanol, were purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All reagents and solutions were reagent grade.

2.2 Synthesis of Mesoporous NaAlSiO, Hollow Microspheres

In a typical synthesis, two precursor solutions were prepared. TEOS and CTAB were dis-
solved in 30 mL of ethanol to obtain solution (A) Sodium aluminate was then dissolved in
40 mL of deionized water to obtain solution (B) Afterwards, solution B and 10.8 mL ammo-
nia solution (10 mL of deionized water and 0.8 mL of ammonia solution) were dripped into
solution A to form a homogeneous suspension. The mixed solution was transferred into a
100 mL Teflon autoclave and heated at designed temperatures for different times in a vac-
uum dryer. After hydrothermal treatment, the product was centrifuged, washed three times
with deionized water and ethanol, and then dried at 60 °C for 24 h. The resulting product
was calcined in a muffle furnace to remove the CTAB in the microspheres.

2.3 Characterizations

The crystal structure of the samples was characterized by X-ray diffraction (XRD)
(D8-ADVANCE, Germany) with Cu Ka radiation (A=1.5406 A). Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) images were collected using a
field emission high-resolution transmission electron microscope (JEM-2100 F, Japan) at a
200 kV operating voltage. FT-IR spectra of the mesoporous NaAlISiO, hollow microspheres
were obtained on a nexus spectrometer (Nexus, America) using a Nd YVO, laser (1064 nm).
DSC-DTA was measured by Diamond TG/DTA (Perkin Elmer, America). Microscopic pho-
tographs of the mesoporous NaAlSiO, hollow microspheres were taken using a scanning
electron microscope (SEM) (JEM-2100 F, Japan). The specific surface area and pore size of
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the microspheres were measured by an automatic surface area and porosity analyzer (ASAP
2460). The determination of ion concentrations was tested by an atomic absorption spec-
trometer (CONTRAA-700, German). The zeta potential of the samples was measured using
a zeta potential analyzer (Nano ZS ZEN3600) at room temperature.

2.4 Adsorption Properties of Mesoporous NaAISiO, Hollow Microspheres

The adsorption properties of mesoporous NaAlSiO, hollow microspheres were evaluated
using Ni(II) and Cd(II) as models. In a typical experiment, the sample (20 mg) was added to
10 mL of ionic solution (cadmium sulfate, 200 mg/L; nickel acetate, 200 mg/L). All adsorp-
tion experiments were conducted at 25+0.5 °C and stirred at an agitation rate of 100 rpm.
The supernatant was collected at designated time intervals. The adsorption performance of
different samples was assessed by monitoring the change in ion concentrations.

The amounts of metallic ions adsorbed per unit mass of the adsorbent were determined
using the following equation:

—C.
g = =Cey (1)

m

RE (%) = C“C;Ooemo% @)

where ¢, is the amount adsorbed per unit mass of the adsorbent (mg/g), C, and Ce are the
initial and equilibrium concentrations of the adsorbate, respectively (mg/L), m is the mass
of adsorbent (g), V' (L) is the volume of the solution, and RE (%) is the ion adsorption rate
of Ni(IT) and Cd(II).

2.5 Regeneration and Reusability

For the regeneration and reusability study, the spent adsorbent was gently washed with
deionized water, followed by immersion in 20 mL of 0.01 NaOH for 3 h. The adsorbents
were then collected and cleaned with deionized water until neutral conditions. The consecu-
tive adsorption/desorption cycles were repeated three times.

