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Abstract

Magnetic chitosan composite (MCC) made by chitosan matrix embedding magnetite/maghemite were developed for the
removal of toxic Cu(Il), Pb(Il), and Ni(II) from water. Thermogravimetric (TGA) and Zeta potential analyses showed that
MCC contains ca. 50 wt % of chitosan and presents a value of isoelectric point (pH;gp) around 8-8.5. The magnetization curve
revealed a saturation magnetization of 12 emu g~', which indicates that MCC can be easily recovered by magnetic separa-
tion. Adsorption of the heavy metals to MCC reached equilibrium within 120 min with maximum uptakes of 108.9 mg g™,
216.8 mg g~! and 220.9 mg g~! for Ni(II), Cu(II) and Pb(II), respectively. The results show that the amino and hydroxyl func-
tional groups of chitosan are involved in the adsorption process. The reported adsorption capacity from organic pollutants,
such as hydrocarbons, along with the high adsorption capacity shown for heavy metals, point out MCC being a promising
versatile adsorbent for wastewater treatments.
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1 Introduction

The discharge of heavy metals into natural waters is an
important environmental issue (USEPA 2008). The major
sources of heavy metal pollutions derive from indus-
trial activities including mining, metal plating, oil refin-
ing, electronic devices manufacturing, the production of
chemicals, petrochemicals, paints, fertilizers, pulp and
paper, textiles, leather, and pesticides (Azzam et al. 2016).
Wastewater from these industries commonly contains
Cu(II), Ni(II), Pb(II) and other metals and the presence
of these species is of a great concern because they are
toxic to human health and the environment (Ahmad and
Mirza 2018). The World Health Organization (WHO) set
the maximum allowed limit of Pb(II), Ni(IT) and Cu(II)
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in drinking water at 0.01, 0.07 and 2 mg L™, respec-
tively (World Health Organization 2011). Taking this
into account, the selection of an effective procedure of
remediation from heavy metals is required. Several meth-
ods, including ion exchange, adsorption, precipitation and
membrane processes have been proposed to treat surface
and groundwater polluted with heavy metals (Lin and Sen-
Gupta 2009; Modin et al. 2011). Among these, adsorption
is a relatively effective and economical method for the
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removal of metals from waters. Although activated carbon
has been widely used as one of the most popular sorbents
for the removal of various pollutants, there is an increasing
interest in developing alternative sorbents which are cost-
effective, sustainable, and highly efficient in the removal
of metal ions in waters (Babel 2003; Musso et al. 2014). In
this context, there has been a growing interest and research
progress on the use of bio-based materials, derived from
low-cost and environmentally friendly source. Chitosan,
an amino polysaccharide derived from chitin (component
of lobster and shrimp shells, crabs, cuticles of insects,
beaks and cuttlebones, squid and octopus radulae, and cell
walls of some fungi), have been used in biotechnology as
well as in water treatments (Boddu et al. 2008; Cho et al.
2012; Nistico 2017a). Several publications describe the
efficacy of chitosan sorbents in the removal of several pol-
lutants such as metals, dyes, and phenols (Jin et al. 2017,
Nguyen et al. 2016; Yang et al. 2016). Laus et al. (2010)
studied the adsorption and desorption of Cu(Il), Cd(II) and
Pb(II) ions using chitosan crosslinked with epichlorohy-
drin-triphosphate. Li et al. (2015) reported the adsorption
of heavy metal ions on chitosan/sulfhydryl functional-
ized graphene oxide composites. In order to improve the
adsorption capacity and selectivity on metal ions, a num-
ber of chitosan derivatives has been obtained by graft-
ing new functional groups through a crosslinked chitosan
backbone (Li et al. 2011; Wang and Wang 2016; Zhu et al.
2012). However, the use of such materials in aqueous
medium presents some limitations in their recovery, since
they require complex separation procedures. The prepa-
ration of easily recoverable adsorbing materials, such as
magnetic-response one, is set out in the literature to solve
this issue (Magnacca et al. 2014; Nistico 2017b; Su 2017).
Magnetic chitosan composites (MCC in the following),
consisting in dispersed magnetic particles in a chitosan
polymer matrix, are interesting active phases exhibiting
good sorption capacity towards various pollutants in aque-
ous solution (Li et al. 2016; Liang et al. 2017; You et al.
2018). In previous studies, we investigated the adsorption
capacity of chitosan derived magnet-sensitive materials
versus polycyclic aromatic hydrocarbons and arsenic spe-
cies from aqueous solutions (Nistico et al. 2018; Nistico
et al. 2017). Our findings highlight the versatility of these
materials in the removal of different classes of pollutants,
encouraging their applications in wastewater treatments.
Based on these considerations and with the aim of
expanding the range of pollutants to be removed, in the pre-
sent work chitosan-magnetite nanocomposite has been pro-
duced and tested for the removal of Cu(II), Ni(IT) and Pb(IT)
ions from water. A deep physicochemical characterization of
the chitosan-based magnetic material was carried out. Sorp-
tion properties varying several operational conditions, such
as contact time, adsorbent dosage, pH solution, initial heavy
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metal concentration, presence of soluble organic matter and
competitive ions, were studied. Adsorbent regeneration and
reuse were also analysed.

