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Abstract

Acrylamide, sodium alginate and ferroferric oxide were used as raw materials to prepare polyacrylamide/calcium alginate/
ferroferric oxide magnetics composite microspheres with metal-organic double network skeleton structure. Chemical struc-
ture, thermal stability, crystallization ability, specific surface area and pore structure, surface morphology of the microspheres
were characterized by Fourier transform infrared spectroscopy (FTIR), thermogravimetric analyzer (TGA), X-ray diffrac-
tometer (XRD), specific surface area analyzer (BET) and scanning electron microscope (SEM). The effects of pH value,
temperature, amount of adsorbent and triiron tetroxide on the adsorption of methylene blue (MB) were studied. At the same
time, the experiments of reusability were also carried out multiple adsorption/desorption cycles on the adsorption of MB
by microspheres. The maximum adsorption capacity was 71.6 mg/g. Adsorption kinetics studies show that the quasi-first-
order kinetic model can be better fit the experimental data, and the Freundlich isotherm model fits a good correlation with
MB adsorption. In addition, after 5 adsorption/desorption cycles, the removal rate of the adsorbent was maintained at about

94.6%, indicating that it can be reused.
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1 Introduction

Modern society currently relies upon the consumption of
fossil fuels as the sources of conventional energy. However,
their fast depletion has led to serious energy crisis since fos-
sil fuels are limited and exhaustible [1]. The growth and use
of renewable energy assets have been involved profusely of
research considerations nowadays [2]. Energy and water are
the two major issues facing the modern mankind. Provid-
ing freshwater requires energy and producing energy uses
water [3]. But industries such as leather, paper, plastics,
cosmetics and textiles emit large Amounts of wastewater
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into the environment. These industrial wastewater contains
many dyes. However, most organic dyes have toxic effects
on humans and microorganisms, and the molecular struc-
ture of these dyes is usually very stable [4—7]. MB, an aro-
matic heterocyclic compound that is part of a representative
contaminant in wastewater, is carcinogenic, teratogenic and
mutagenic to humans and difficult to biodegrade. Therefore,
the treatment of MB in industrial wastewater has become an
urgent problem to be solved [8]. At present, the treatment
of dye in wastewater can be generally classified into the fol-
lowing six methods: biological methods, chemical oxidation,
flocculation sedimentation, electrolysis, adsorption and pho-
tosynthesis degradation [9—18]. Titania (TiO,) nanofibers
are widely exploited due to their unique properties, high oxi-
dative capacity, low cost, as well as extensive applications
in environmental cleaning and protection, photocatalysis,
photoelectrode, gas sensing, optical coating [19]. Kakarla
et al. Prepared TiO, @ C nanofiber composites using elec-
trospinning technology, which has excellent photocatalytic
performance and recyclability in water purification [20]. But
among them, the adsorption method is simple, low in energy
consumption and recycling in wastewater treatment, and it
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is an ideal wastewater treatment method [21]. Therefore, the
development and utilization of adsorbents is a key factor in
adsorption processing. Polyacrylamide (PAM) is a water-
soluble linear high molecular polymer obtained by radical
polymerization of acrylamide (AM) monomer. PAM micro-
spheres and their composites are used in sewage treatment
with good adsorption effects of MB, Cd (II) and Remazone
red in sewage [22, 23]. However, the pure PAM gel is infe-
rior in strength, single pollutant removal ability, and poor
ability to treat small molecules in wastewater. It is not degra-
dable and non-recyclable. It is easy to cause secondary pol-
lution when it is discharged into nature during the process of
treating sewage, which is harmful to animals and plants. The
poly (AM-methacrylate) adsorbent prepared by Milosavlje-
vic et al. [24] is used to adsorb Cu®>*. When the amount of
adsorbent is 300 mg and the pH is 5, the maximum adsorp-
tion capacity of the adsorbent for Cu®* reaches 24.05 mg/g,
and the adsorption satisfies the Quasi-First-Order kinetic
equation. Liu et al. [25] synthesized ATP/poly (AA-AM)
(AA: acrylic acid) adsorbent with 35.94 mg/g of Pb** by
reverse suspension polymerization. Li et al. [26] introduced
SA into PAM gel network, and prepared SA/PAM hydrogel
with semi interpenetrating network structure by free radical
solution polymerization. The adsorption mechanism of SA/
PAM hydrogel on crystal violet (CV) was analyzed. The
results showed that the maximum adsorption capacity of SA/
PAM gel to CV molecule reached 13.58 mg/g, which accords
with pseudo first order adsorption kinetics model. And the
recycling of adsorbent has been confirmed. Our group intro-
duced sodium alginate (SA) into PAM system and designed
a PAM/SA microsphere with a double network structure
by using continuous inverse emulsion polymerization and
ionic coupling. Microspheres which achieve the blending
of two substances and prevent the escape of molecules [27].
In order to further solve the secondary environmental pollu-
tion caused by difficult to recycle microspheres, we designed
and prepared a magnetic composite microsphere containing
nano-ferric oxide (Fe;0,).