3 Results and Discussion
3.1 Synthesis Mechanism of Mesoporous NaAISiO, Hollow Microspheres

Mesoporous NaAlSiO, hollow microspheres were synthesized through a solvothermal
method. In a typical synthesis, an ethanol-water mixture containing CTAB was employed to
stabilize the oil droplets of TEOS to form micelles and serve as the templates for the forma-
tion of mesoporous NaAlSiO, hollow microspheres. When ammonia aqueous solution was
added into the system, TEOS on the interface was hydrolyzed, and silica was deposited on
the interface. Since the concentration of TEOS decreased on the interface, the concentration
difference of TEOS in the oil droplets diffused from the inside to the interface (Liang et al.
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2020). At the same time, sodium aluminate was involved in the hydrolysis of TEOS to form
NaAlSiO, under the conditions of high temperature and pressure. Thus, NaAlSiO, hollow
microspheres can be achieved after calcination (Fig. 1). The CTAB surfactant directs the
formation of meso-structures of mesoporous NaAlSiO, hollow microspheres. If too little
ethanol is introduced into the system, the hydrolysis of TEOS is so fast that near the surface
of the droplets, the ethanol concentration is much higher, and the TEOS inside the oil drop-
lets cannot diffuse so fast outwards. However, if the ethanol in the system is redundant, the
suppressing effect of ethanol makes the TEOS near the surface of the droplets remain the
same, and the inner TEOS cannot diffuse outwards; after calcination, the spheres become
solid (Wang et al. 2021). Therefore, the resultant products are not hollow microspheres. By
adjusting the ratio of ethanol and water in the experiment, the ratio that can form hollow
microspheres is finally determined to be 0.6. Therefore, this experiment was carried out with
an ethanol to water ratio of 0.6.

3.2 Characteristics of Mesoporous NaAlSiO, Hollow Microspheres

The influences of synthesis parameters, such as the reaction temperature, the reaction time,
and the molar ratio of reactants, have been investigated in detail. Figure 2A and C show
SEM images of the samples synthesized at different TEOS/sodium aluminate mole ratios
(Si/Al mole ratio). When the Si/Al ratio was 2:1, the microspheres shown in Fig. 2A were

: Added B solution and
Ammonia solution

Heated at high temperature

Heavy metal ion solution Calcined at high temperature

TEOS —_@ CTAB O Al0o, @ Na* . Adsorbent

c @ NaAlSiO, Ethyl alcohol Water Ethyl alcohol/water

Fig. 1 Synthesis and heavy metal ion adsorption of the hollow NaAlSiO, microspheres
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Fig.2 SEM image of mesoporous NaAlSiO, hollow microspheres under different conditions. (A-C) Si/
Al mole ratios of 2:1, 1:1, and 1:2, respectively; (D-F) CTAB concentrations of 0.02 mol/L, 0.04 mol/L,
and 0.06 mol/L, respectively; (G-I) reaction times of 3 h, 18 h, and 36 h, respectively

seriously broken, and it was difficult to form a uniform microsphere. This is because the
high concentration of TEOS makes it easy for the reaction system to form gels, resulting in
rapid solidification and crack formation on the surface of the microspheres. However, when
the Si/Al ratio was 1:2, the microspheres in Fig. 2C show an increase in apparent roughness
and a large size distribution. By comparison, microspheres of uniform size were obtained,
as shown in Fig. 2B, when the Si/Al ratio was 1:1. Numerous studies have shown that spe-
cific surfactants can interact with inorganic substances to form different surface structures
(Liu et al. 2020). Figure 2D and F show the effect of different CTAB concentrations on the
morphology of the microspheres. When the concentration of CTAB was 0.02 mol/L, the
obtained microspheres had an irregular spherical shape due to the low concentration of tem-
plate molecules. When the concentration of CTAB was 0.04 mol/L, a regular and relatively
uniform spherical shape was formed. When the concentration of CTAB was increased to
0.06 mol/L, larger microspheres were obtained due to the excessive CTAB. Figure 2G and |
show the effect of the reaction time from 3 h to 18 h on the morphology of the microspheres.
The microspheres were incompletely assembled when the reaction time was 3 h (Fig. 2G).
The microspheres completely assembled at a uniform size when extending the reaction time
to 18 h (Fig. 2H). The particle size of the microspheres was not uniformly distributed when
the reaction was carried out for more than 18 h (Fig. 2I). Therefore, the optimal conditions
for forming mesoporous hollow microspheres are as follows: Si/Al ratio of 1:1, CTAB con-
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centration of 0.04 mol/L, reaction temperature of 150 °C, and reaction time of 18 h. The
average diameter of the as-synthesized microspheres is approximately 2 + 0.5 pm.

