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Abstract

Heavy metal ions are among the most dangerous contaminants, which can cause serious health problems. In this work, ion-
exchange resin beads were used as supports for magnetite (Fe;0,) synthesis to produce heavy metal adsorbents which can
be easily separated by magnetic field. The first step of the magnetite preparation was the replacement of hydrogen ions with
Fe?* and Fe* ions on the sulfonic acid groups of the resin. In the second step, magnetite particle formation was induced
by coprecipitating the iron ions with sodium hydroxide. The regeneration of the ion-exchange resin was also carried out by
using sodium hydroxide. SEM images verified that relatively large magnetite crystal particles (diameter = 100-150 nm) were
created. The ion-exchange effect of the prepared magnetic adsorbent was also confirmed by applying Cu?*, Ni**, Pb** and

Cd>* jons in adsorption experiments.

Keywords Heavy metal ion removal - Magnetite - Adsorption capacity - Langmuir constant

Introduction

Over the last century, there has been an unsustainable
increase in human-caused environmental pollution. Our
soil, air and water are increasingly polluted (Nica et al.
2019). Heavy metal ions are among the most dangerous
contaminants, which can cause serious health problems
(Jarup 2003). Metals such as arsenic, lead, copper, cadmium,
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nickel, mercury, chromium, cobalt, and zinc are dangerous
not just for humans, but can be harmful to all living organ-
ism (Masindi and Muedi 2018). The widespread metal ion
pollution forced the European Council to issue a directive
(98/83/EC) about the quality requirements and ion concen-
tration limits of drinking water (<5 pug/L of Cd, <2 mg/L of
Cu, <20 pg/L of Ni and < 10 pg/L of Pb). Numerous stud-
ies have been dealing with the removal of heavy metal ions
from water, providing more and better alternatives to solve
this ecological problem (Anuja Ashok Bhatt 2015; Carolin
et al. 2017; Kobielska et al. 2018; Siyal et al. 2018). The
developed technologies are based on various procedures
such as membrane filtration (Altalhi et al. 2016), chemical
precipitation (Charerntanyarak 1999), ion exchange (Pansini
et al. 1991), electrochemical treatment (Janssen and Koene
2002), and adsorption.

Adsorption techniques have been of great interest,
because compared with other methods, it has significant
advantages including simple design, easy operation, and
high separation efficiency (Afroze and Sen 2018). A wide
range of systems have been tested as adsorbents, includ-
ing biopolymers (Huang et al. 1996; Wan Ngah et al. 2011)
and waste materials (Orhan and Biiyiikgiingoér 1993) or
synthetic materials like ion-exchange resins (Alexandratos
2009). Industrial-scale applications are also known with
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ion-exchange resin, activated carbon and silica gel (Karnib
et al. 2014), but there are promising materials which have
only been tested on laboratory scale, i.e., graphene micro-
bots (Vilela et al. 2016), or different nanomaterials (Wang
et al. 2012) and nanocomposites (Sharma et al. 2014). There
are also many interesting new experiments on the subject,
where for example pyrolyzed camel bones (Alqadami et al.
2018) or watermelon rind extract-capped ZnS nanoparticles
(Devasangeeth et al. 2018) were used.

Excellent adsorption capacity has been achieved with
Amberlite resin for Cu, Zn, Ni, Cd, Pb (Demirbas et al.
2005) and Hg (Naushad et al. 2016). It has been proved
with column experiments that the Amberlite IR-120 resin is
selective for Pb>* in quantitative binary separation (Naushad
and Alothman 2015). In this work, a synthetic ion-exchange
resin-based system has been applied as adsorbent and com-
bined with magnetic properties.

