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Introduction

ABSTRACT

A novel magnetic polysaccharide composite hydrogel was successfully con-
structed by using sodium alginate (SA) and carboxymethyl cellulose (CMC) as
the backbone and filled with in situ Fe;O, nanoparticles, which was then
employed for removal of heavy metal ion from aqueous solution. The obtained
magnetic SA/CMC composite hydrogel was characterized by Fourier transform
infrared spectroscopy, fluorescence microscope, thermogravimetric and vibrat-
ing sample magnetometer. Effect of contact time, pH and adsorbent dosage on
the adsorption of heavy metal ions by the magnetic SA/CMC hydrogel have
also been studied. The results show that the prepared magnetic SA/CMC
hydrogel can be effectively utilized in the removal of heavy metal ions from
aqueous solution. The maximal adsorption capacity of Mn(Il), Pb(Il), and Cu(Il)
as calculated from the Langmuir model were 71.83, 89.49, and 105.93 mg/g,
respectively. The adsorption process of the magnetic SA/CMC hydrogel on the
heavy metal ions can be attributed to ion exchange and chemical adsorption.
What’s more, the magnetic hydrogel exhibited high efficiency after four cycles,
which indicating it offers great potential for practical application in the removal
of heavy metal ions from aqueous solution.

residential activities [1-3]. The discharge of heavy
metal-containing wastewater into the environment
can damage ecosystems and even threaten the health

Pollution of aquatic ecosystems by heavy metals is
one of the most important issues that has received
special attention in recent years due to the rapid
development of industry, agriculture, traffic, and
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of humans through the food chain [4, 5]. Therefore,
how to efficiently remove heavy metal ions has been
a significant interest in research. It is particularly
worth noting that heavy metals such as Mn(Il), Pb(1l),
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and Cu(l) can be accumulated in the human body
through inhalation, ingestion, drinking polluted
water, and dermal contact, which may lead to
potential damage to bone, brain, kidney, and liver
[6-8]. In general, the methods for the removal of
heavy metal ions from wastewater include electroly-
sis, reduction-precipitation, photocatalysis, mem-
brane separation, ion exchange, and adsorption, etc.
[9, 10]. Among these technologies, adsorption is
regarded as one of the most promising ways for the
removal of heavy metal ions due to inexpensive,
superior efficiency, and nontoxic to the environment
[11-14].

With the requirements for the recovery and reuse
of specific heavy metals and the environmental
demand, degradable adsorption materials such as
sodium alginate (SA) and carboxymethyl cellulose
(CMCQ) are increasingly used in the removal of heavy
metal ion from wastewater due to the presence of
various functional groups within them [15, 16]. SA is
a natural polysaccharide extracted from brown algae.
Due to the presence of free carboxyl groups and can
be easily cross-linked by divalent and trivalent
cations such as Ca®", Ba®*, and Fe’" to produce a
stable gel, SA has been widely used in water treat-
ment applications [17, 18]. In addition to SA, as an
anionic polymeric obtained from the natural cellu-
lose, CMC can also produce hydrogel by coordinat-
ing with multivalent cations such as Fe’* and AI’,
which make it possible for binding metal ions due to
the presence of hydroxyl and carboxyl groups on the
structure [19, 20].

Recently, it has been reported that nanomaterials
such as magnetic nanoparticles, carbon nanotubes,
graphene were used to compound with polysaccha-
ride hydrogels to improve its adsorption and
mechanical properties [21-23]. Among them, due to
the simple preparation process, high specific surface
area, and the ability to treat a large amount of
wastewater in a short time without producing con-
taminants, the polysaccharide hydrogels incorpo-
rated with Fe;O, magnetic nanoparticles have
become the focus of adsorption research [24, 25].
However, although SA/CMC hydrogel has been
investigated in some articles for the removal of heavy
metal ions from aqueous solution, there is rare
research on the preparation of magnetic SA/CMC
composite hydrogel filled with in-situ formation of
Fe;O, nanoparticle by a green and facile method
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without additional chemical cross-linking agents and
organic solvents [26, 27].