The DSC-TG curves of the as-synthesized microspheres were recorded up to 1400 °C,
as shown in Fig. 3A. Two mass loss processes are observed in the TG curve. The first mass
loss of approximately 10 wt% occurring in the temperature range of 25~200 °C could
be ascribed to the removal of physically adsorbed water, while the second mass loss of
approximately 7.4 wt% ranging from 200 to 550 °C could be ascribed to the removal of
crystal water and degradation of CTAB. The peak near 301 °C in the DSC curve indicates
the endothermal process derived from the removal of the crystal water and degradation of
CTAB, the peak near 707 °C indicates the crystal transformation from an amorphous state
to a well-crystallized state.

The XRD analysis of the microspheres is shown in Fig. 3B. The crystal diffraction peaks
appeared after the microspheres were calcined at 850 °C. The diffraction peaks near 21.2°,
24.5°,29.3°, 35.0°, and 41.4° can be indexed to the (111), (121), (211), (141), and (151)
crystal planes, respectively, of NaAlSiO, (standard card PDF No. 52-1342). The results
above prove that the synthesized microspheres are NaAlISiO, microspheres. No obvious
diffraction peaks were observed in the XRD patterns of the microspheres before and after
calcination at temperatures lower than 750 °C, implying that amorphous NaAISiO, micro-
spheres were formed below 750 °C. Compared with the microspheres without calcination,
the diffraction peaks of the microspheres calcined at 750 °C and 550 °C shifted to a smaller
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Fig. 3 Influence on the structure and morphology of the NaAlSiO, microspheres before and after calcina-
tion at different temperatures. (A) TG-DSC curve; (B) XRD patterns; (C) FT-IR spectra; SEM images of
the NaAlSiO, microspheres calcined at 550 °C (D, G), 750 °C (E, H), and 850 °C (F, I)
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Fig. 4 The internal structure of the NaAlSiO, microspheres before and after calcination at different tem-
peratures. (A)-(C) TEM images of the hollow microspheres before and after calcination at 550 °C and
750 °C, respectively. (D)-(F) N, adsorption-desorption isotherms and pore size distribution of the hollow
microspheres before and after calcination at 550 °C and 750 °C, respectively

angle with lager peak width, suggesting that the crystal plane spacing of the microspheres
becomes larger and the grain size becomes smaller. These results indicate that well-crystal-
lized NaAISiO, microspheres can be obtained after calcination at 850 °C.

The surface information of the NaAlSiO, microspheres was analyzed through FT-IR
spectra. Figure 3C shows FT-IR spectra of the microspheres before and after calcination
at different temperatures. Three peaks, near 2854 cm™!, 2925 cm™!, and 2974 cm™!, cor-
responding to the asymmetric and symmetric CH, stretching modes of the amine groups of
CTAB in the microspheres disappeared after calcination at temperatures above 550 °C, indi-
cating that CTAB was almost completely degraded when the calcination temperature was
above 550 °C. The peak near 443 cm™! is due to the Si-O or Al-O bending mode, the peak
near 714 cm™ ! is ascribed to the symmetric stretch vibration of the internal tetrahedron, and
the peak near 1000 cm™! is due to the anti-symmetric stretching vibration of Si-O-Si. These
results agree well with those of the XRD characterization. The morphologies of the micro-
spheres after calcination are shown in Fig. 3D and I. The results show that the NaAISiO,
microspheres retain an integral and smooth spherical shape without obvious changes in size
distribution after calcinating at 550 °C (Fig. 3D and G) and 750 °C (Fig. 3E and H), while
slight aggregations of the microspheres were observed when calcinating at 850 °C (Fig. 3F
and I).