The adsorption capacity of magnetic materials has been
investigated in several studies (Ozay et al. 2009)(Ge et al.
2012). The magnetites have also been studied and 8.67 mg/g
and 18.61 mg/g adsorption has been reached for Cr and Cu
ions, respectively, by using a mixed solution of 80 mg/L
Cr(VI) and Cu(Il) (Zhang et al. 2020). In a similar study,
9.72 mg/g was measured as the maximum adsorption capac-
ity for arsenic removal (Darezereshki et al. 2018). In another
case, the total amount of lead was removed from an aque-
ous medium by using magnetite (50 mg/L with 20 mg/L
adsorbent dose) (Bagbi et al. 2016). In each of these stud-
ies, the adsorption capacity of magnetite was a result of the
OH groups which were present on the surface and initi-
ated electrostatic interaction with the metal ions. Hu and
his colleagues created magnetite nanoparticles for Cr(VI)
removal and achieved 11.23 mg/g maximum capacity (Hu
et al. 2004). Activated carbon containing magnetic alginate
beads (AC-MAB) were tested against activated carbon to
compare the adsorption capacities of the systems and it was
found that the AC-MAB was > 62 times better adsorbent
for methylene blue (MB) (Rocher et al. 2008). Magnetic
chitosan/clay beads were also tested for MB dye removal
and a maximum uptake of 82 mg/g was achieved (Bée et al.
2017). Magnetite particles are frequently used, because
they are biocompatible, inexpensive, chemically stable and
their surface modification is easy (Davarpanah et al. 2015;
Vojoudi et al. 2017).

The general procedure of heavy metal removal has two
steps, first, the precipitation settling of the metal hydroxide
is carried out, which is followed by the thickening or filtra-
tion of the sludge (Feng et al. 2000). This method has several
disadvantages including the potential incomplete precipita-
tion, chemical instability of the precipitates and formation
of large volumes of sludge which can be difficult to filter
(Feng et al. 2000). These disadvantages can be avoided by
applying ion-exchange resins. However, the system filled
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with ion-exchange resins will initiate backpressure into the
columns and limit the flow rate and the processing through-
put of industrial wastewater (Zhang et al. 2019). Therefore,
a suspended solid adsorbent which can be easily removed
from the aqueous medium is preferred. Such adsorbent could
be a resin combined with magnetic properties in fluidized
beds (Feng et al. 2000). By using a magnetic adsorbent, the
separation from the aqueous medium by applying magnetic
field is not just easier, but also faster, selective and efficient
(Xu et al. 2010; Sharma et al. 2018).

In our work, the excellent adsorption properties of ion-
exchange resins with the magnetic properties of magnetite
have been combined, using a simple preparation method.
Ion-exchange resin beads were applied for magnetite (Fe;0,)
synthesis, to create adsorbents (magnetic polymer beads,
MPB), which can be separated by magnetic field. The ion-
exchange effect of the magnetic adsorbent was confirmed
by Cu?*, Ni**, Pb>* and Cd** ion adsorption experiments.

Experimental
Materials and methods

Iron(III) chloride hexahydrate (VWR), iron(II) sulfate hep-
tahydrate (Reanal) and sodium hydroxide (Sigma Aldrich)
were used for magnetite synthesis. Amberlite IR120
hydrogen form ion-exchange resin (ACROS Organics MS,
Table 1) was used to create the magnetic polymer beads. The
synthesized MPBs have been tested in Cu®** Ni**, Pb>* and
Cd?* adsorption experiments by using copper(II) chloride
(Aldrich), nickel(II) nitrate hexahydrate (Reanal), lead(II)
nitrate (Reanal) and cadmium(II) nitrate (Reanal). In every
experiment, eight diluted samples (0.5-10 mmol/L) were
made from the corresponding stock solution (50 mmol/L).
Each sample contained 0.2 g magnetic beads, and 50 mL
solution with different concentrations. The samples were
shaken for 2 h at room temperature on a horizontal shaker.
The parameters were selected based on preliminary studies
to achieve full adsorption isotherm.

Table 1 Amberlite IR120 hydrogen form ion-exchange resin specifi-
cations

Appearance Amber to
yellow-brown
beads

Mean size 0.620-0.830 mm

53-58% (H+)

>1.8 eq/l (H+)
C;;H,,CINO,S
311.736 g/mol

Moisture holding capacity
Total volume capacity
Molecular formula
Molecular weight
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The particle size and morphology were studied by high-
resolution scanning electron microscope (SEM) applying a
JEOL JSM 7200F instrument, using carbon tape for sam-
ple preparation. The diameters of the magnetic particles
were measured by using the ImageJ program. BET specific
surface measurements were carried out by using N, with a
Micrometics TriStar 3000 instrument. The phase identifica-
tion of the magnetic iron oxide particles was carried out by
X-ray diffraction (XRD) performed with a Rigaku Miniflex
II diffractometer with Cu Ka radiation source at 30 kV and
15 mA. The MPB samples were pulverized with a mortar
before the measurement. The pure magnetite, the Amberlite
IR120 hydrogen form ion-exchange resin and the synthe-
sized MPB were also measured using a Bruker Vertex 70
Fourier-transform infrared spectroscope (FTIR, detection
range was 4000—400 cm™' at 4 cm™! optical resolution). All
samples were studied in potassium bromide pellets (5 mg
sample in 250 mg KBr). The concentrations of the heavy
metal solutions were further analyzed by a Varian 720 ES