Fe;0, nanoparticles have the advantages of excellent
superparamagnetism, high specific surface area, and low tox-
icity. They are widely used in environmental protection, bio-
medicine and other fields [28-30]. Moreover, Fe;0, is easily
recovered under an external magnetic field [31] and thus
has been used as an adsorbent in recent years. The magnetic
Fe;0, nanoparticles are introduced into polyacrylamide/
calcium alginate (PAM/CA) double network microspheres
and the metal-organic framework structure is constructed
by the coordination interaction of Fe;O, nanoparticles and
hydrogen bonding ligands. The structure can not only syn-
ergistically increase the adsorption specific surface area,
but also obtain magnetic separation ability for recycling.
In this experiment, the “one-pot method” is used to synthe-
size PAM/CA/Fe;O, magnetic composite microspheres by
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emulsion polymerization and ion crosslinking method using
AM, Fe;0, and SA as raw materials to prepare adsorbents
with high adsorption capacity and magnetic separation. The
adsorption performance and mechanism of MB in aqueous
solution were examined. The removal rate of the adsorbent
was maintained at about 94.6% after 5 adsorption/desorption
cycles, indicating that it can be reused. However, because
sodium alginate is more expensive, it is difficult to reduce
the cost of preparing the adsorbent.

2 Materials and Methods
2.1 Chemicals

SA, food grade, Qingdao Mingyue Seaweed Group Co.,
Ltd.; AM, analytical pure, Tianjin Guangfu Fine Chemical
Research Institute; ammonium persulfate (APS), calcium
chloride (CaCl,), cyclohexane, trisodium citrate, analyti-
cal grade, Tianjin Kemiou Chemical Reagent Co., Ltd.;
N, N-methylenebisacrylamide (MBA), Span60, Tween60,
chemically pure, Shanghai Maclean Biochemical Co., Ltd.;
anhydrous ethanol, analytically pure, Tianjin Fu Yu Fine
Chemical Co., Ltd.; MB, analytical pure, Tianjin Aopush-
eng Chemical Co., Ltd.; Fe;O,, Analytical Pure, Shanghai
Maclean Biochemical Co., Ltd. All materials were used as
received without any purification.

2.2 Preparation of Adsorbent

100 g of cyclohexane was weighed and added to a 250 mL
three-necked flask equipped with a digital high-speed dis-
perser and a reflux condenser. 7.5 g of Span 60 and 2.5 g of
Tween 60 were then added to a three-necked flask to prepare
an oil phase. In a beaker, 5 g of AM, 0.75 g of MBA, 1 g of
trisodium citrate, 1 g of Fe;0, and 1 g of SA were dissolved
in 50 mL of deionized water to prepare an aqueous phase.
The aqueous phase was slowly added to a three-necked flask
containing the prepared oil phase by a propulsion device,
and the mixture was continuously stirred for 30 min. Then,
0.25 g of APS was added to a three-necked flask containing
a mixture of oil and water phases, stirring was continued
for 10 min, and the temperature was raised to 60 °C. After
1 h, a 3% calcium chloride solution was added to the above
reaction system, and the reaction was continued for 30 min.
The emulsion was demulsified with absolute ethanol and
precipitated after centrifugation. The precipitate was further
washed 3 times with absolute ethanol, and then with deion-
ized water. It was dried in a freeze dryer for 24 h to obtain
black PAM/CA/Fe;0, magnetic composite microspheres.
The scheme of the synthesis of magnetic composite micro-
spheres is shown in Fig. 1:
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Fig. 1 The scheme of the synthesis of magnetic composite microspheres

2.3 Characterization

Chemical structure: The molecular structure of the micro-
spheres was characterized by Spectrum One-B type Fou-
rier infrared spectrometer. The infrared spectrum was
measured by potassium bromide tableting method and the
scanning range was 400-4000 cm™".

Thermal decomposition performance: It was tested
by Q50 type thermogravimetric analyzer produced by
American TA Company, using nitrogen as protective gas
with nitrogen flow rate of 50 mL/min, test temperature
range from room temperature to 700 °C at a heating rate
of 20 °C/min.

Crystallization performance: It was tested by D/max-3B
X-ray diffractometer manufactured by Nippon Science Co.,
Ltd., with an operating voltage of 40 kV, the scanning range
is 5 to 70° at a scanning speed of 5°/min.

Surface morphology and element distribution analysis:
The surface morphology and element distribution of PAM/
CA/Fe;0, composite microspheres with different Fe;O, con-
tent were observed by JEOL JSM-6460LV scanning electron
microscope manufactured by JEOL.