The internal structure of the NaAISiO, microspheres was characterized through TEM
observation and N, adsorption-desorption measurements (Fig. 4). TEM images show the
hollow internal structure of the NaAlSiO, microspheres before and after calcination at 550
°C and 750 °C. No obvious change in the morphology and internal structure of the hollow
microspheres was observed after calcination (Fig. 4A and C). Figure 4D and F show the
N, adsorption-desorption isotherms of the NaAlSiO, hollow microspheres before and after
calcination at different temperatures. The N, adsorption-desorption isotherms of the hollow

@ Springer



Synthesis of NaAlISiO, Hollow Microspheres as Absorbents for the... Page90of20 38

microspheres were indexed to type IV. The isotherm of the NaAlSiO, hollow microspheres
before calcination displays a hysteresis loop at a relative pressure (p/p,) of 0.8-1.0, indicat-
ing the formation of mesopores and macropores. The shape of the hysteresis loop is of type
H1, implying the formation of ordered mesopores in the shell of the hollow microspheres.
However, when calcined at 550 °C and 750 °C, the N, adsorption-desorption isotherm of
the hollow microspheres remains unclosed in a wide range of p/p, from 0.1 to 1.0, which
can be attributed to the irreversible adsorption-desorption process of N, because of the pres-
ence of micropores (Wu et al. 2022). The analysis of the pore size distribution of the NaAl-
Si0, hollow microspheres shows that two remarkable peaks appear at approximately 20 nm
and 35 nm when calcinating the microspheres at 550 °C, while only one peak appears at
approximately 27 nm before and after calcinating the microspheres at 750 °C. Meanwhile,
the specific surface area calculated from the N, adsorption isotherm according to the BET
method was approximately 3.5 m%g, 15.1 m%g, and 10.5 m?g for the NaAlSiO, hollow
microspheres before and after calcination at 550 °C and 750 °C, respectively. It is specu-
lated that the grain growth in the shell of the NaAlISiO, hollow microspheres squeezes the
space of micropores, and thus, results in a decrease in the pore size and specific surface area
when calcinated at a higher temperature (750 °C). These results demonstrate that calcination
treatment plays a crucial role in the pore formation and pore size of the NaAlSiO, hollow
microspheres.

3.3 Adsorption Properties of Mesoporous NaAISiO, Hollow Microspheres

Removal of heavy metal ions by the NaAlSiO, hollow microspheres was evaluated using
Ni(IT) and Cd(II) as the models under different conditions. As shown in Fig. SA and E, the
adsorption capacity of the hollow microspheres for both Ni(II) and Cd(II) increases sharply
in the initial stage (2 h) and then reaches equilibrium. We can divide the adsorption process
into two periods. The first period includes rapid adsorption of ions on the outer surface of
adsorbents; once the exterior surface of the adsorbent is fully saturated, the second period
of adsorption starts. In the second period, adsorption is performed via the diffusion of ions
into the inner surface of the adsorbent (Yuan et al. 2022). It is very interesting that the
NaAlSiO, hollow microspheres after calcination at 550 °C displayed the highest adsorption
capacity for Ni(II), and the hollow microspheres without calcination displayed the high-
est adsorption capacity for Cd(II). At the same dose of hollow microspheres (0.02 g), the
adsorption capacity of heavy metal ions significantly increased as the initial concentration
of heavy metal ions increased. The adsorption of Cd(II) by the hollow microspheres with-
out calcination reached saturation at a concentration of approximately 106.03 £ 0.97 mg/g,
while the adsorption of Ni(II) by the hollow microspheres after calcination at 550 °C did
not reach saturation at a concentration of more than 115.15 £ 1.68 mg/g (Fig. 5B and F).
The adsorption capacity of Ni(II) and Cd(II) by NaAISiO, microspheres is better than that
of the adsorbents reported in most studies (Table 1). To further evaluate the removal capac-
ity of the hollow microspheres, different doses from 0.01 g to 0.2 g of hollow microspheres
were used without changing the concentrations of Ni(Il) and Cd(II). The results show that
the removal efficiency for Ni(Il) increased from approximately 60-90% when the dose of
the hollow microspheres after calcination at 550 °C changed from 0.01 g to 0.2 g, while
the removal efficiency for Cd(II) reached approximately 99% by the hollow microspheres
without calcination at a dose of 0.05 g. These results indicate a higher removal capacity for
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Fig. 5 Removal of heavy metal ions (Ni(II) and Cd(II)) by the NaAISiO, hollow microspheres under
different conditions. (A-D) Removal of Ni(II) by the microspheres under different conditions. (E-H)
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Table 1 Comparison of the maximum adsorption capacity with different materials reported in the literature
for Ni(Il) and cd(II)