2 Materials and methods
2.1 Materials

FeCl; (purity >98%) and FeSO, x 7H,0 (purity > 99.5%)
were purchased from Fluka Chemika. Partially N-dea-
cetylated chitosan (DD =75-85%) of medium molecular
weight (Mv =190-310 kDa) with Brookfield viscosity of
200-800 cps (from crab shells) was purchased from Sigma-
Aldrich. Heavy metal standards of Copper, Nickel, and Lead
for atomic absorption spectrophotometric analysis (AAS)
(1000 mg L~!, Sigma-Aldrich) were used for adsorption
experiments. Leonardite humic substances standard were
obtained from International Humic Substances Society
(IHSS). Other reagents used were ammonium hydroxide
solution (NH, essay 28-30%, E. Merck), hydrochloric acid
(HCI, conc. 37 wt%, Fluka Chemika), nitric acid (HNO;
conc. 70 wt%, Mallinckrodt). All aqueous solutions for
adsorption experiments were prepared using ultrapure water
Millipore Milli-Q™. All chemicals were used without fur-
ther purification.

2.2 Synthesis of MCC

Magnetic chitosan composite (MCC) was prepared accord-
ing to the one-step procedure reported in the literature (Ces-
ano et al. 2015). Briefly, FeCl; (3.7 g) and FeSO,x7H,0
(4.17 g) salts were dissolved in 100 mL of deionized water
at room temperature and heated up to 90 °C. As soon as
the desired temperature was reached, 10 mL of ammonium
hydroxide (25 vol%), and 50 mL of a previously prepared
chitosan aqueous solution in a weak acid environment
(3 wt%) were added. The mixture was stirred at 90 °C
for 30 min. The obtained precipitate was separated using
a neodymium magnet, washed with deionized water and
oven-dried at 80 °C overnight. For the sake of comparison,
also a bare magnetite/maghemite reference material was
synthesized following the same procedure without chitosan
addition.

2.3 Characterization

Fourier transform infrared (FTIR) spectra were obtained
by using a Bruker Vector 22 spectrophotometer equipped
with Globar source and DTGS detector on KBr pellets. The
spectrum was recorded in transmission mode with 128 scans
at 4 cm™! resolution in the 4000 —400 cm™! range. X-ray
diffraction (XRD) patterns were recorded by using a X’Pert
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PRO MPD diffractometer from PANalytical with Cu anode
(45kV, 40 mA) in a Bragg—Brentano geometry on a spinner
sample holder (60 rpm). The XRD pattern acquisition was
performed in the range of 26 value between 10° and 70°.
Thermogravimetric analyses were performed by a Rigaku
Evo Plus IT TGA model operating at high resolution with
ramp 10 °C min~! from room temperature to 1000 °C in air
flow (100 cm® min™"). High-resolution transmission elec-
tron microscopy (HR-TEM) measurements were performed
on a JEOL JEM 3010 instrument (300 kV) equipped with
a LaB6 filament. The zeta potential ({) was measured on
aqueous dispersions of MCC at different pH values by means
of a Malvern Instruments zetasizer. Magnetization measure-
ments were carried out by using a LakeShore 7404 vibrating
sample magnetometer. The hysteresis loop of all samples
was registered at room temperature with a magnetic field
sweeping between —20,000 and 20,000 Oe.