In this work, the magnetic SA/CMC composite
hydrogel filled with Fe;O4 nanoparticles was suc-
cessfully constructed by co-precipitation and subse-
quent freezing-thawing method. A series of
experiments were carried out to investigate the
structural characteristics and adsorption performance
of the magnetic SA/CMC composite hydrogel. The
results demonstrate the magnetic composite hydrogel
has good adsorption and solid-liquid separation
performance, which can be used to remove heavy
metal ions from contaminated aqueous solution.

Materials and methods
Materials

Sodium alginate (SA, viscosity, > 200 mPa-s, average
MW, 270 kDa) was purchased from Aladdin Chem-
istry Co., Ltd. Carboxymethyl cellulose (CMC,
sodium salt, substitution degree > 60%, average
MW, 250 kDa) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Other reagents such as
sodium hydroxide, ethanol, manganese nitrate, lead
nitrate, copper sulfate, FeCl,-4H,0O, and FeCl;-6H,O
were purchased from China National Pharmaceutical
Corporation Limited. The chemical reagents were of
analytical grade and employed directly without fur-
ther purification. All solutions were prepared with
distilled water.

Preparation of magnetic composite
hydrogels

First, 2.50 g SA and 2.50 g CMC were weighed and
dissolved in 100 ml deionized water under magnetic
stirring at 600 rpm for 2 h to generate a homoge-
neous CMC/SA solution. Secondly, 6.41 g FeCl;
6H,O and 3.19 g FeCl,-4H,O were weighed and
dissolved in 50 ml deionized water to form a uniform
solution, and then was placed in CMC/SA solution
followed by magnetic stirring for 1 h at room tem-
perature. Finally, the dark brown color suspension
solution after ultrasonic for 1 h was reduced by
0.1 mol/L ammonia until pH 9 and kept overnight at
room temperature. The obtained gel was thoroughly
rinsed with deionized water three times to remove
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unreacted reagents, and then frozen and thawed
three times to make the gel more uniformly cross-
linked. Scheme 1 represents the formation of mag-
netic SA/CMC composite hydrogel. First, the com-
pound solution of CMC and SA was cross-linked
with Fe’™ and Fe’" to form an inclusion complex,
and then an appropriate amount of ammonia was
added into the mixed iron-polysaccharide solution to
form a magnetic composite hydrogel. Finally, the
obtained magnetic composite hydrogel was subjected
to freezing-thawing for further cross-linking.

Characterizations

The surface morphologies of the SA/CMC magnetic
hydrogel were observed by fluorescence microscope
(BX-50 Olympus, Japan). The functional groups of
these samples were detected using Fourier transform
infrared spectrophotometer (Nicolet 5700, American)
by KBr pellet method in the range between 4000 and
500 cm~! with a spectral resolution of 4 cm™" and 20
scans. Thermogravimetric analysis (TGA) was mea-
sured under a nitrogen atmosphere with NetzschTG-
209 from 40 to 600 °C with a heating rate of 10 °C/
min. Magnetization measurements were performed
by Lakeshore 7400-S vibrating sample magnetometer
(VSM).

Sorption experiments

In order to study the metal adsorption capacities of
SA/CMC magnetic hydrogel, three types of heavy
metal ions [Cu(I), Pb(II), and Mn(II)] were selected.
The 0.01 g dry hydrogel was mixed in metal ion
solutions, and then placed in a constant temperature
vibrating shaker until the adsorption reaches equi-
librium. At different intervals, the metal ion concen-
trations were determined by resonance light
scattering (RLS) spectra, which were achieved by
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means of a fluorescence spectrophotometer (RF5301-
PC, Shimadzu, Japan) with AX = 0 nm. The pH val-
ues of the solution were adjusted by 0.1 M HCI or
NaOH solutions. The adsorption rate (E), adsorption
capacity (o), and distribution coefficient (K4) were
calculated according to the following equation:

E= S0 C 1009 (1)
Co
Co—C)V
o= @)
_ V(CO - Ce)ce
K= C.xm (3)

Here, Cy (mg/L) and C, (mg/L) are the initial
concentrations of metal ions and the remaining metal
ions concentration in the solution after adsorption
equilibrium, respectively; V(L) represents the volume
of the metal ions solution; m (g) indicates the weight
of magnetic hydrogels.