Used materials Ni(Il)  Ref. Used materials Cd(ll)  Ref.
(mg/g) (mg/g)
Graphene oxide (GO)  20.19 (Salihi et al. 2016) Mesoporous carbon stabi- ~ 49.98 (Yang et
lized alumina al. 2016)
Sodium dodecyl 55.16 (Salihi et al. 2016) Hierarchical vaterite 984.5 (Chen et
suphate modified gra- spherulites al. 2018)
phene oxide (GO)
Manganese dioxide 114.9 (Ong et al. 2018)  Fe;0,@mesoporousSiO, 51.81 (Tang et
al. 2013)
Activated alumina 71.43 (Rajurkar et al. AlO; 88.26  (Liuet
2011) al. 2022)
Hydrous TiO, 22.7 (Debnath and MgO nanoparticles 2294 (Xiong et
Ghosh 2009) al. 2015)
Lignocellulose/ 94.86 (Zhang and Wang  Mesoporous activated 27.3 (Boume-
montmorillonite 2015) carbon diene et
nanocomposite al. 2015)
Nigerian kaolinite clay 167 (Dawodu and Graphene oxide/polyamido- 253.81  (Zhang et
Akpomie 2014) amine dendrimers al. 2014)
Nigerian kaolinite clay 65 (Malayoglu 2018)  nanofibers 148.79  (Karim et
al. 2019)
UThis work 297.11 This work 449.71

Ni(II) by the NaAlSiO, hollow microspheres after calcination at 550 °C and for Cd(II) by
the hollow microspheres without calcination (Fig. 5C and G).

It is well known that the pH value of the solution affects the adsorption-association pro-
cess of metal ions on the surface of the absorbents. Therefore, the pH value of the suspension
was adjusted from 4.0 to 8.0 to evaluate the effect of different pH values on the adsorption
capacity of the hollow microspheres (Fig. 5D and H). The results show that the removal
efficiency of both Ni(II) and Cd(IT) by the hollow microspheres was greatly decreased under
acidic conditions (pH=4.0) and significantly increased under alkaline conditions (pH=8.0).

The adsorption capacities increased with increasing concentration of heavy metal ions
and gradually achieved a maximum adsorption value, which is noted as the maximum
adsorption captivity. It is obvious that the ratio of available binding sites to the total metal
ions was higher at low concentrations than that at high concentration. All metal ions could
be bound to the active sites of the microspheres in this case. Therefore, the binding was
dependent on the initial concentration (Guo et al. 2022a). Equilibrium was also reached
after an adsorption time exceeding 2 h. Na(]) affects the adsorption of Ni(II), so the adsorp-
tion mechanism of the adsorbent for Ni(II) can only rely on the mesoporous adsorption
mechanism. However, Na(I) has little effect on the adsorption of Cd(II), so the adsorption
mechanism of the adsorbent for Cd(II) is electrostatic adsorption, which mainly depends on
the CTAB contained in the microspheres (Awual et al. 2014). When adsorbing Ni(Il), the
microspheres calcined at 550 °C have the best adsorption effect because they have the high-
est specific surface area. However, when adsorbing Cd(II), due to the polar part of CTAB
having a main adsorption capacity for Cd(II), the microspheres uncalcined with CTAB have
the best adsorption effect. Therefore, the microspheres without calcination treatment prefer
to adsorb Cd(II). With increasing adsorbent content, the adsorption efficiency was obviously
improved. This is because a higher adsorption dose provides more chelating active sites to
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be exposed in solution, and metal ions can have more opportunities to bind with free active
groups.

