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ARTICLE INFO ABSTRACT

Keywords: A series of ethanediamine (EDA) — modified magnetic poly-(glycidyl methacrylate) (m-PGMA-EDA)micro-
Cadmium spheres with different amine density were synthesized and their cadmium saturation adsorption capacities were
Magnetic examined. The results showed that the cadmium saturation adsorption capacity increased with the immobilized
PGMA amine density. However, they did not show strong positive linear correlation in the whole range of amine
EODD‘/? dination density examined. The molar ratio of amine groups to the adsorbed cadmium decreased with the increase of

amine density and eventually reached a minimum value about 4. It suggested that low immobilized amine
density led to low coordination efficiency of the amine. It is hypothesized that the immobilized amine groups
needed to be physically close enough to form stable amine-metal complex. When the amine density reached to a
critical value 1.25 m mol m~2, stable amine-cadmium complex (4:1 N/Cd) was proposed to form. To illustrate
the coordination mechanism (structure and number) of amine and Cd, FT-IR spectra of m-PGMA-EDA and m-
PGMA-EDA-Cd , and X-ray photoelectron spectroscopy (XPS) of PGMA-EDA and PGMA-EDA-Cd were

examined and analyzed.

1. Introduction

Water pollution by heavy metal ions, which are highly carcinogenic
and non-biodegradable, may bring long-term threat to the environment
and human beings [1-4]. Therefore, it is of great scientific and practical
interest to remove heavy metal ions effectively from the wastewaters
before they are discharged into the environment. Numerous methods have
been used to remove heavy metal ions, including chemical precipitation
[5], electrochemical treatment [6], membrane process [7], ion exchange
[8], and adsorption [9], etc. Among these methods, adsorption has been
proven to be effective and economical, with much less sludge disposal
problems [10]. As new promising adsorbent, magnetic polymeric adsor-
bent with various functional groups has attracted great attention due to
the advantages of high separation efficiency and selectivity [11,12].
Magnetic polymeric adsorbent also shows the unique advantage of easy
separation under external magnetic field [13].

Amine-functionalized poly-(glycidyl methacrylate)-based polymeric
adsorbent, combined PGMA substrate with amine group, has been
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widely studied for the removal of heavy metal ions [11,14,15]. PGMA
has its unique properties like good mechanical strength, sustained acid
and base resistance, high reactivity of the epoxy group, and so on.
Amine group is considered as one of the most efficient ligands
for heavy metal ion complexation. Ethanediamine(EDA),
diethylenetriamine(DETA), trithylenetetramine (TETA), and tetraethy-
lenepentamine (TEPA) have been commonly used as the polyamine for
PGMA functionalization [16,17]. However, most of the studies focused
on the adsorption performance and behavior of amine-functionalized
PGMA-based adsorbents in the adsorption of various heavy metal ions.
Less attention has been paid to the effect of micro-structure and
surface properties of adsorbent on adsorption performance. Once the
ligands are immobilized on the solid surface, their distance and space
limit will affect their coordination interactions with metal ions.

In a recent study, Liu et al. investigated the removal of copper ions
with PGMA beads functionalized with different aliphatic polyamines,
including EDA, DETA, TETA, and TEPA [18]. This work is focused on
the effect of molecular length and structure of the polyamines on
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copper ion adsorption performance and their coordination chemistry.
Nevertheless, the effect of immobilized amine density on metal ion
adsorption capacities has not been considered.

In our work, a series of ethanediamine-modified magnetic poly-
(glycidyl methacrylate) microspheres with different amine density was
synthesized. And their cadmium saturation adsorption capacities were
examined. Our study included (1) effect of the immobilized EDA
density on Cd saturation adsorption capacity and (2) the coordination
mechanism (structure and number) of amine and Cd on m-PGMA-—
EDA microspheres surfaces. FT-IR and X-ray photoelectron spectro-
scopy (XPS) were applied to the further study of Cd ion binding and
coordination on m-PGMA-EDA microspheres surfaces.

2. Experimental
2.1. The reagents and materials

Ferrous chloride tetrahydrate (FeCl,-4H,0), ferric chloride hexahy-
drate (FeCls3-6H,0), ammonium hydroxide (NH3-H,O, 25%, w/w), and
ethanediamine (EDA), were of analytical grade and purchased from
Xilong Chemical Industry Co. Ltd. (Shantou, China). Glycidyl methacry-
late (GMA), polyvinylpyrrolidone (PVP K-30, Mw=40000)were obtained
from Sigma—Aldrich Corp. Ltd. (St Louis, MO, USA). Cadmium sulfate
octahydrate (=99.0%) and 2, 2-Azobisisobutyronitrile (AIBN) were pur-
chased from Sinopharm Chemical Reagent Co. Ltd. (Beijing, China). All of
the materials were used as received.