2.4 Adsorption experiment

Adsorption of heavy metals on MCC adsorbents was inves-
tigated performing batch experiments under continuous
shaking at constant temperature (25 °C). Stock solutions of
the heavy metals (100 mg L™" in 3% HNO;) were prepared
from standard solutions. In a typical procedure, MCC was
dispersed by ultrasound (10 min) in water. Then, a volume
of stock heavy metal solutions was spiked on the MCC dis-
persion and the pH of the system was adjusted with HCI
or NaOH solutions to the desired value. The mixture was
shaken (160 rpm) in closed flask at 25 °C for a certain time.
Then, the magnetic nanocomposites were separated from
the mixture by a neodymium magnet and the residual heavy
metals concentration in the supernatant was determined by
using a Perkin Elmer A200 atomic absorption spectropho-
tometer (AAS). Before the AAS analyses, the samples were
filtered with a Nylon 0.45 pm filter. The uptake at a certain
time, g, (mg g~'), and the % removal were calculated by the
following equations:

Co—CH)xV
g = XY M

m
% Removal = w )
Co
where C; and C, are the heavy metal concentration (mg LY
at time 0 min and t min, respectively, V is the volume (L)
of the solution and m is the mass (g) of the adsorbent. All
experiments were carried out in triplicate and data presented
are the mean values from these independent experiments.
The adsorption capacities of MCC to Cu(II), Ni(IT) and
Pb(II) were measured individually at pH 6.0 with 50 mg
L~! of MCC varying metal concentration (1-20 mg L™1).

The data were fitted applying Langmuir, Freundlich and
Dubinin—-Kaganer—Radushkevich (DKR) adsorption iso-
therms. The Langmuir model is based on the assumption
of monolayer adsorption onto adsorbent surface, finite
capacity adsorption for adsorbate, and the occupation of
a metal ion on one site. The Langmuir model is expressed
as:
_ 9max K. C,

“= TV KC, &

where q, is the adsorbed heavy metal at equilibrium, C, is
the heavy metal concentration (mg L™"), q,,,, is the maxi-
mum adsorption capacity and K; is the equilibrium constant
(L mg™).

The Freundlich isotherm suggests that the adsorption
phenomenon occurs on heterogeneous surfaces (Lasheen
et al. 2016) and assumes that the surface sites of the adsor-
bent have different binding energies. Freundlich adsorp-
tion isotherm is described as:

q. = K.C/" )

Ky is the Freundlich constant ((mg g‘l)(L mg‘l)l/“)
indicative of the relative adsorption capacity of the adsor-
bent and n is the degree of dependence of adsorption with
equilibrium concentration and is related to the sorption
intensity.

The DKR isotherm helps in predicting the nature of
adsorption by determining the apparent energy of adsorp-
tion. This model does not assume a homogenous surface or
constant sorption potential. DKR isotherm is expressed as:

2
4, = X,ur €XP <—ﬂ [RTln <1 + CL>] > 5)

where X, .. is the maximum sorption capacity, p (mol® kJ=2)
is the activity coefficient related to mean sorption energy,
R (kJ kmol™! K1) is the gas constant and T is the abso-
lute temperature (K). E is defined as the free energy change
(kJ mol~1), which is required to transfer 1 mol of ions from
solution to the solid surfaces and is calculated as shown in
Eq. 6.