The different pH of the solution resulted in the difference of the adsorption capacity of
the microspheres. At low pH values, various functional groups in the microspheres were
protonated, and thus, electrostatic repulsion occurred between the microsphere chains and
the metal ions, leading to poor bonding. As the pH of the solution increased, the electro-
static repulsion between the mesoporous NaAISiO, hollow microspheres and the metal ions
weakened. Thus, the metal ions could easily access chelating active sites, which resulted
in high removal efficiency (Xu et al. 2017). Therefore, the increase in pH enhances the
electrostatic attraction between the adsorbent and Cd(II). In Fig. 6A, when the pH of the
solution was adjusted to 8.0, there is obvious precipitation in the solution with the increase
of the concentration of Cd(II). At the same pH value, when the concentration of Ni(II) is
500 mg/L and 1000 mg/L, the precipitation was also observed. When Ni(Il) is in basic con-
dition, Ni(Il) reacts with hydroxide ions to form hydroxylated complexes, which may be
due to the combination of both adsorption and precipitation on the surface of microsphere-
metal ion nanoparticles (Adham Ahmed 2010; Cai et al. 2020). Therefore, the increase in
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Fig. 6 The NaAlSiO, hollow microspheres with adsorbed ions. (A) Photos of Ni(II) and Cd(Il) state in
different pH (regulated pH with HCI, 0.005 mol/L, and NaOH, 0.01 mol/L), (B) SEM images, (C) FT-IR
spectra, (D) The corresponding zeta potential before and after adsorption of ions by microspheres at
pH=7. (E) Ion competitive adsorption of Ni(II) and Cd(II) by the NaAlSiO, hollow microspheres. The
Ni(II) and Cd(II) concentrations are 100 mg/L
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pH also significantly enhances the electrostatic attraction between the adsorbent calcined
at 550 °C and Ni(II). When the pH of the solution was 8.0, the ions in the solution are pre-
cipitated, resulting in a sharp increase in the adsorption capacity of the microspheres. No
precipitation occurs in lower ion concentrations or lower pH solutions. SEM images show
that no obvious precipitate was found on the surface of the microspheres (Fig. 6B). FT-IR
spectra (Fig. 6C) show obvious changes of chemical bond in the case of the Cd(II) adsorp-
tion by uncalcinated microspheres. There are no obvious chemical bond changes from other
groups, implying that the adsorption of Cd(II) by the microspheres was mesoporous adsorp-
tion and chemical adsorption, and the adsorption of Ni(II) was mainly mesoporous adsorp-
tion. According to the comparison of the surface charge (Fig. 6D), the obvious changes of
Zeta potential for the microspheres before and after the Cd(II) and Ni(IT) adsorption were
observed. These results verify that the microspheres have different adsorption mechanisms
for different ions. Under the optimal conditions for adsorption and the Ni(II)/Cd(II) ratio of
1:1, the adsorption capacity of the uncalcined microspheres for Cd(Il) is stronger than that
of Ni(Il) (Fig. 6E), which also validates the above inference on the adsorption performance.

In order to explore the adsorption mechanism of the NaAlSiO, hollow microspheres,
the experimental data were fitted into different kinetic models, including pseudo-first-order,
pseudo-second-order, Langmuir, and Freundlich models.