2.2. Preparation and characterization of m-PGMA—-EDA
microspheres

2.2.1. Synthesis of m-PGMA-EDA microspheres
The synthesis route of m-PGMA—-EDA microspheres is shown in
Scheme 1.

2.2.1.1. Preparation of the PGMA microspheres. PGMA microspheres
were prepared by dispersion polymerization according to our previous
works [19,20]. First, PVP K-30 (3.1 g, as the stabilizer) was dissolved in
a 90% ethanol solution (90 g). Next, GMA (10 g) and AIBN (0.2 g, as
the initiator) were dispersed in the solution under a nitrogen
atmosphere. The mixture was purged with nitrogen for 30 min and
shaft sealed. The polymerization was carried out at 70 °C for 24 h
under continuous mechanical stirring (120 rpm). The microspheres
were collected by washing several times with distilled water and
ethanol and dried in a freezer dryer.

2.2.1.2. In situ coprecipitation of Fe304 nanoparticles. PGMA
microspheres (1 g) were added into 50 mL of a solution containing
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1.6 g of FeCl3-6H,0 and 1g of FeCl,-4H,0 in ice bath. Then the
mixture was evacuated under stirring until no further foaming was
observed. Next, the microspheres were separated from the mixture by
centrifugation and then dispersed in 50 mL of water at 85 °C in a flask
equipped with a mechanical stirrer. 10 mL of NH3-H»0 was then added
quickly and the mixture was kept stirring under nitrogen for 1 h. The
resulting magnetic particles were washed several times with deionized
water and ethanol, which were designated as m-PGMA.

2.2.1.3. Reaction with EDA. A series of m-PGMA-EDA microspheres
with different amine groups coverage were synthesized by
manipulating the concentration of ethylenediamine reacting with m-
PGMA microspheres [21,22]. The typical ring-opening reaction of the
epoxy groups was carried out as follows: m-PGMA microspheres (2 g)
obtained in Section 2.2.1.2 were dispersed into 50 mL of EDA solution,
and the mixture was stirred at 80 °C for 12h. The EDA volume
percentage of EDA solution used for preparing m-PGMA-EDA-1, m-
PGMA-EDA-2, m-PGMA-EDA-3, m-PGMA-EDA-4, m-PGMA-EDA-5,
m-PGMA-EDA-6, m-PGMA-EDA-7 are 1%, 2%, 10%, 20%, 30%, 40%,
55%, respectively. The resulting product was separated with a magnet
and washed several times with 0.1 mol L™' HCI solution, ethanol and
distilled water and dried in a freezer dryer.

2.2.2. Characterization of m-PGMA-EDA microspheres

The FT-IR spectra were recorded using a Bruker T27 FT-IR
spectrophotometer between 4000 and 500 cm™! using the KBr pellet
technique, with a resolution of 2 cm™ . The morphology of m-PGMA-
EDA microspheres was determined by scanning electron microscopy
(SEM, JEOL JSM-6700F, Japan). The particle size distribution, mean
diameter and specific surface area of m-PGMA-EDA microspheres were
measured by laser diffraction particle size analyzer (Malvern
Mastersizer 2000, England). The specific surface area was also
measured by BET adsorption method (Quantachrome NOVA3200e,
USA). Magnetic properties of m-PGMA and m-PGMA-EDA micro-
spheres were measured by vibrating sample magnetometry (VSM;
Model 4 HF VSM, ADE Technologies, USA). X-ray photoelectron
spectroscopy (XPS) was performed with a Thermo-Fisher ESCALAB
250Xi imaging X-ray photoelectron spectrometer (Thermo, USA).

Amine capacity was measured by a volumetric method as follows
[23]: the microspheres (100 mg) were dispersed in a 0.01 mol L™* HCl
solution (100 mL) and incubated at 25 °C for 15h in a water bath
shaker. The residual concentration of HCl was determined by titration
against a 0.01 mol L™ NaOH solution and phenolphthalein was chosen
as the indicator. Every titration repeated for at least three times and
then the data would be averaged. The number of moles of HCl was
corresponding to the capacity of the amine groups; therefore, the
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Scheme 1. Preparation of m-PGMA-EDA microspheres.
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capacity of the amine groups (mmol g~! ) was calculated using the
following equation:

(¢; = ¢,) X 100

capacity of the amine groups = 0.1

@®
Amine density is defined as amine capacity divided by specific
surface area of the microspheres.