T ®

The magnitude of E is useful for estimating the mecha-
nism of the adsorption process. Adsorption is dominated
by chemical ion-exchange process if E is in the range of
8—16 kJ mol~!, whereas in the case of E< 8 kJ mol~! the
adsorption is a simple physical process (Lasheen et al.
2016).
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2.5 Regeneration and reuse of MCC
nanocomposites

Several adsorption and regeneration cycles were performed
in order to test the MCC reusability. For the adsorption
stage, 30 mg of MCC was contacted with 120 mL of 2 mg
L~! Cu(Il) at pH 6 and then shaken for 2 h. After magnetic
separation, an aliquot was withdrawn for the determina-
tion of Cu(Il) equilibrium concentration and the remained
supernatant was discarded. Later, for the regeneration stage,
120 mL of HCI solution at pH 3 was added to the MCC and
the dispersion was shaking for 2 h. The solid was magneti-
cally separated and the Cu(Il) amount desorbed was deter-
mined in the supernatant. The regenerated MCC was then
reused for subsequent Cu(II) adsorption experiments.

3 Results and discussion
3.1 Characterization of MCC

XRD pattern of MCC is shown in Fig. S1 in the Online
Resource 1. The reflections at 20=30.1°, 35.4°, 43.0°, 53.9°,
57.2° and 63° can be associated with (220), (311), (400),
(422), (511) and (440) X-ray diffraction planes of magnetite
(card number 00-019-0629, ICCD Database) and/or magh-
emite (card number 00-039-1346, ICCD Database). These
two phases cannot be distinguished by means of XRD data,
but the presence of maghemite is expected to be due to the
topotactic oxidation of magnetite into maghemite (Cesano
et al. 2015). Furthermore, the reflection at 20 =20.1° can be
attributed to chitosan (Li et al. 2015). The narrow diffrac-
tion peaks at 20=33.0°, 47.3° and 58.6° associated to (110),
(200) and (211) ammonium chloride crystalline plane (card
number 01-073-0363, ICCD Database) revealed the pres-
ence of synthesis impurities not eliminated after material
washing. HR-TEM images revealed the presence of crys-
talline spherical nanoparticles dispersed in an amorphous
organic phase (Fig. S2, in the Online Resource 1). The FTIR
spectrum of MCC evidenced the chitosan skeletal fingerprint
(Fig. 1). Specifically, C—O and C—O—C stretching vibration
modes of glycosidic functional groups between 1160 and
900 cm™! and amide group vibration bands between 1750
and 1600 cm™! (Mano et al. 2003; Neeraj et al. 2016; Nistico
et al. 2017; Zhang et al. 2013). The vibration modes at 567
and 625 cm™!, assigned to Fe—O stretching, confirms the
formation of the iron oxide phase in MCC nanocomposites
(Magnacca et al. 2014).

TGA curves of MCC in oxidant atmosphere are shown
in Fig. 2. The mass loss in the lowest interval of tempera-
ture (30—160 °C) corresponds to the moisture content in the
sample (Corazzari et al. 2015). Between 200 and 500 °C,
the largest mass loss attributed to the chitosan degradation
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Fig.2 TGA curves of MCC and MCC after acid treatment

takes place. From the TGA analysis, it was estimated that
the average chitosan content is ca. 52.5%. The mass variation
between 500 and 800 °C is attributable to the presence of
iron oxide in the nanocomposite (Li et al. 2008).

Figure 3 shows zeta potential ({) values of bare magnetite
and MCC (100 mg L™!) measured in 1072 M KCI aqueous
solutions at different pHs (3 — 10, adjusted with KOH or
HCI). The isoelectric point (pHgp) of Fe;O, was 7.2, which
is close to that reported in the literature (Chang and Chen
2005), whereas for MCC increased to a value of 8.0. It is
worth mentioning that the lower negative potential of MCC
than the magnetite/maghemite reference is in agreement
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Fig.3 Zeta potential of magnetite/maghemite reference (Fe;O,) and
MCC at different pH values

with iron oxide nanoparticles dispersed in the chitosan
matrix, since chitosan is less negative than Fe;0, at pHs>7
(Arias et al. 2012).