Kinetics of adsorption

Crushed 0.01 g dry SA/CMC magnetic hydrogel
sample was added to the 20 mL metal ion storage
solution with an initial concentration of 100 mg-L™",
and then was placed in a constant temperature
vibrating shaker until the adsorption reaches equi-
librium. The remaining metal ions concentration is
analyzed to calculate the adsorption capacity. The
kinetic rate of different metal ions adsorption on the
magnetic hydrogels was investigated by using the
pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models. The expressions are as
follows:

lg(ge — 41)
t_ 1 .t
ke g

= lg qe — k]t (4)

(5)

. NH;-H,0 . Freeze-thaw

Scheme 1 The scheme for constructing magnetic SA/CMC composite hydrogel.
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g = kiat"? + C (6)

where g. (mg-g™') is the equilibrium adsorption
capacity, g; (mg-g~") is the adsorption capacity in
t time, k; (min™'), k, (g‘mg*1 min~Y), and kg
(mg-g~' min~"?) are the rate constants of the pseudo-
first-order, pseudo-second-order, and kinetic models,
respectively. C is the boundary layer thickness.

Adsorption isotherm

The 0.01 g dry SA/CMC magnetic hydrogel was
placed in a solution of 20 mL metal ions with initial
concentrations of 10, 20, 40, 60, 100, 150, 200 mg~L_1,
and then was shaken in a water bath oscillator for
24 h at room temperature. The remaining metal ions
concentration was analyzed to calculate the adsorp-
tion capacity of the adsorbent. The adsorption iso-
therm was fitted by the Langmuir and Freundlich
model equations. The expressions are as follows:

Ce 1 Ce
+

qe N kL‘]m q_m

(7)
1
Ing, :anp—FElan (8)

In the formula, K; and Kg are the constants related
to adsorption in the Langmuir and Freundlich mod-
els, respectively; n is the Freundlich adsorption
index, which is related to the properties of the
adsorbent.

Competitive adsorption

Crushed 0.01 g dry SA/CMC magnetic hydrogel
sample was added into a flask with 20 mL of a mixed
solution containing three metal ions [Cu(ll), Pb(l),
and Mn(II)], and then was shaken in a thermostatic
oscillator for 24 h at room temperature.

Desorption and regeneration

After the adsorption experiment is completed, the
used magnetic hydrogel is eluted with 1M HCI
solution and regenerated with 0.1 M NaOH solution,
and then washed with deionized water until it is
neutral. According to the above method, the
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regeneration performance was tested four times
through the adsorption/desorption cycle, and each
experiment used the same heavy metal ion solution.

Results and discussion

Characterization of SA/CMC magnetic
hydrogel

The appearance and FM images of the SA/CMC
magnetic hydrogel are displayed in Fig. 1. It can be
observed from the surface of the magnetic hydrogel
(Fig. 1a) that the hydrogel appeared to be rough and
uneven. As seen from the FM image of freeze-dried
magnetic hydrogel (Fig. 1b), the obtained magnetic
hydrogel has a honeycomb porous network structure
and can be considered suitable for the adsorption of
metal ions.

The FTIR spectra of SA, CMC, and SA/CMC
magnetic hydrogel were used to confirm the exis-
tence of the expected functional groups. As shown in
Fig. 2b, ¢, both SA and CMC exhibit a common
characteristic absorption peaks at about 3453 cm ™',
which can be attributed the stretching vibration of O-
H. However, the stretching vibration peak of O-H in
CMC/SA magnetic hydrogel is narrowed and moved
to a low wavelength that is locked at 3418 cm™',
indicating hydrogen bonds may occur between CMC
and SA macromolecules [28]. The characteristic
absorption peaks at 1622 cm ™' and 1413 cm ™' relat-
ing to the asymmetric and symmetric vibration of
COO™ are occurred at 1618 cm ™' and 1396 cm ™' in a
magnetic hydrogel, respectively, which indicating
COO™ may participate in the cross-linking reaction.
In addition, the characteristic peak belongs to the
stretching vibration peak of C-O in pure SA and pure
CMC is observed at 1028 cm™! and 1030 cm™},

Figure 1 Appearance (a) and FM photographs (b) of magnetic
SA/CMC hydrogel.
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Figure 2 FTIR spectra of magnetic hydrogel (a), CMC (b) and
SA (c).

respectively, while in CMC/SA magnetic hydrogel
occurs at 1023 cm™'. Other important consideration
that the characteristic peak due to the stretching
vibration of Fe-O is observed at 568 cm™', which
demonstrates the presence of ion oxide in the
hydrogel networks [29]. From the above analysis, it
can be seen that the SA/CMC magnetic hydrogel has
been generated successfully.