2.3. Cd adsorption on m-PGMA-EDA microspheres

Cd sorption equilibrium and kinetics were performed on m-PGMA-
EDA microspheres in batch experiments. The adsorption experiments
were carried out at 25 °C. 10 mg of the adsorbent was added into
20 mL of a solution of known Cd concentration in a 50 mL glass conical
flask. Then the flask was placed in a air bath shaker at 200 rpm at
25 °C. The pH value of the system was adjusted by a 0.2 mol L™! NaOH
solution and a 0.2 mol L™! HCI solution. Magnetic separation of m-
PGMA-EDA microspheres was conducted with a permanent magnet.
The concentration of Cd?* ions was analyzed by an inductively coupled
plasma optical emission spectrometer (ICP-OES, Perkin Elmer Optima
7000DV, USA). The equilibrium adsorption capacity (ge, m mol g™')
was calculated using the following equation:

(Co=C) XV
4.~ m (2)

Where C, and Ce (mmol L) are the initial and equilibrium Cd
concentrations in the aqueous solution; V (mL) is the volume of the
solution and m (mg) is the adsorbent dose.

Cd saturation adsorption capacities of the prepared m-PGMA-EDA
microspheres were achieved by increasing the initial Cd concentra-
tions.

3. Results and discussions
3.1. Characterization of m-PGMA-EDA microspheres

The characterization of m-PGMA-EDA-7 with SEM and laser
diffraction particle size analyzer methods was taken as representative
of the m-PGMA-EDA series. The SEM photograph of the prepared m-
PGMA and m-PGMA-EDA-7 microspheres are shown in Fig. 1(A) and
(B), respectively. M-PGMA and m-PGMA-EDA microspheres had a
standard spherical form and were monodisperse. The particle size
distribution of m-PGMA-EDA microspheres (m-PGMA-EDA-7 as the
representative) is shown in Fig. 2. The diameters of m-PGMA and m-
PGMA-EDA had a narrow size distribution. The specific surface area(1
is measured by laser diffraction particle size analyzer, 2 is calculated
from the BET isotherm of N»,) and mean diameter (1 is obtained from
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statistics of SEM image, 2 is measured by laser diffraction particle size
analyzer) of m-PGMA-EDA microspheres are shown in Table 1.

The magnetic properties of m-PGMA and m-PGMA-EDA were
measured by VSM at room temperature. The magnetization curve of
m-PGMA and m-PGMA-EDA is shown in Fig. 3. The saturation
magnetization of m-PGMA and m-PGMA-EDA was 4.47 emu g~ and
4.34 emu g, respectively. No hysteresis, remanence, or coercivity was
found, which indicated that m-PGMA and m-PGMA-EDA were super-
paramagnetic.

The FT-IR spectra of m-PGMA and m-PGMA-EDA microspheres
were shown in Fig. 4. In the spectra of m-PGMA and m-PGMA-EDA
microspheres, the adsorption bands at 583 cm™! proved the existence
of Fe-O [24]. In the spectrum of m-PGMA microspheres, the strong
band at 1730 cm™! represented C=0 vibrations. And the adsorption
bands at 848 and 908 cm™! might be assigned to the epoxy groups on
the m-PGMA microspheres [14]. In the spectrum of m-PGMA-EDA
microspheres, the adsorption bands at 1604 cm™, 3310 cm™' and
3360 cm™! corresponding to N-H in the EDA appeared, and the
adsorption bands at 848 and 908 cm™! disappeared. The adsorption
bands at 1158 cm™! corresponding to CN stretching vibration is also
shown in the spectrum of m-PGMA-EDA microspheres [25]. The FT-IR
spectra indicated that m-PGMA microspheres had been successfully
modified by the EDA.

Amine capacity of m-PGMA-EDA-1 to m-PGMA-EDA-7 measured
with the volumetric method are shown in Table 2.

3.2. Adsorption properties of m-PGMA-EDA

The series of m-PGMA-EDA have almost the same chemical
properties, therefore, one of them could be chosen as the representative
adsorbent to study the effects of pH, contact time, initial ion concen-
tration. Based on our previous work [21], Cd adsorption onto the EDA-
modified magnetic PGMA microspheres rose with the increase of pH
values, and the maximum adsorption of Cd was observed at pH 6.5.
The results were consistent with the metal-amine complexation
adsorption mechanism [26,27]. At higher pH, Cd tends to precipitate,
which may deteriorate the adsorbent. So the adsorption experiments at
higher pH were not conducted. And, the adsorption of Cd onto the
EDA-modified magnetic PGMA microspheres reached equilibrium
within approximately 1h. The adsorption data fits the pseudo-sec-
ond-order model better than the pseudo-first-order model. According
to the assumption of the pseudo-second-order model, the adsorption
rate of Cd(IT) onto the EDA-modified magnetic PGMA microspheres
was controlled by chemical processes. Details of the adsorption kinetics
are shown in the Supporting information.