2.4 Adsorption Experiment on Dyes

0.1 g of the composite microspheres was taken and added
to 100 mL of 100 mg/L MB solution at room temperature
for 1 h of static adsorption. After adsorption equilibrium,
the microspheres were taken out and washed with deion-
ized water and the adsorption capacity was calculated. The
absorbance of the supernatant in the beaker was measured
by UV/Vis spectrophotometer and converted into the con-
centration of the dye solution. The adsorption capacity and
dye removal rate of PAM/CA/Fe;0, composite microspheres
were calculated using the following formula:

q,=(Cy—CH)xV/M 1)

r=(Cy,—-C,)/Cyx100% 2)

where ¢, is the equilibrium adsorption capacity (mg/g), C,
and C, are the initial mass concentration and equilibrium
mass concentration (mg/L) of MB solution, respectively. V
is the total solution volume (L), M is the mass of the adsor-
bent (g), and r is the removal rate (%).
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The washed composite microspheres were transferred to
100 mL of a hydrochloric acid solution with a pH of 3. The
composite microspheres were uniformly dispersed in the
solution while being desorbed under a water bath condition
of 25 °C. After 24 h, the supernatant liquid was taken and
UV was used. The visible light spectrophotometer was used
to measure the MB concentration in the solution and the
desorption rate of the composite microspheres is calculated
by the formula (3). After five times of adsorption/desorp-
tion cycle, the adsorption capacity of the micrspheres after
multiple adsorption/desorption cycles was compared.

C,xV
w=——

100%
goxm " ©

where w represents the desorption rate, %; C, represents
the concentration of the solution after desorption, mg/L; V
represents the volume of the solution, L; q, is the adsorp-
tion capacity of the last adsorption, mg/g; m represents the
adsorbent quality, g.

3 Results and Discussion
3.1 FTIR of PAM/CA/Fe;0, Hybrid Adsorbent

Figure 2 shows the infrared spectrum of the PAM, CA,
Fe;0, and PAM/CA/Fe;0, microspheres before and after
adsorption of methylene blue. On the spectrum of PAM,
the -NH, characteristic absorption peak is at 3469 cm™!,
2930 cm™! and 2865 cm™! are the antisymmetric and sym-
metric stretching vibration absorption peaks of —-CH,, and
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Fig. 2 Infrared spectrum of different samples (a) PAM, (b) CA, (¢)
Fe;0,, (d) PAM/CA/Fe;0, microsphere before adsorption, (¢) PAM/
CA/Fe;0, microsphere before adsorption)
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the stretching vibration peaks of —CN is at 1181 cm™! and
1108 cm™!. The obvious characteristic absorption peaks at
3444 and 1636 cm™" of the spectrum of CA are characteristic
peaks of —OH tensile vibration and bending vibration, and
—CO absorption peak is at 1030 cm™'. The stretching vibra-
tion absorption peak of Fe—O is at 586 cm™" of the spectrum
of Fe;0, [32]. The characteristic peaks of these components
are reflected on the spectrum of PAM/CA/Fe;0,. On PAM/
CA/Fe;0, spectrum, a strong absorption peak appeared at
3410 cm™! and the width of the peak increased compared
with the PAM and CA components, which was the result
of the superposition of -NH, and —OH peaks. The strong
absorption peak at 2930 cm™" is the result of the superposi-
tion of the -CH, phase. PAM has a —-C=0 peak at 1642 cm™",
CA also has a—C=0 peak at 1630 cm™~!, on PAM/CA/Fe;0,
spectrum, the strong absorption peak at 1660 cm™ is the
result of the superposition of the -C=0 phase of PAM and
CA. Due to the hydrogen bonding between the -NH, of
PAM and the —OH of SA, the peaks at 3649 and 3444 cm™!
are shifted to 3410 cm™!. Due to the coordination interaction
between Fe;O0, and PAM or CA, the wavenumbers of the
peaks at 1108 and 1030 cm™" are significantly shifted to high
frequencies. Comparing the infrared spectra of PAM/CA/
Fe,0, before and after adsorption, the peak at 3410 cm™"
after adsorption was significantly weakened by the hydrogen
bonding of -NH, and -OH with MB and the MB aromatic
ring appeared at 1500 and 1219 cm™'. The characteristic
stretching vibration absorption peak indicates that the MB
is successfully adsorbed, that is, the infrared result proves
that the PAM/CA/Fe;0, composite microsphere with the
metal-organic double network skeleton structure is success-
fully constructed and the MB is successfully adsorbed.