The pseudo-first-order model is formulated as:

In (g — ¢) = Ing. — kit 3)

The pseudo-second-order equation based on adsorption equilibrium capacity is represented
by:

t 1 1

S 4y 4
@ kg g “)

where g, and ¢, (mg/g) are the amounts of Ni(II) or Cd(II) ions adsorbed at equilibrium and
time ¢ (min), respectively; k; and k, are the equilibrium rate constants of the pseudo-first-
order adsorption (min~') and the pseudo-second-order adsorption (g mg~! min~1), respec-
tively. The plot of In(g,-g,) versus ¢ gives the k; and ¢, values. k, and ¢, (mg/g) can be
obtained from the intercept and slope of the plot of (#/g,) versus ¢ (min). The kinetic parame-
ters and the linear plots of the pseudo-first-order and the pseudo-second-order kinetic model
of Ni(II) and Cd(II) adsorption on the NaAlSiO, hollow microspheres are shown in Fig. 7A
and B, and 7E and 7F. In this study, the adsorption amounts at different adsorption times
were measured at a Ni(II) and Cd(II) concentration of 100 mg/L with the pH of 7.0 at 25 °C.
Further, the calculated ¢, values for Ni(II) or Cd(II) were 143.08 mg/g and 115.71 mg/g,
respectively, according to pseudo-second-order model. The correlation coefficient (R%) and
constant are determined by the equation (as shown in Fig. 7A, B and E, and 7F). As it can be
seen from Table 2, the adsorption curves of Ni(II) (adsorbent calcined at 550 °C) and Cd(II)
(adsorbent without calcination) show that the removal process accords with the pseudo-
second-order model with good linearity (R>=0.92 and 0.97). Therefore, the pseudo-second-
order kinetic equation is more suitable to describe the adsorption of Ni(I) and Cd(II) on
the NaAlISiO, hollow microspheres, mainly due to the interaction between metal ions and
microspheres such as ion exchange and surface combination.
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The adsorption isotherms of Ni(Il) and Cd(II) by the hollow microspheres were also fit-
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Table 2 Fitting parameter calculated from pseudo-first-order and pseudo-second-order models
pseudo-first-order pseudo-second-order
qe k; R? qe ky R?
(ng/g)  (min~h (mg/g)  (gmg 'min”"
Ni(II) Uncalcinated ~ 47.98 624x1073 0.96 60.09 4.04x1073 0.88
550 °C 118.05 686x1073 0.96 143.08  4.91x107° 0.92
750 °C 107.60 661x1073 0.94 142.41 9.87x1073 0.92
Cd(11)) Uncalcinated 106.98 1061x1073 0.94 115.71 14.81x1073 0.97
550 °C 33.50 1826x107% 096  35.55 117.66x 1073 0.78
750 °C 35.52 2429%1073 0.90 36.54 216.66x1073 0.87
Table 3 Fitting parameter calculated from Langmuir and Freundlich models
Langmuir Freundlich
Demax K, R? K n R?
(mg/g)  (Lmg™") (mg' ™" -L™gh
Ni(IT) Uncalcinate  157.01 2.02x1073 091 2.01 580.52x107>  0.96
550°C 297.11  6.49x107° 074  18.07 2478x107° 0.86
750°C 27749  442x107° 091 7.94 504.5%1073 0.96
Cd(Il))  Uncalcinate  449.71 4.02x1073 092 14.98 2110x1073 0.98
550°C 57.38 5.67x1073  0.89  3.08 2426x1073 0.94
750°C 53.77 8.5x1073 0.73 428 2657x1073 0.95
The Freundlich equation is formulated as:
1
Ing. = InKr + %lnc6 (6)