Figure S3, in the Online Resource 1, reports the mag-
netization curves obtained for the MCC and magnetite/
maghemite reference nanoparticles at 300 K. Both materials
exhibited superparamagnetic characteristics (including zero
coercivity and remanence) with a saturation magnetization
(Ms) of 64 emu g~! for magnetite/maghemite and 12 emu
g~! for MCC. Taking into account that MCC bears 52.5% of
chitosan (TGA results) and hypothesizing that the magneti-
zation should decrease only by the amount of chitosan per
grams of MCQC, it should be expected a value of Ms close to
30.4 emu g~!. The lower Ms value obtained for MCC (i.e.
12 emu g™ 1) could be accounted for the quenching of surface
moments in the nanocomposites induced by the presence of
non-magnet-sensitive species, such as chitosan (Kim et al.
2003). Nevertheless, separation of MCC from its aqueous
dispersions can be easily ended in a few minutes by applying
an external magnetic field.

3.2 Adsorption experiments

Preliminary experiments were performed in order to evalu-
ate the potential application of MCC in the adsorption of
heavy metals. First, the adsorption kinetics of each heavy
metal were carried out to understand the adsorption behav-
iour of the prepared nanomaterial. Three adsorption kinetic
models (pseudo-first order, pseudo-second order and intra-
particle diffusion) were selected to estimate the adsorption
mechanism and quantify the extent of uptake in the adsorp-
tion process. The three equations employed to model the
sorption data over the entire time range could be generally
expressed as follows (Ho 2006; Qiu et al. 2009):

Table 1 Kinetic results for the removal of Cu(II), Pb(II) and Ni(II) by

MCC
Kinetic models Pb(IT) Cu(Il) Ni(ID)
Pseudo-first order
k, (min~") 0.024 0.034 0.021
q. (mg g™ 1.55 1.87 0.84
R? 0.91 0.95 0.84
Pseudo-second order
k, (g mg~! min~") 0.035 0.030 0.026
q. (mg g™ 2.15 2.05 1.64
R? 0.99 0.99 0.98
Intraparticle diffusion
k,; (mg g~' min™"?) 0.153 0.181 0.174
C 0.21 0.14 0.03
R? 0.83 0.95 0.99
ky, (mg ¢ ' min~2) 0.016 0.018 0.008
C 1.76 1.63 1.32
R? 0.40 0.42 0.30
pseudo — firstorder : In(g, — q,) = In(q,) — k;t @)
1 1 t
pseudo —secondorder : — = -— — — ®)
4  ka; 4.
intraparticle diffusion : ¢, = kptl/ 2y cC 9)

where q, is the adsorption capacity at time t (mg g~'), q, is
the equilibrium adsorption capacity (mg g™"), k; (min™")
is the pseudo-first order rate constant, k, (g mg~' min™') is
the pseudo-second order rate constant, k is the intraparticle
diffusion rate constant (mg g~' min'/?) and C is the inter-
cept. The kinetic studies for Cu(Il), Ni(II) and Pb(II) adsorp-
tion onto the MCC were carried out by varying the contact
time from O to 4 h (Fig. S4, in the Online Resource 1). The
adsorption capacity increased markedly at the early 60 min
and then slowly increased until the adsorption equilibrium
was reached after approximately 120 min. Figures S5-S7,
in the Online Resource 1, display the fits of the kinetic mod-
els over the experimental data. The kinetic parameters and
the coefficient of determination (R?) values obtained for
each heavy metal from the three kinetic models are listed in
Table 1. The data for Cu(Il), Pb(Il) and Ni(II) suggest that
the pseudo-second order model is the most appropriate for
these metals, as their R? are the highest and the calculated
adsorption capacities (q,) are in agreement with the experi-
mental values. This indicates that the rate-limiting step of
the adsorption mechanism is the adsorption reaction on the
surface of adsorbent (Liu 2008). On the other hand, intra-
particle diffusion model could bring complementary infor-
mation for the diffusion mechanism. Plots of g, versus t'’?
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(Fig. S7, in the Online Resource 1) have two linear regions,
indicating different stages in the adsorption process. The first
stage presented a large slope (k,;, Table 1), which might be
due to the mass transfer from the solution to the outer sur-
face of MCC, whereas the subsequent second linear region
indicates a slower adsorption stage (k,, Table 1) which
could be ascribed to the intra-particle diffusion of the metal
ions to the inner surface of MCC. Besides, both lines of the
two stages do not pass through the origin, which indicates
that the intra-particle diffusion is not the only mechanism
controlling the adsorption of Pb(II), Cu(II) and Ni(II) onto
MCC. A similar diffusion mechanism was reported for the
adsorption of heavy metals onto other chitosan-based sorb-
ents (Ibrahim et al. 2019; Kongarapu et al. 2018).