3.2 Thermogravimetric Analysis of PAM/CA/Fe;0,
Composite Microspheres

As shown in Fig. 3a and b, the TGA and DTA curves of dif-
ferent Fe;O, content magnetic composite microspheres. In
the temperature variation range, the thermal decomposition
curve of PAM/CA/Fe;0, magnetic composite microspheres
can be roughly divided into four stages. The first stage at
30-200 °C represents the volatilization and small amount of
bound water in the composite microspheres. The maximum
weight loss rate occurs at 100 °C. The water content of
magnetic microspheres reduced due to the addition of Fe;0,,
because the increase of Fe;0, content reduces the proportion
of SA and PAM, resulting in a decrease in water content. The
second stage of 200-300 °C represents the decomposition of
SA. Near 200 °C, the glycosidic bond of SA begins to break
and the fracture becomes severe at 250 °C and the decompo-
sition rate is the fastest. Due to the coordination interaction
between the hydroxyl group on the SA and the nano-Fe;O,,
the decomposition temperature of the SA is increased. As
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Fig.3 TG and DTG curves of magnetic composite microspheres with
different Fe;O, content. a TG curves of different Fe;O, content PAM/
CA/Fe;0, microspheres. b DTG curves of different Fe;O, content
PAM/CA/Fe;0, microspheres

the Fe;O, increases, the decomposition temperature of the
SA gradually increases and the heat loss decreases. The third
stage at 300-380 °C represents the decomposition of triso-
dium citrate and the decomposition of low molecular weight
PAM. In this temperature range, PAM initiates imidization
reaction intermolecularly and intramolecularly, releasing H,O,
NH; and CO, product. The main decomposition temperature
range of PAM is about 380-520 °C. At this time, the PAM
molecular chain begins to break. There is a strong interaction
between the amide group on the PAM and the nano-Fe;O,.
The coordination interaction between the ligand and Fe is the
main reason for the formation of the metal-organic framework
network structure and the decomposition temperature of some
PAM is raised to 520 °C, and as the Fe;O, content increases,
this decomposition temperature gradually shifts toward high
temperature, showing more difficult to degrade.
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Fig.4 The XRD spectra of different samples

3.3 Crystallization Analysis of PAM/CA/Fe;0,
Composite Microspheres

At a 20 value of 21°, it is a characteristic peak of PAM. The
characteristic absorption peaks of Fe;0, at the 20 values
of 18.26°, 30.1°, 35.38°, 43.06°, 53.5°, 57.04° and 62.6°
correspond to the (111), (220), (311), (400), (422), (511)
and (440) crystal faces of Fe;O, (JCPDS No. 19-0629),
indicating that Fe;O, is a face-centered cubic crystal struc-
ture [33]. There is not obvious diffraction peaks after 21°
in PAM/CA. This is because SA molecules contain a large
amount of hydroxyl groups and carboxyl groups. The steric
hindrance of the large group and the interaction between the
groups limit the movement of the molecular chain and the
SA molecular chain is rigid. This rigid molecular chain is
introduced into the flexible network of PAM, which makes
the original movement ability much stronger. The move-
ment of the PAM molecular chain is limited. The hydrogen
bond interaction between CA and PAM destroys the original
molecular orientation of PAM, which makes the arrange-
ment of molecular chains more messy, crystals are blocked,
resulting in a decrease in crystallinity. The characteristic
peak of Fe;0, can be clearly observed on the PAM/CA/
Fe;0, curve, indicating that Fe;O, is successfully blended.
Moreover, the diffraction peak of PAM/CA/Fe;0, is weaker
than that of other samples due to the electrostatic action of
Fe;0, and PAM, the crystallinity is lowered and the diffrac-
tion peak is weak (Fig. 4).
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3.4 Surface Morphology and Element Distribution
Analysis of PAM/CA/Fe;0, Composite
Microspheres

Figure 5 is an electron micrograph of microspheres with
different nano-Fe;O, content at 1000 times and Fig. 6 was
a distribution of Fe elements on the surface of the micro-
spheres. It could be seen from Fig. 5 that when Fe;0,
was not added, the prepared composite microspheres
were spherical in shape with a smooth surface and no
agglomeration occurs between the balls and the balls.
After the addition of Fe;O,, the surface structure of the
composite microspheres was loose and the strip-shaped
fibrous structure extends from the inside in a divergent
form, forming a structure similar to "sea urchin". With
the increased of Fe;O, content, the fibrous structure was
thickened and coarsened, and then gathered together to
form a strip. Combined with the results of the adsorption
experiments, this dense fibrous structure was advantageous

for adsorption because its presence increased the specific
surface area of the microspheres.

From the distribution map of iron element (Fig. 6), it
could be known that the Fe element was uniformly distrib-
uted inside the composite microspheres and the dispers-
ibility was also good. There is no large aggregate, and the
uniformity of magnetic composite microspheres is good.