5.0kV  X5,000
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Fig. 1. SEM images of the microspheres: (A) m-PGMA, (B)m- PGMA-EDA-7.
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Fig. 2. Size distribution of m-PGMA-EDA-7 obtained from (A) SEM and (B) laser diffraction particle size analyzer.

Table 1
Specific surface area and mean diameter of m-PGMA-EDA-7.

Specific Specific Mean Surface Volume

surface surface diameter® weighted mean weighted mean

area” (m®>  area” (m® (um) diameter? (um)  diameter? (um)
-1 -1

g) g )

3.030 3.0 1.82 1.979 2.155

2 Represent the results measured by laser diffraction particle size analyzer.
b Represent the results measured by BET isotherm of N2.

¢ Represent the results obtained from statistics of SEM image.

4 Represent the results obtained from laser diffraction particle size analyzer.

6

I — m-PGMA
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-10000 -5000 0
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Fig. 3. Magnetization curve of m-PGMA and m-PGMA-EDA-7.

3.3. Effects of the immobilized amine groups capacity on Cd
adsorption

The cadmium saturation adsorption capacity of m-PGMA-EDA-1 to
m-PGMA-EDA-7 were measured, respectively. The saturation adsorp-
tion capacity was attained by increasing the initial Cd concentration.
The results were shown in Fig. 5. The cadmium saturation adsorption
capacity of m-PGMA-EDA-7 was 1.69 m mol g~! (189.89 mg g™1).

As shown in Fig. 5, the cadmium saturation adsorption capacity
increased with the immobilized amine density. However, they did not
show strong positive linear correlation in the whole range of amine
density examined. The molar ratio of amine groups to adsorbed
cadmium decreased with the increase of amine density and reached a
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Fig. 4. FT-IR spectra of m-PGMA and m-PGMA-EDA microspheres.
Table 2

Amine capacity and density of m-PGMA-EDA-1 to m-PGMA-EDA-7.

m-PGMA-EDA-n 1 2 3 4 5 6 7

Amine capacity 1.831 2442 3.693 4.694 5.087 5.454 7.046
(m mol g_l)

Amine density 0.604 0.806 1.219 1.549 1.679 1.800 2.325

(m mol m™2)

minimum value about 4, which meant the formation of 4:1 N/Cd (2:1
EDA/Cd) complex on the solid surface, as presented in Fig. 6. It
suggests that low immobilized amine density leads to low effectiveness
of the amine. When the amine density reaches a critical value about
1.25 m mol m~2 , 4:1 N/Cd complex is proposed to form.

3.4. The mechanism for the adsorption of Cd on m-PGMA-EDA

To elucidate the mechanism, the FT-IR spectra of m-PGMA-EDA
and m-PGMA-EDA-Cd were recorded (Fig. 7), respectively. In the
spectrum of m-PGMA-EDA microspheres, the adsorption bands at
1604 cm ™, 3310 cm™! and 3360 cm™! were referred to N-H in the
EDA. After loading Cd, these three adsorption bands suffered from
changes somehow. The adsorption bands at 3360 cm™ and 3310 cm™!
shifted to 3350 cm™! and 3278 cm™!, respectively. And the adsorption
band at 1604 cm™! become broader after loading Cd. All these changes
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Fig. 5. The cadmium saturation adsorption capacity of m-PGMA-EDA-1 to m-PGMA-
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Fig. 6. The molar ratio of amine groups to Cd for m-PGMA-EDA-1 to m-PGMA-EDA-7.
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Fig. 7. FT-IR spectra of m-PGMA-EDA and m-PGMA-EDA-Cd.
after cadmium adsorption on m-PGMA-EDA are related to the

chemical bonds involving the nitrogen atom. It is also observed that
a very strong new band appeared at 1106 cm™! occurred in the FT-IR
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spectrum of m-PGMA-EDA-Cd in Fig. 7. The peak at 1106 cm™ is
highly possible referred to Cd-OH band. As discussed above, we could
conclude that cadmium adsorption was mainly through forming the
coordination bonds with the amine functional groups and the hydroxyl
groups on m-PGMA-EDA microspheres.