From the kinetic results the equilibrium adsorption capac-
ities follow the order Pb(IT) ~ Cu(II) ~ Ni(II). The differ-
ence in the adsorption extent among the tested heavy metals
could be accounted for the covalent index, which reflects the
degree of covalent interactions in the metal ligand complex
relative to ionic interactions (Mokhtari and Keshtkar 2016;
Owsianiak et al. 2014). In general, biosorbents usually have
a higher affinity for metal ions with larger covalent index
(Dragan and Loghin 2018; Martin-Lara et al. 2016). The
covalent index, calculated as the product of electronegativity
of a metal ion in the crystal phase and its ionic radius, are
3.89, 3.39 and 2.62 for Pb(II), Cu(Il) and Ni(Il), respectively
(Owsianiak et al. 2014). This trend agrees with the order of
adsorption capacity of Pb(Il), Cu(Il) and Ni(II), suggesting
that the adsorption capacity tendency could be correlated
with the concept of covalent index.

Figure 4a, b and c show the adsorption isotherms of
Cu(II), Pb(Il) and Ni(II) on MCC. The adsorption param-
eters of the Langmuir, Freundlich and DKR isotherm models
were analysed using nonlinear regression, and the results
are displayed in Fig. 4a, b, ¢ and Table 2. It can be seen that
R? of the Langmuir isotherm model is better than the corre-
sponding R? values from the Freundlich and DKR isotherm
models, suggesting that the adsoprtion behaviors of Cu(Il),
Pb(II) and Ni(IT) could be well described by the Langmuir
model. Consequently, this result suggests a homogeneous
distribution of the surface sites active towards metal adsorp-
tion. This is in agreement with previous works on chitosan
composites describing adsorption isotherms through Lang-
muir model (Chang and Chen 2005; Cho et al. 2012). Pb(II)
showed the highest maximum adsorption capacity among
the tested metals. A comparison of the adsorption capac-
ity (qpax) of MCC towards heavy metals with other adsorb-
ing materials reported in the literature (Table 3) shows that
MCC presents in most cases the highest adsorption capaci-
ties ever observed. On the other hand, the E values derived
from DKR (8.77-12.91 kJ mol~!) are in the energy range
of chemical ion exchange reactions. To further gain insight
on the adsorption mechanism, MCC was analysed by FTIR
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Table 2 Freundlich, Langmuir and DKR isothermal sorption param-
eters for the adsorption of Ni(II), Cu(II) and Pb(II) by MCC

Isotherm parameters Pb(II) Cu(Il) Ni(II)
Freundlich
1/n 0.30 0.42 0.61
Kg (mg g™h 102.06 62.03 11.88
R? 0.94 0.96 0.94
Langmuir
Qpnax (Mg 27 220.9 216.8 108.9
K; (L mg™) 0.96 0.36 0.09
R? 0.96 0.99 0.96
DKR
X nax (Mg g7 198.8 179.7 65.3
E (kJ mol™!) 12.91 11.32 8.77
R? 0.86 0.97 0.94