Table 2 ICP-OES measurement conditions and parameters

Plasma viewing mode Axial
Power (kW) 1.050
Plasma flow (L/min) 15.0
Auxiliary flow (L/min) 1.50
Nebulizer flow (L/min) 0.75
Replicate read time (s) 7.00
Instrument stabilization delay (s) 25
Sample uptake delay (s) 30
Pump rate (rpm) 15

Rinse time (s) 10
Measurement replicates 3
Nebulizer type V-groove
Spray chamber type Cyclonic

es ‘H*

inductively coupled optical emission spectrometer (ICP-
OES) using Merck Certipur ICP multi-element standard
IV. The measurement conditions and parameters are listed
in Table 2. The detection limit for Cd, Pb, Ni, and Cu is
0.005 mg/L, 0.04 mg/L, 0.02 mg/L, and 0.04 mg/L, respec-
tively, while the relative standard deviation is < 5%.

Synthesis of the magnetic adsorbents

In first step, the Amberlite IR120 hydrogen form resin was
dried at 120 °C for 24 h. Then, the aqueous solution (25 mL)
of FeSO,-7H,0 (3.06 g) and FeCl;-6H,0 (5.40 g) was used
for ion exchange. The dried Amberlite resin (7.50 g) was
added to the Fe(II)/Fe(IIl) solution and after 2 h of con-
tact time, the impregnated beads were washed with distilled
water (Fig. 1). Sodium hydroxide solution (7 g NaOH/50 mL
water) was added to the beads, and after continuous agitation
for 1 h, the beads were separated from the alkalic media,
washed and dried at 120 °C overnight. Sodium hydroxide
has a dual role, on the one hand it facilitates the formation
of magnetite by co-precipitation, while on the other hand,
it participates in the regeneration of the ion-exchange resin

(Fig. ).

Results and discussion

Analysis of the morphology of the synthesized
magnetite particles

The prepared magnetic polymer beads (MPB) have been
studied by SEM and their diameter was measured and
found to be between 500 and 800 pm (Fig. 2a). The beads
are intact, with no breakage, cracking, or damage. The
surface of the MPBs are abundantly covered with well-
dispersed, irregular hexagonal magnetite crystals (Fig. 2b,

o]

2 -5 NaOH
>

Fig. 1 Schematic representation of the formation of magnetite particles with the help of the matrix of the applied ion-exchange resin
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Fig.2 SEM images of the prepared magnetic polymer beads, MPB (a), and magnetic nanoparticles on their surface (b, ¢)
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Fig. 3 Size distribution of the magnetite particles formed on the sur-
face of the ion-exchange resin

c). The size distribution of the magnetite particles’ diam-
eter is also examined (Fig. 3.). The average diameter of the
hexagons is ~ 89 nm.

Heavy metal adsorption experiments have been car-
ried out and the SEM analysis have also been performed
after this process. There is no significant visible difference
between the images taken before or after metal removal
(SI Figs. 1-5). It can be seen on the EDS spectra (SI
Figs. 1-5) that the MPB sample had high sodium content
before adsorption, which decreased after adsorption, and
characteristic peaks of the adsorbed metals appeared. This
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Fig.4 XRD spectrum of the powdered magnetic polymer beads
(MPB). Magnetite [gray, (220), (311), (400), (422), (511), (440)] and
hematite [white, (104) and (113)] phases have been identified

suggests that the heavy metal adsorption mostly happened
by ion-exchange process.

Phase analysis of the magnetic iron-oxide

Six stronger diffraction peaks were identified on the XRD
spectrum of the powdered MPBs at the 26 of 30°, 36°, 43°,
53¢, 57° and 63° (Fig. 4), which correspond to the (220),
(311), (400), (422), (511), and (440) crystalline planes of
magnetite phase (Fe;O,), respectively (Kazeminezhad and
Mosivand 2014). Two additional weaker peaks have also
been found at 33° and 39° 26, which can be associated with
the (104) and (113) planes and indicates the presence of an
a-Fe,0; hematite phase (Chernyshova et al. 2007).