To elaborate on the FT-IR results, PGMA-EDA microspheres with-
out magnetism was prepared and the XPS spectra of PGMA-EDA and
PGMA-EDA-Cd were examined in Fig. 8. From the wide scans in
Fig. 8(A), Cd 3d peaks at 411.5 and 404.7 eV [28] were clearly observed
for PGMA-EDA-Cd, in addition to the characteristic peaks of Cls
(284.8 eV), N1s (399.0 €V) and Ols (532.0 eV) for the PGMA-EDA
[29]. These confirmed the FT-IR results that cadmium were adsorbed
onto PGMA-EDA microspheres. To supplement evidence to the FT-IR
discovery that the cadmium mainly interacted with the amine func-
tional groups and the hydroxyl groups on PGMA-EDA microspheres
during the adsorption process, the XPS Cls, N1s and O1s spectra of
PGMA-EDA and PGMA-EDA-Cd are presented in Fig. 8(B—D), respec-
tively. The Cls spectrum of PGMA-EDA shows four peaks at the
binding energy of 284.6eV, 285.4eV, 286.3eV and 288.6eV
[Fig. 8(B)] corresponding to carbon in the C-H, C-N, C-O-C and
0=C-O, respectively [30,31]. After cadmium adsorption, no obvious
changes were found for the C1s spectrum. The N1s spectrum of PGMA-
EDA [Fig. 8(C)] showed a peak at 399 eV corresponding to the nitrogen
in the neutral amine (-NH, or NH) [29,32]. After adsorbing cadmium,
the original peak at 399.0 eV shifted to a higher position at 399.1 eV.
The shift could be attributable to the nitrogen coordinated with
cadmium , thus caused the nitrogen in the amines existing in a more
oxidized state.

The O1s spectrum of PGMA-EDA [Fig. 8(D)] showed a peak at
531.9 eV referred to the oxygen in C=0. And a peak at 533.4 eV
corresponding to the oxygen in C-OH and C-O-C also existed in the Ols
spectrum of PGMA-EDA [31]. After cadmium adsorption, the shoulder
in the Ols spectrum of PGMA-EDA disappeared. And the original
peaks at 531.9 eV and 533.4 eV shifted to 531.4eV and 532.8 €V,
respectively. These results indicated that the cadmium ion interacted
with oxygen in the adsorption process.

The adsorption of cadmium to EDA-modified magnetic PGMA
microspheres has been studied at several immobilized amine densities
by FT-IR and XPS. The molar ratio of immobilized amine groups to
adsorbed cadmium decreased with the increase of amine density and
reached a minimum value about 4. It is hypothesized that the
immobilized amine groups need to be physically close enough to form
stable amine-metal complex. It is possible that the ligands will not be
physically close enough to form stable bis (1:2) metal complexes under
low immobilized amine groups [33]. When the amine density reaches
high enough (a critical amine density: 1.25 m mol m™2), 4:1 N/Cd
complex is proposed to form. To sum up all the results, the most
possible coordination mechanism of amine and Cd on m-PGMA-EDA
microspheres surfaces were illustrated, as shown in Schemes 2 and 3.
The chemistry between cadmium ion and immobilized ethanediamine
that takes place on the solid surface of PGMA-EDA microspheres is
very different from that takes place in solution. When in solution,
cadmium ions and ethanediamine is prone to form bis(ethanediamine)
cadmium(II) complex at the lower ethanediamine/Cd mole ratio and
form tris(ethanediamine)cadmium(II) complex at higher ethanedia-
mine/Cd mole ratio [34—36]. Immobilized ethanediamine is restricted
by its limited activity area [33], which is not the same case for free
ethanediamine in aqueous solution.

4. Conclusions

In this paper, a series of ethanediamine-modified magnetic poly-
(glycidyl methacrylate) microspheres with different amine density were
synthesized. And their cadmium saturation adsorption capacities were
examined. There were two main findings in this work: (1) The molar
ratio of immobilized amine groups to adsorbed cadmium decreased
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Scheme 2. Diagram depicting idealized complexes structures of Cd and immobilized
EDA that would exhibit a N/Cd molar ratio greater than 4.

with the increase of amine density and reached a minimum value about
4, illustrating the strong dependence of heavy metal adsorption
performance on the immobilized amine density.(2) When the amine
density reaches a critical value 1.25 m mol m~2 , 4:1 N/Cd (2:1 EDA/
Cd) complex is proposed to form, and the hydroxyl also participated in
the chelating with Cd. This paper helps to understand the chemistry
between metal ion and ligand that takes place on solid surface, which
can be very different from that takes place in solution. It is important
for the design and preparation of better adsorbents for solid-phase
extraction, separation, and preconcentration of metal ions.
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Scheme 3. Diagram depicting idealized complexes structures of Cd and immobilized
EDA that would exhibit a N/Cd molar ratio of about 4.
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