Thermogravimetric (TG) was carried out to exam-
ine the thermal stability of the SA/CMC magnetic
hydrogel. As shown in Fig. 3a, the weight losses of
SA are presented in two stages. The first stage
appeared between 30 and 150 °C due to the evapo-
ration of moisture. The second stage appeared
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between 250 and 300 °C can be attributed to the
breaking and losing of O-H groups on the alginate
structure [30]. However, the TGA curve of SA/CMC
magnetic hydrogel can be divided roughly into three
stages. The first slight weight loss of 1.6% at
80-150 °C due to the loss of adsorbed water in the
sample. The other two weight loss step seen in the
range of 250-350 °C and 420-480 °C can be ascribed
to the network structural degradation of the magnetic
hydrogel and the decomposition of molecular struc-
ture [31]. The different thermal degradation rates of
the SA and CMC/SA magnetic hydrogel demonstrate
the cross-linking reaction between chains, which
leads to the formation of the composite adsorbent.
The magnetization curve of SA/CMC magnetic
hydrogel is shown in Fig. 3b. Obviously, the mild
magnetic saturation value (3.2 emu g~ ') is attributed
to the presence of Fe;O, nanoparticles. The inset
image further proves that the prepared hydrogel has
good magnetic properties and can be used for the
adsorption and separation of heavy metal ions.

Adsorption experiments

Resonance light scattering (RLS) is analytical tech-
nology that depends upon the measurements of light
scattering of particles [32]. Particularly, when ana-
lytical conditions such as wavelength and pH are
fixed, the RLS intensity is proportional only to the
concentration of scattering particles [33]. It is shown
in Fig. 4a, the RLS intensity of Cu(ll) solution is very

(b)

Magnetization(emu/g)
o

-20000 10000 0 10000 20000
Magnetic Field(Oe)

Figure 3 TGA of SA/CMC magnetic hydrogel (al), SA(a2), and DTG of SA/CMC magnetic hydrogel (a3); Magnetization of SA/CMC

magnetic hydrogel (b).
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obvious. However, the RLS intensity of Cu(Il) solu-
tion occurs remarkable decrease after the addition of
CMC/SA magnetic hydrogel, which demonstrates
that the absorption capacity of the magnetic hydrogel
can be calculated by lowering the RLS intensity in
solution. Figure 4b shows FTIR spectra of CMC/SA
magnetic hydrogel before and after the adsorption of
Cu(l) ions. After adsorbing Cu(ll) ions, the asym-
metric and symmetric vibration peak of COO™ at
1622 cm ™' and 1413 cm™! are shifted to 1635 cm ™'
and 1399 cm™}, respectively, and the stretching
vibration peak of C-O at 1023 cm™' is almost disap-
peared. In view of the existence of electrostatic
attraction and ion exchange reaction between -COO-
and heavy metal ions in solution, it can be inferred
that the COO— group in magnetic hydrogel may play
an important role in adsorption.

Since the prepared magnetic SA/CMC composite
hydrogel can effectively adsorb copper ions, it is also
considered to be able to adsorb other heavy metal
ions such as lead and manganese ions. Figure 5a
shows the effect of contact time on the adsorption of
Cu(D, Mn(I), and Pb(l) by magnetic SA/CMC
composite hydrogel. The observed order of absorp-
tion capacity of these metal ions to reach equilibrium
is Cu(l) > Pb(I) > Mn(I), which mainly related to
the electronegativity and ionic radius of different
heavy ions (the electronegativities for the Pb(Il),
Cu(D) and Mn(II) are 2.33,1.90 and 1.55, respectively;
the ionic radius for the Pb(II), Cu(Il) and Mn(I) are
1.33 A, 0.72 A and 0.67 A, respectively). In addition,
it can be seen that about 70% of total Mn(II), Cu(l),
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and Pb(I) were absorbed by the magnetic hydrogel
occurs within the first 50 min. The fast adsorption
may be due to the three-dimensional loose and por-
ous structure of the magnetic hydrogel, providing
heavy metal ions with easier access to the adsorption
sites. It also should be noted that there exist a slightly
difference in contact time for each metal ion to reach
the adsorption equilibrium, reflecting the differenti-
ation of adsorption rate between different heavy
metal ions and the magnetic SA/CMC hydrogel.