FTIR measurements of the magnetic adsorbent

The FTIR spectra of pure Amberlite IR120 hydrogen form
resin, magnetite and the final MPB were measured and
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Fig.5 FTIR spectrum of the prepared magnetic polymer beads
(MPB, top) compared to magnetite (middle) and Amberlite IR120
hydrogen form ion-exchange resin (bottom)

compared (Fig. 5). The widest band appeared between
3000 and 3700 cm™! and it can be associated with the
vibration of O—H groups in the systems (Fig. 5). It is
important that OH groups have been detected on the sur-
face of the magnetite, because their presence could pro-
mote adsorption. The aliphatic C—H stretching can also
be identified at 2853 cm™' and 2929 cm™ (Singare et al.
2011). The presence of C=0 groups is indicated by the
band at ~ 1630 cm~! (Singare et al. 2011), while the band
at 1158 cm~! indicates that there are also C-N groups in
the samples (Haslaniza et al. 2015). The peaks observed
at 675 cm™', 1040 cm™', and 1408 cm™! are assigned to
S—0 and the stretching of SO; and O—S—O group, respec-
tively (Jha et al. 2009; Singare et al. 2011). The charac-
teristic absorption band of the Fe—O bond also appeared
at 560 cm™! (Bini et al. 2012). The groups detected in
the pure materials (magnetite and Amberlite) can also be
found in MPB (Fig. 5, top). There are only minor shifts
in the positions of the bands, and new band has not been
identified.

Adsorption tests of the synthesized magnetic
polymer beads

BET specific surface area (SSA) measurements were also
performed on the samples, before and after adsorption.
However, in each case, the SSA was below the measure-
ment limit, which suggests that all samples have a BET
specific surface area < 1 m?/g.

The heavy metal ion adsorption capacity of the synthe-
sized MPBs was tested using Cu®*, Ni**, Pb** and Cd**.
The Langmuir, the Freundlich and the Redlich—Peterson
isotherm models were used to describe the equilibrium
characteristics of the adsorption.

The Langmuir is defined by the following equations:

G X K Xc,
T T+c.xK M
_ 1
LT 14K xc @

where ¢, is the amount (mg/g), while c, is the equilibrium
concentration of the heavy metal ion in the solution (mg/L),
q, 1s the maximum sorption capacity (mg/g) and K| is the
Langmuir equilibrium constant (L/mg). K and g,, can be
calculated with nonlinear regression. R| is the separation
factor without unit and c, is the initial heavy metal concen-
tration (mg/L).
The Freundlich isotherm can be described as follows:

1

q. = Kp x ¢l 3

where Ky and n are constants.

The Redlich—Peterson (Eq. 4.) is a hybrid isotherm model
that combines the Freundlich and the Langmuir models with
three parameters (Al-Ghouti and Da’ana 2020):

Ky X c,
qe_1+aR><c'g’ @)
where Ky, ag and b are constants. Previous studies have
shown that it is more accurate than the Langmuir and the
Freundlich models, because it contains three tuning param-
eters (Kumara et al. 2014).

For each heavy metal ions, eight dilution points have
been applied during the measurements. By comparing the
three fitted isotherms (Table 3), it was found that the cor-
relation coefficients (R?) are close to 1 in each case, and the
isotherms fit well to the results, but as it was expected, the
most accurate is the Redlich—Peterson isotherm. However,
the Langmuir model will be used in the following discussion
(Fig. 6) as it is the most commonly applied isotherm in simi-
lar studies and the difference between the two fits (Langmuir
vs Redlich—Peterson) is not significant.