after Cu(Il) adsorption. The experiment was performed at
pH lower than pHgp of MCC, where the -NH, groups of
chitosan are protonated. In this condition, the adsorption
could occur by replacing H* with a metal ion through an ion
exchange process (Horst et al. 2016). The FTIR spectrum
of MCC after Cu(Il) adsorption was recorded to identify
the chemical groups possibly involved in Cu(Il) capture
(Fig. 1). Modification of the FTIR spectrum in the range
1450-1550 cm™! were observed after Cu(Il) adsorption.
This can be ascribed to the deformation vibration in —-NH,,
suggesting that nitrogen atoms can be involved in Cu(II)
ions adsorption. Besides, both 1060 cm~! and 1624 ¢cm™!
absorption bands (C—O and amide groups) shifts to higher

wavenumbers, indicating that the oxygen atoms in the MCC
structure could also interact with Cu(II) ions.

Since the three heavy metals showed similar adsorption
behaviour, Cu(Il) was selected as a model to evaluate the
effect of the experimental conditions (i.e. pH, adsorbate
loading, water matrix, etc.) on the adsorption capacity. Fig-
ure 5a shows the effect of the pH on the Cu(II) adsorption
capacity of MCC. The data exhibit low Cu(Il) adsorption
capacity (< 15%) at pH values lower than 3, while at pH val-
ues higher than 4, the Cu(Il) removal significantly increased
to near 85%. The low Cu(Il) uptake at pH lower than 3 is
probably a result of a chitosan solubilization in the acidic
environment (Arias et al. 2012). In order to evaluate this
hypothesis, TGA analysis on the MCC previously dispersed
in HCI solution (pH 3) for 3 h was performed (Fig. 2). This
analysis evidences the presence of 25% of chitosan on MCC
vs. the original 52.5%, indicating that half of the chitosan
present in the material undergoes solubilisation. Moreover,
it is important to notice that at pH> 7, part of Cu(Il) ions
starts to precipitate as copper hydroxides and copper oxides
(Gao et al. 2016), and this can affect the results of the meas-
urement suggesting a false increase of Cu(II) removal. Con-
sidering these aspects, we select the pH 6 for the adsorption
assays as the best compromise to have the higher removal
percentage without a significant chitosan-solubilization
and/or Cu-precipitation. Figure 5b displays the effect of the
MCC loading on the removal of Cu(II). Results show that
the higher the MCC loaded, the higher the Cu(Il) removal,
obtaining 95% removal with 500 mg L' of adsorbent.

In natural water samples, competitive complexation of
heavy metal ions with water constituents (e.g., inorganic and

Table 3 Removal of heavy

. Heavy metal Adsorbent inax (Mg g™ Reference
metals from waters using
different adsorbents Pb(ID) Activated carbon 21.4 (Mouni et al. 2011)

Na-Montmorillonite 35.6 (Zhu et al. 2011)
Fe;0,@8Si0,-NH, 243.9 (Wang et al. 2015)
Fe;0,-chitosan 63.3 (Tran et al. 2010)
Fe;0,-chitosan films 114.9 (Lasheen et al. 2016)
This work 220.9

Cu(I) Base Activated carbon 379 (Hou et al. 2013)
Na-Montmorillonite 8.4 (Zhu et al. 2011)
Chitosan-PA A-Montmorillonite 174 (Yan et al. 2012)
Fe;0,4-chitosan 35.5 (Yuwei and Jianlong 2011)
Fe;0,4-chitosan films 123.4 (Lasheen et al. 2016)
This work 229.6