3.5 Analysis of Specific Surface Area and Pore
Structure of PAM/CA/Fe304 Composite
Microspheres

Figure 7a is the nitrogen adsorption—desorption isotherm
of the microspheres, and (b) is the pore size distribution
curve of the microspheres. The adsorption—desorption iso-
therm exhibits a typical Langmuir type IV. In the range of
relative pressure p/p0 < 0.5, the N, adsorption of PAM/CA/
Fe;0, magnetic composite microspheres with 20% Fe;0,
growed very slowly with the increase of pressure and the iso-
therm was relatively flat. According to the Kelvin formula,

(b) 10% composite microspheres

(¢) 20% composite microspheres

(d)30% composite microspheres

(e) 40% composite microspheres

Fig.5 Scanning electron micrographs at 5000 times of magnetic composite microspheres with different Fe;0, content
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Fig.6 Distribution of iron ele-
ments in PAM/CA/Fe;0, mag-
netic composite microspheres
containing 20% Fe;0,. a EDS
image of PAM/CA/Fe;0, mag-
netic composite microspheres
containing 20% Fe;0,. b SEM
image of PAM/CA/Fe;0, mag-
netic composite microspheres
containing 20% Fe;0,

EDS Layered Image 2

Electron Image 2

l 50pm '

(a) EDS image of PAM/CA/Fe;04 magnetic composite microspheres containing 20% Fe;O4

(b) SEM image of PAM/CA/Fe;04 magnetic composite microspheres containing 20% Fe;04
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(b) Pore size distribution curve of PAM/CA/Fe;O4 magnetic composite microspheres

Fig.7 N, adsorption—desorption isotherm and pore size distribution
curve of PAM/CA/Fe;0, magnetic composite microspheres with 20%
Fe;0,. a Adsorption—desorption isotherms of PAM/CA/Fe;O, mag-
netic microspheres. b Pore size distribution curve of PAM/CA/Fe;O,
magnetic composite microspheres

when the pore radius was less than 1.5 nm that no capil-
lary condensation occured. So the adsorption amount in the
low pressure region was small, and there was no obvious
inflection point. The adsorption curve was close to the des-
orption curve. When the relative pressure p/p0> 0.5, the
adsorption amount increased sharply with the increase of
pressure, the desorption curve began to separate from the
adsorption curve, a hysteresis occured, and a type IV hyster-
esis loop appeared. Due to the presence of a certain amount
of mesopores and a large pore structure in the sample itself,
capillary aggregation occured during the adsorption process,
mesopores were filled with condensed N, molecules. The
capillary condensation was carried out on the liquid sur-
face of the annular adsorption membrane on the pore wall,
while the desorption was started from the spherical meniscus
surface of the orifice, so that the adsorption and desorp-
tion isotherms did not coincide, forming a hysteresis loop.
The specific surface area of the PAM/CA/Fe;0, composite
microspheres measured by the BET multilayer gas adsorp-
tion method was 230 m%/g.

From the pore size distribution curve, the pore size of
the sample was mainly distributed in the range of 40-60 nm
and there was a higher peak at 49 nm, which indicating that
the pore of this pore diameter accounted for the largest pro-
portion in the sample. The pore size distribution curve of
the sample was narrow and the pore size distribution was
relatively concentrated. The sample pore size was mainly
macropores and mesopores with an average pore diameter
of 50 nm. The specific surface area of PAM/CA compos-
ite microspheres is 35.56 m%/g and the average pore diam-
eter of PAM/CA composite microspheres is 11.5 nm in
the reported literature [34]. The specific surface area and
average pore size of microspheres after adding Fe;O, have

@ Springer



2308 Journal of Inorganic and Organometallic Polymers and Materials (2020) 30:2301-2314

been greatly improved. It can be explained for two reasons.
The mesopores on the sample surface is due to the double
network interlocking formed by the entanglement of the
PAM and CA molecular chains, resulting in the formation
of a three-dimensional mesh structure. On the other hand,
the size of the mesh changes due to the addition of Fe;O,.
The metal-organic double-mesh structure was constituted
by the strong coordination interaction between Fe;O, and
CA and PAM, which hindering the arrangement of Fe;0,
particles, resulting in a radial growth of urchin-like crystal
structure between the double grids. According to the BIH
theoretical model, the total pore volume of BJH adsorption
of PAM/CA/Fe;0, magnetic composite microspheres was
4.9060x 107 cc/g.