According to the results, the highest g,, was obtained in
the case of Pb** ions (3.64 mmol/g), while the highest affin-
ity (K ) was observed for nickel 0.57 L/mg. The separation
factors indicate strong interactions between the heavy metal
ions and the MPB adsorbent and show that the isotherm type
is favorable (0 < R| < 1) (Kocaoba 2007)(Tan et al. 2012).
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Table 3 The calculated adsorption parameters

Langmuir Freundlich Redlich—Peterson
¢, (mmol/g) K; (L/mg) R; range R? Ky n R? Ky ag b R*
Pb>* 3.64+0.02 0.19 0.002-0.023  0.9989 290.96 14.73 0.9913 5599.99 19.13 0.93 0.9999
Cu?* 2.21+0.04 0.27 0.005-0.048  0.9989 85.91 10.12 0.9997 186.68 1.97 0.92 0.9999
Ni** 1.89+0.04 0.57 0.003-0.027  0.9998 84.38 17.68 0.9919 79.18 0.75 0.99 0.9998
ca*t 1.79+0.02 0.31 0.003-0.035  0.9997 125.02 1020 0.9980 190.00 1.30 0.93 0.9999
Fig.6 Cu?* (a), Cd** (b), Pb’* A B
(), and Ni** (d) heavy metal 150 2001
ion adsorption capacity of the o
synthesized magnetic ion- ~ L0 150
e0 100 oY)
exchange beads ~
2 £ 1001
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—_
o0
=
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o | . . ,
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Computational and experimental adsorption data shows
that the dry resin’s adsorption capacity for Pb** and Ni2*
ions is 5.56 meq/g (Carmona et al. 2008), while for Cu>* and
Cd** ions it is 5.0 meq/g (Valverde et al. 2002). Thus, by add-
ing magnetite to the system, the adsorption capacity of the
resin slightly reduced in case of Cu**, Ni**, and Cd*" ions,
but improved for Pb>*. However, the trend in the adsorption
capacity Pb?* > Cu?">Ni?*>Cd? * is similar to a previous
study where pure resin was tested as adsorbent (Naushad and
Alothman 2015).

The synthesized MPB’s adsorption parameters and capac-
ity have also been compared to other magnetic adsorbents
from the literature (Table 4). It can be seen that the prepared
MPB has excellent adsorption capacity, and it is the best in
almost every aspect.

After the adsorption tests, the magnetic beads were
removed easily from the aqueous media by using a magnet
(Fig. 7).
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Conclusions

In our work, magnetic polymer beads were successfully
created starting from Amberlite IR120 ion-exchange resin
beads. The diameter of the magnetic polymer beads is in a
range of 500-800 pm. The surface of the polymer beads is
covered with well-dispersed, hexagonal magnetite crystals.
The presence of magnetite particles was verified by XRD
measurements. The heavy metal ion adsorption capacity of
the synthesized MPB was tested using Cu**, Ni**, Pb>* and
Cd**. The developed MPB is a very efficient adsorbents,
especially in the case of Pb removal. Besides its adsorption
capacity, it is easy to handle and due to its magnetic prop-
erty, it can be easily removed from the medium by apply-
ing magnetic field. Furthermore, it has higher adsorption
capacity in almost all cases for the studied heavy metal ions
compared to other magnetic adsorbents from the literature.
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Table 4 Comparison of the adsorption parameters and capacity of various heavy metal ion adsorbents including the synthesized and studied magnetic polymer beads

Adsorption capacity (mg/g) References

Adsorption time

Max. Initial concentrations (mg/L) Adsorbent

Adsorbent

Cu2+

Ni2+

C d2+

Pb2+

7 quantity (mg/
Cu mL)

Ni2+

C d2+

Pb2+

Tan et al. (2012)

40.10

ultrasonication for

50

Amino-functionalized Fe;0, magnetic nanoparticles

several minutes

4h

Bée et al. (2017)
Guo et al. (2014)

100.00
19.68 Son et al. (2018)

7.5

4972.8
5

Magnetic alginate beads

22.07

27.83

27.95

5h

0.2

Amino-functionalized magnetic graphene composite

24 h with stirring

16.6

1000

Chitosan-modified magnetic kelp biochar

Vojoudi et al. (2017)
Ozay et al. (2009b)

270.27

20 min with shaker

12h

100

Modified magnetite mesoporous silica nanospheres

140.85 11494 117.65

140.84

1500 1500 04
NA

1500

1500

NA

Magnetic iron particle containing hydrogels

45.00 Huang et al. (2018)

102.00

1 h with shaker

Amino-decorated Zr-based magnetic Metal—-organic

frameworks composite

111.60  This work

140.60

43277 201.30

2 h with shaker

1124 5869 63546 4

2072

MPB (magnetic polymer beads)

Fig.7 The magnetic polymer beads are attracted to a magnet (right)
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