where ¢,,,, (mg/g) is the maximal adsorption capacity, ¢, (mg/g) and c, (mg/L) are the
equilibrium adsorption capacity and equilibrium concentration of Ni(Il) or Cd(II) ions,
respectively. 7 is the parameter of Freundlich adsorption isotherm. K, (L-mg~') and K.
(mg'~"L"g™!) are the equilibrium constants of the Langmuir and Freundlich equations,
respectively. The fitting of adsorption data is shown in Fig. 7C, D and G, and 7H. Table 3
summarizes the Langmuir and Freundlich model constants calculated by the equation. In
terms of relevant parameters, the Ni(Il) adsorption data fitted by the Freundlich model
(adsorbent calcined at 550 °C) is superior to the Ni(II) adsorption data fitted by the Lang-
muir isothermal model. According to the Langmuir fitting model, the maximum adsorption
capacity of NaAISiO, microspheres for Ni(II) is 297.11 mg/g. Combined with the structural
characterization of the obtained samples, the porous structure of the prepared microspheres
is mainly responsible for Ni(II) removal. The Cd(II) adsorption data fitted by Langmuir
model is better than that fitted by Freundlich isothermal model, indicating that the removal
of Cd(II) on microsphere is monolayer adsorption. The electrostatic interaction and forma-
tion of complex on the surface of microsphere are the main mechanism of Cd(II) adsorption
by the NaAlSiO, microspheres. According to the Langmuir fitting model, the maximum
adsorption capacity of the NaAlSiO, microspheres for Cd(Il) is 449.71 mg/g.
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3.4 Regeneration and Reusability of Mesoporous NaAISiO, Hollow Microspheres

The recycling of the hollow NaAISiO, microspheres adsorbing heavy metal ions was evalu-
ated by immersing the saturated hollow microspheres in a NaOH solution (0.01 mol/L). As
shown in Fig. 8A and B, almost no obvious decrease in the Ni(Il) adsorption efficiency of
the NaAlSiO, hollow microspheres was observed after desorption treatment. The adsorp-
tion efficiency remained above 95% of the original efficiency after three repeated experi-
ments. In contrast, the adsorption efficiency for Cd(II) by the hollow microspheres was
significantly decreased even after one desorption treatment. It is speculated that when the
microsphere adsorbs Cd(II) for the first time, Cd(II) and CTAB form a complex, and the
ions cannot be effectively released during the desorption process, so the efficiency of mul-
tiple adsorption is reduced (Awual et al. 2014; Yun-Kai Lu 2004).

4 Conclusions

In summary, a novel strategy has been developed to synthesize a series of NaAlSiO,4 hollow
microspheres for Ni(II) and Cd(IT) removal from wastewater by combining a hydrothermal
method with calcination treatment. The average diameter of the hollow microspheres is
approximately 2 + 0.5 pm. The specific surface area and pore size are approximately 3.5 m*/g
and 27 nm for the hollow microspheres without calcination, 15.1 m?/g and 20~35 nm, and
10.5 m%g and 27 nm for the hollow microspheres after calcination at 550 °C and 750 °C,
respectively. The adsorption mechanism of the NaAlSiO, adsorbent for Ni(I) relies on the
mesoporous adsorption mechanism. The adsorption mechanism of the adsorbent for Cd(II)
is electrostatic adsorption, which mainly depends on the CTAB contained in the micro-
spheres. The NaAlSiO,4 hollow microspheres display a high adsorption capacity for different
heavy metal ions after the calcination treatment. The results show that the hollow NaAlSiO,
microspheres without calcination prefer to remove Cd(II) at a maximum adsorption capac-
ity of 449.71 mg/g, while the hollow microspheres after calcination at 550 °C are beneficial
for removing Ni(Il) at a maximum adsorption capacity of 297.11 mg/g calculated from
Langmuir models. Not only can the adsorption capacity of Ni(Il) and Cd(II) be changed

100{ 1 1 z ] 100
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= 2]
£ =
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= =
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Fig. 8 The recycling of the hollow NaAlSiO4 microspheres after desorption treatment using NaOH solu-
tion. (A) Ni(I), (B) Cd(1I)

@ Springer



Synthesis of NaAlISiO, Hollow Microspheres as Absorbents for the... Page 17 0f 20 38

by calcination, but also the NaAISiO, hollow microspheres after calcination at 550 °C was
regenerated with NaOH solution treatment and able to be reused in many cycles without
significant deterioration in its subsequent performances. These results provide a novel and
facile strategy to synthesize NaAlSiO, hollow microspheres as adsorbents for the removal
of heavy metal ions in wastewater treatment and other environmental remediation.
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