3.6 Analysis of Adsorption Properties of PAM/CA/
Fe;0, Composite Microspheres

3.6.1 pH of Dye Solution on Adsorption Performance

The ability of the microspheres to adsorb MB at different
pH was examined as shown in Fig. 8. It could be seen that
with the increase of pH value, the adsorption capacity of
microspheres to MB increases first and then decreases, and
the maximum adsorption capacity appears at pH 7. The
adsorption of MB dye was driven by the dissociation of
hydrogen atoms from the surface of the composite micro-
spheres and nitrogen atoms on the MB to form the hydrogen
bonding between N and H. At low pH, the concentration
of hydrogen ions in dye solution was large and the activity
was high, which would firstly bind to the nitrogen atom of
MB and affect the hydrogen bond between the hydrogen
atoms on the surface of the microsphere. The free hydrogen

80

et
[—]

Fig.8 Adsorption capacity of PAM/CA/Fe;O, composite micro-
spheres at different pH
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ions in dye solution could also combine with Fe;O, on the
surface of the composite microspheres and make Fe;0,
protonated, making the adsorption to methylene blue weak,
that resulting in lower adsorption capacity. When the pH
value gradually increases, the content of free hydrogen ions
in the solution will decrease, and the competition with the
hydrogen atoms on the surface of the microspheres will
weaken, so the adsorption capacity will increase. When the
pH was greater than 7, the solution became alkaline, the
content of hydroxide would increase, the competitiveness
between nitrogen and hydrogen ions would decrease, and
the binding force with hydroxide would enhanced, which
would weaken the attraction between MB and the binding
sites on the surface of the microspheres, thus reducing the
adsorption performance.

3.6.2 Solution Temperature on Adsorption Performance

Figure 9 shows the change in the amount of MB adsorbed
by PAM/CA/Fe;O, magnetic composite microspheres at
different temperatures. It could be seen that when the tem-
perature was gradually increased from 25 to 65 °C, the
adsorption capacity was gradually decreased. In the inter-
val of 25-55 °C, the decline was larger that showing a trend
of rapid decline. Between 55-65 °C, the downward trend
was slowing down. The adsorption of MB dye by magnetic
composite microspheres mainly relies on the large specific
surface area for physical adsorption. At lower temperature,
the adsorption of MB by magnetic composite microspheres
was stronger and the removal rate of dye was higher. When
the temperature rised, it accelerated the random movement
of the MB molecules and destroyed part of the gravita-
tional force, which increased the possibility of desorption.

60 |

do! (mgg)
3

20+

\__\.
20 30 40 50 60 70
Temperature /°C

10

Fig.9 Adsorption capacity of PAM/CA/Fe;O, composite micro-
spheres at different temperatures
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Fig. 10 Effect of different PAM/CA/Fe;0, composite microspheres
dosage on per unit mass adsorption capacity and dye removal rate

Competition between adsorption and desorption progressed,
reducing the amount of adsorption.

3.6.3 Adsorbent Dosage on Adsorption Performance

In order to investigate the effect of adsorbent dosage on the
adsorption of MB dye by PAM/CA/Fe;0, magnetic com-
posite microspheres, 0.1-0.5 g adsorbent was used to adsorb
the dye solution with the same initial concentration and the
results were shown in Fig. 10. It could be seen from the
figure that as the amount of adsorbent increases, the per
unit mass adsorption capacity of adsorbent decreased but
the total removal rate of dyes was gradually increased. The
more PAM/CA/Fe;0, composite microspheres were added,
the more active sites were adsorbed. In the case of a certain
MB content in water, the amount of MB adsorbed increased
that resulting in an increase in removal rate. As the dosage
of PAM/CA/Fe;0, composite microspheres increased, the
limited area bound to MB increased. However, the limited
area in which the per unit microsphere adsorbent combined
with MB was reduced, so that the per unit mass adsorption
capacity of the adsorbent was lowered.

3.7 Fe;0, Content on Adsorption Properties

The difference in the content of Fe;O, directly caused
the difference in adsorption and the result was shown
in Fig. 11. It could be seen that as the content of Fe;0,
increased, the adsorption capacity of MB decreased first,
then increased, and then decreased. When Fe;O, was intro-
duced into the system, the specific gravity of PAM and SA

76
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Fig. 11 Adsorption capacity of composite microspheres with differ-
ent Fe;O, content

was decreased, which resulting in a decrease in adsorption
sites, and thus the adsorption capacity of the composite
microspheres for dyes was decreased. When the content
of Fe;O, continues to increase, PAM and SA containing
ligands would adsorb with Fe atoms on Fe;0, due to coor-
dination interaction, and a special metal-organic skeleton
structure would be formed. It would greatly increase the
pore structure of the microspheres and increased the spe-
cific surface area of the microspheres, thereby improving
the adsorption performance. However, when the content of
Fe;0, in the system was further increased, the proportion
of the skeleton structure in the metal-organic framework
structure was reduced, resulting in a decrease in the stabil-
ity of the skeleton. Moreover, the more Fe;O, content was,
the less stable the microsphere was, which leading to the
collapse of the structure. The collapse of microstructure
blocked the pore structure inside the microsphere, result-
ing in the decrease of specific surface area and adsorption
capacity. During the experiment, it was found that, except
for the component with Fe;0, added in an amount of 20%,
the remaining groups were slightly turbid when adsorbing
the MB solution with some fine particles floating in the
solution, which made it difficult to recycle and reuse the
adsorbent. Therefore, the performance of PAM/CA/Fe;0,
magnetic composite microspheres was the best when the
addition amount of Fe;O, was 20%.