As is known to us, the initial pH of solution is
another important parameter in the adsorption pro-
cess of heavy metal ions [34]. Figure 5b shows the
effect of solution pH on the adsorption of Pb(ID),
Cu(Il), and Mn(II) by SA/CMC magnetic hydrogel. In
the lower pH values (2.0-3.0), the adsorption capacity
of the three heavy metal ions on the magnetic
hydrogel starts to increase slowly may be due to part
of the COO™ in the magnetic hydrogel combined
with the H" in solution. As the pH value of the
solution increases, the adsorption capacity for Pb(Il)
increases gradually in the pH range of 4-5, while for
Cu(Il) and Mn(II) in the range of 4-6. The reason is
that the COO™ ions can fully combine with metal ions
due to the decreasing amount of H" in solution,
which leads to a remarkable increase in adsorption.
However, further increasing the pH value of the
solution shows different effects on the adsorption
process. When the pH increases from 5.0 to 7.0, the
adsorption amount of Pb(Il) dropped rapidly, which
can be due to and the precipitation in the form of
Pb(OH), [35]. For Cu(l), the adsorption capacity

(b)

before absorption
I 1396 568

3418

after absorption

Transmittance(%)

3169
3438

3600 3000 2400 1800 1200 600

Wavenumber(cm™)

Figure 4 RLS (a) and FTIR (b) spectra of Cu®>" before and after treating with SA/CMC magnetic composite hydrogel.
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Figure 5 The effect of contact time (a) and pH (b) on adsorption capacity of SA/CMC magnetic hydrogel at room temperature.

begins to decrease when the pH is greater than 6. This
can be attributed to OH ~ ions react with metal ions
at the active sites on the absorbent surface [36]. For
Mn(Il), the adsorption capacity continues to increase
when the pH is greater than 6. This is because man-
ganese usually precipitates at higher pH values than
8.0 [37].

Adsorption kinetics

The adsorption kinetics of three metal ions were
investigated by using the pseudo-first-order, pseudo-
second-order, and intraparticle diffusion models, and
the results were depicted in Fig. 6. The calculated
result of corresponding adsorption parameter values
and correlation coefficients were presented in
Table 1. It is found that the correlation coefficients of
modeled pseudo-second-order by experiment data
shown in Fig. 5a are larger than that of the pseudo-
first-order and intraparticle diffusion model. Mean-
while, the equilibrium adsorption capacity calculated
by the pseudo-second-order model is also closer to
the experimental data. Therefore, the adsorption of
metal ions by SA/CMC magnetic hydrogel can be
better described by the pseudo-second-order kinetic
model, which means the chemisorption dominates
the adsorption of heavy metal ions [38]. In particular,
an obvious inflection point can be found from the
fitting results of the intra-particle diffusion model,
which indicates that the adsorption of metal ions by
the magnetic hydrogel may be divided into two
stages [39]. The first linear stage (t < 120 min) is the

@ Springer

diffusion process of metal ions on the gel surface, and
the second stage (t > 120 min) can be attributed to
internal diffusion. Besides, although the fitting
between q; and t'/? exhibits a substantially linear
relationship, the straight line does not pass through
the origin, which demonstrates that the absorption of
metal ions by the magnetic hydrogel is jointly con-
trolled by multiple steps [40].

Adsorption isotherms

Isotherm is one of the important factors to under-
stand the adsorption efficiency and explore the
adsorption mechanism. Figure 7 shows the adsorp-
tion isotherms of Pb(II), Cu(l), and Mn(I) on SA/
CMC magnetic hydrogel fitted by the Langmuir and
Freundlich models, respectively. The corresponding
parameters and correlation coefficients (R?) are listed
in Table 2. It can be seen from the fitting results in
Table 2 that the adsorption process can be better
explained by the Langmuir model, which suggests
the adsorption process was carried out on the
monolayer surface. Additionally, according to the
value of n estimated by the Freundlich model, it can
be inferred that there is a certain degree of hetero-
geneous adsorption between metal ions and magnetic
hydrogel [41]. Therefore, the adsorption mechanism
of metal ions by the SA/CMC magnetic hydrogel can
be due to chemical adsorption accompanied ion
exchange.
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Figure 6 Pseudo-first-order (a), pseudo-second-order (b) and intraparticle diffusion (c) kinetic model on Cu (II), Pb (II) and Mn (II) ions

adsorption.