Figure 12 shows a macroscopic picture of magnetic
composite microspheres with the optimum addition
amount of Fe;O, before and after adsorption of MB. The
color difference is obvious as methylene blue dye was
immobilized in the microspheres.
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Fig. 12 Macroscopic picture of
a before and b after adsorption
of MB with 20% Fe;0, com-
posite microspheres

(a) before adsorption of MB

Table 1 compared the adsorption of MB by adsorbents
prepared by other research groups. It could be clearly seen
from the table that the maximum adsorption capacity of
the magnetic microspheres of the subject to the methyl-
ene blue dye was 71.6 mg/g, which was much higher than
most of the reported adsorbents. However, there were still
some gaps compared to the maximum adsorption capac-
ity of some other adsorbents. In this paper, the structure
of metal-organic double network was constructed by
the coordination interaction between metal particles and
organic groups. Magnetic particles were introduced to
facilitate separation and recycling.

3.8 Recycling of PAM/CA/Fe;0, Composite
Microsphere Adsorbent

Figure 13 is a histogram of the adsorption—desorption cycle
of PAM/CA/Fe;0O, magnetic composite microspheres. It
could be seen that as the number of cycles increases, the

Table 1 Comparison of adsorption of methylene blue dyes by differ-
ent adsorbents

Adsorbents Dye Adsorption Literature
capacity
(mg/g)
Bamboo leaf powder MB 46.7 [35]
polyacrylamide/sodiumalginate MB 75.0 [36]
CoFe,0,/MWCNT MB 14.3 [37]
Carboxymethyl chitosan/polyure- MB 24.2 [38]
thane
Magnetic chitosan/diatomaceous MB 76.1 [39]
earth
Grapefruit skin MB 16.9 [40]
Activated carbon/cellulose MB 103.66 [41]
Carbonized watermelon rind MB 200 [42]
Corn stalks MB 129 [43]
This article MB 71.6

@ Springer

(b) after adsorption of MB

adsorption capacity and desorption rate of the composite
microspheres increased and then decreased. The main reason
was that after the first adsorption, the microspheres were
desorbed with a higher concentration of hydrochloric acid
solution, and a large amount of hydrogen ions in the solution
remove impurities inside the microspheres, opening the pore
structure in the microspheres and increasing the pore struc-
ture and the specific surface area. Desorption will purify the
surface of the microspheres, exposing more adsorption sites
inside, which is not only beneficial to the entry of MB mol-
ecules, but also the dye molecules are more easily replaced
during desorption, so the adsorption capacity and desorption
rate will gradually rise. After several adsorption—desorp-
tion cycles, multiple acid treatments will destroy the surface
structure of the microspheres, cause the collapse of the pores
and reduce the specific surface area of the microspheres,
making both adsorption and desorption difficult, so the
adsorption capacity and the desorption rate have dropped.
After four adsorption—desorption cycles, the adsorption of
MB dyes by PAM/CA/Fe;0, magnetic composite micro-
spheres remained at a high level with good recyclability.
Figure 14 is a picture of the solution without adding
external magnetic force (a) and adding external magnetic
force (b) after the microspheres adsorbed MB. It could be
clearly seen from the figure that the uniform precipitation of
the microspheres in the solution with the added magnet was
at the bottom of the conical flask while the liquid surface
remains somewhat floating without adding external mag-
netic force. After the magnet was added, the microspheres
rapidly migrate to the magnetic pole and enrich. It was indi-
cated that the magnetic adsorbent PAM/CA/Fe;O, could be
separated from the solution by the external magnetic field,
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Fig. 13 Adsorption capacity and desorption rate of PAM/CA/Fe;0,
composite microspheres with 20% Fe;0,

thereby reducing the loss of the adsorbent and avoiding sec-
ondary pollution.

3.9 Adsorption Isotherms of PAM/CA/Fe;0,
Composite Microspheres

The isotherms of adsorption of methylene blue on PAM/
CA/Fe;0, composite microspheres were fitted by Langmuir
and Freundlich adsorption thermodynamic models, and the
parameters obtained by fitting the two models were com-
pared. The degree of agreement between the two models
was investigated. The equation for the model is as follows:

_q,bC,
1= Tybc, @)
g, = K,C\/" (5)

Fig. 14 After the adsorption of
MB, the solution without add-
ing external magnetic force (a)
and adding external magnetic
force (b)

(a) without magnets

C. in the formula represents the equilibrium concentra-
tion of MB in the solution, mg/L; q, represents the adsorp-
tion capacity of the adsorbent, mg/g; q,, is the maximum
adsorption capacity of the adsorbent to the MB dye, mg/g;
b is the Langmuir coefficient, L/mg; K; and n are Freundlich
constants.

Figure 15 is an adsorption isotherm fitting curve of adsorp-
tion of MB by PAM/CA/Fe;0, magnetic composite micro-
spheres. It could be seen from Table 2 that the Freundlich
correlation coefficient R? was higher than that of Langmuir
at different temperatures, indicating that the PAM/CA/Fe;0,
magnetic composite microspheres were more in line with the
Freundlich isotherm. The Freundlich isotherm model indicates
that the adsorption system was multilayer reversible adsorp-
tion process that occurs freely on non-porous solid surfaces
or macroporous solids [44]. In addition, the correlation coef-
ficient R? of the two adsorption isotherms was greater than
0.9, indicating that the adsorption process may be a complex
process involving both physical adsorption and chemical
adsorption which belongs to multilayer adsorption [45]. The
maximum adsorption amount calculated by Langmuir was
749.955 mg/g.

3.10 Adsorption Kinetics of PAM/CA/Fe;0,
Composite Microspheres

The adsorption kinetic curves of PAM/CA/Fe;0, magnetic
composite microspheres were fitted by quasi-first-order and
quasi-second-order adsorption kinetics models. The agreement
between the two models was investigated. The equation is as
follows:

In(g, — g,) = In(q,) — K;t (6)

() Addition of magnets
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Fig. 15 Adsorption isotherms of PAM/CA/Fe;O, composite micro-
spheres at different temperatures

t_ 1t
9 Kq  q 2
The q, and q, in the formula represent the equilibrium
adsorption capacity and the adsorption capacity at the time
t(min), respectively, mg/g; K, (1/min) and K, (g/mg min)
were the kinetic constant of the quasi-first and quasi-second
order, respectively. The fitting results of the two kinetic mod-
els are compared in Table 3. At different temperatures, the
correlation coefficients of the quasi-first-order kinetic model
of the microspheres are higher than those of the other model.
It is indicated that the microspheres are more in line with
the pseudo-first-order kinetic model, which indicates that
the adsorption of microspheres is mainly based on surface
adsorption. The calculated adsorption capacity is closer to
the experimental value, which can better reflect the change
of adsorption with time in the adsorption process (Fig. 16).
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Fig. 16 Adsorption kinetics curves of PAM/CA/Fe;O, magnetic com-
posite microspheres at different temperatures

4 Conclusion

In this paper, a magnetic adsorption microsphere containing
a metal-organic double network backbone was constructed
by one-step method. The addition of Fe;0, constructed the
metal—organic double network skeleton structure on the
basis of the double network through the coordination inter-
action of ligands with PAM and SA. Due to the coordination
effect, the thermal stability of the microspheres was greatly
improved, and the crystallinity of the microspheres was
decreased. By constructing the skeleton structure, the spe-
cific surface area of the composite microspheres was greatly
increased to 230 m%/g. The surface area of the microsphere
increased by 7 times compared with that without Fe;0,, and
the size and distribution of the holes were also changed. It
was found by SEM that a fibrous structure which is favorable

Table 2 Parameter table for

. L Temperature(K) Langmuir adsorption isotherm Freundlich adsorption isotherm

fitting adsorption isotherms

for different thermodynamic q,, (mg/g) B (L/mg) R? K, (mg/g) n R?

models
298 749.955 3.620x 107 0.9940 5.236x1078 0.0817 0.9960
308 723.883 1.149% 107 0.9930 5.419x 107 0.0528 0.9992
318 673.166 2.146x 1077 0.9985 2.1x10! 0.0480 0.9989

Tablg 3 P aramf‘,ter t?ble Tempera- g,exp (mg/g)  Pseudo-first-order kinetic model Pseudo-second-order kinetic model

obtained by fitting different ture (K)

kinetic models g, (mg/g)  k, (I/min) R? q,(mglg)  k, g/mgmin, R
298 71.73 71.446 0.0588 0.9990  8l1.161 0.00101 0.9960
308 58.09 57.817 0.0596 0.9989  65.542 0.00128 0.9960
318 38.143 22.058 0.0409 0.9995  43.174 0.00190 0.9960
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for adsorption was produced on the surface of the micro-
sphere. When the amount of adsorbent was 0.1 g, the pH was
7 and the temperature was 25 °C, the adsorbent have the best
adsorption capacity to MB and the maximum adsorption
amount was 71.6 mg/g. The adsorption process satisfied the
Freundlich thermodynamics and the quasi-first-order kinetic
model. The adsorption was a multi-layer adsorption with
both physical and chemical processes, and the temperature
rise was not conducive to adsorption. After a number of
adsorption—desorption cycles, it still had a high adsorption
capacity. By adding Fe;0, magnetic particles, the composite
microspheres were easier to separate and recycle.
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