Table 1 Kinetic parameter for

metal ions adsorption on SA/ Metal ions  Qcyp Pseudo-first-order Pseudo-second-order Intra-particle diffusion

CMC magnetic hydrogel Q K, R2 ® & R2 Kig C R2
Cu** 103.93 42.51 0.0134 0906 10891 0.0045 0.995 6.24 1829 0.811
Pb** 93.76 30.13 0.0123 0933 9593 0.0032 0.997 7.06 1539 0.895
Mn?+ 6441 2124 0.0124 0959 6591 0.0042 099 5.09 11.08 0.907

Competitive selective adsorption

The results of competitive selective adsorption of
Cu(D, Pb(Il), and Mn(Il) are shown in Fig. 8. During
the adsorption process, it can be seen that the amount
of adsorption of Cu(ll) by SA/CMC magnetic
hydrogel is the largest, followed by Pb(II) and Mn(ID).
Additionally, the distribution coefficient of Cu(Il) is
the highest with the value of 64.03 L/g, while only
15.08 L/g for Mn(II), which further demonstrates the

competitive adsorption relationship between differ-
ent metal ions and hydrogel. The main reason is that
each metal ion has a different electronegativity and
coordination ability with the SA/CMC magnetic
hydrogel. Obviously, when the number of adsorption
active sites of the adsorbing material is limited, the
three metal ions will compete to adsorb the active
sites in the material network.
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Figure 7 Langmuir (a) and Freundlich (b) isotherm model on Cu (II), Pb (II), Mn (II) ions adsorption.

Table 2 Langmuir and

Freundlich parameters for Metal ons Qexp Langmuir coefficients Freundlich coefficients
adsorption on magnetic Quai Ky R2 K; 0 R2
hydrogel
Cu®* 103.93 105.93 0.0424 0.990 8.81 1.882 0.951
Pb** 93.76 89.49 0.0443 0.994 7.31 1.816 0.933
Mn>* 64.41 71.83 0.0489 0.987 5.05 2.027 0.948
= , ol ——JCu(m
e, N —e
¢, g
¢ . >
~ 40f 8 eof
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> oLl
ycle
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Figure 8 Selective adsorption of the
hydrogel.

SA/CMC magnetic

Adsorbent recycling

The results of recovery efficiency of metal ions by
SA/CMC magnetic hydrogel are shown in Fig. 9. As
it indicated, the adsorption efficiency of the three
metal ions is gradually decreased after adsorption/
stripping cycles. In the first cycle, the removal effi-
ciency is 92.1%, 90.1%, and 79.9% for Cu(ll), Pb(l),
and Mn(I), respectively. At the end of the fourth
cycle, the adsorption efficiency of Cu(Il), Pb(l), and
Mn(I) can reach 65.3%, 61.7%, and 58.6%,
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Figure 9 Removal efficiency after adsorption—desorption cycles.

respectively. The results show that, although part of
the functional groups was destroyed after acid
treatment, the magnetic hydrogel still retains a better
desorption cycle utilization rate.

Conclusion

In this study, the magnetic SA/CMC hydrogel was
prepared with a simple and green preparation
approach, and its adsorption of Cu(ll), Pb(Il), and
Mn(I) was studied experimentally. Results showed
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that the adsorption equilibrium was substantially
reached in about 240 min and the adsorption capacity
for Cu(I), Pb(I), and Mn(II) were 105.93, 89.49, and
71.83 mg/g, respectively. Additionally, the adsorp-
tion kinetics could be better described by pseudo-
second-order and the adsorption isotherms were fit-
ted better with the Langmuir model. It was also
examined that the magnetic SA/CMC hydrogel had
good removal efficiency after four circulations. It is
expected that the magnetic composite hydrogel will
potentially be used to remove heavy metal contami-
nants from aquatic systems.
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