Ni(II) Activated carbon 44.1 (Ewecharoen et al. 2009)
Na-Montmorillonite 46 (Barati et al. 2013)
Chitosan-PAA 435 (Wang and Kuo 2008)
Fe;0,-chitosan 52.6 (Tran et al. 2010)
Fe;0,4-chitosan films 109.8 (Lasheen et al. 2016)
This work 108.9
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Fig.5 a Effect of pH on the % removal and adsorption capacity of Cu(Il) on MCC. [Cu(ID],=1 mg L™, [MCC]=500 mg L™, contact
time =3 h. b Effect of adsorbent dosage on Cu (II) removal. [Cu(Il)],=2 mg L, pH=6, contact time=3 h

organic ligands) and others cationic species with the adsor-
bents could takes place, limiting the interaction between the
heavy metal and the adsorbent. Furthermore, constituents
of natural waters, such as dissolved organic matter (DOM),
may block the active sites of the adsorbent materials (Liu
et al. 2008). For this reason, the effects of both DOM and
Ca(Il) ion on the uptake of Cu(Il) were evaluated. Cu(Il)
adsorption experiments in presence of humic acids (HA)
(1-6 mg L~ and Ca(Il) (0.0001-0.1 M), carried out sepa-
rately, were performed (Fig. 6a). A significant drop of Cu(Il)
removal to 30 mg g~! occurred with the addition of Ca(II)
up to 0.1 M. This can be attributed to the high complexa-
tion capacity of MCC with Ca(Il) ions. In contrast, in the
presence of HA, the uptake of Cu(Il) is increased showing
a complex behavior. Increase of HA concentration from 0
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to 2 mg L™! enhanced the uptake, while further addition of
HA results in a slight decrease of Cu(II) removals. The com-
parison between the recorded UV—Vis spectra of an aqueous
solution of HA and the supernatant of the magnetic sepa-
rated dispersion of MCC in the presence of Cu(Il) ions and
HA (Fig. S8, in the Online Resource), showed that HA is
completely retained by the MCC in the concentration range
studied. Thus, the increased MCC adsorption capacity in the
presence of HA is probably due to additional active sites for
adsorption of heavy metals provided by the adsorbed HA. It
is well-known that HA exhibits strong affinities toward metal
ions due to a large number of ionisable functional groups,
which are mainly carboxylic and phenolic groups (Hernan-
dez et al. 2006; Terbouche et al. 2010). The slight decrease
of the Cu(Il) uptake observed at HA concentration higher
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Fig.6 Effect of Ca(Il) (a) and HA concentration (b) on Cu(Il) removal. [Cu(I)],=8 mg L', [MCC]=50 mg L pH=6, contact time=3 h
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than 2 mg L™, could be correlated to adsorbed HA hinder-
ing the active surface sites of MCC, however, the Cu(Il)
uptake was still higher than in the absence of HA.

The Cu(II) removal during seven continuous cycles of
regeneration and reuse is shown in Fig. 7. No loss of Cu(I)
adsorption capacity was observed on the regenerated MCC
after six cycles, whereas in the last (7th) cycle, MCC retained
about 60% of the initial removal capacity. The reusability
of the adsorbent is one of the most important features for
its application in wastewater treatments, thus, the great
performance shown by the material in recovery and reuse
cycles encourages the design of continuous MCC-based
flow-through systems for water treatments with high heavy
metals removal efficiency.

4 Conclusions

Results reported in this paper show the potential applicabil-
ity of magnetic chitosan composites (MCC) for the removal
of heavy metals in wastewater treatments. MCC showed an
excellent ability to remove Cu(Il), Pb(II) and Ni(II) from
water. Characterization of the adsorption behaviour revealed
that kinetics and isotherms were best fitted by the pseudo-
second-order model and the Langmuir isotherm model,
respectively. The results exhibited extremely high removal
capacity towards Cu(II) and Pb(II). Adsorption experiments
at different pH evidenced that the application of MCC is
limited at pH values lower than four, probably due to chi-
tosan solubilisation in the acidic environment. On the other
hand, MCC showed the advantage of being easily separated
from the aqueous media by the application of an external

100
80
60

40

Cu (1) removal (%)

204

1 2 3 4 5 6 7
Cycles

Fig.7 Cycles of reuse (adsorption shown) of MCC in the removal of
Cu(Il). [Cu(Il)],=2 mg L~!, [MCC]=250 mg L', pH=6, contact
time=3h

magnetic field, recovered after washing step with an acid
aqueous solution and reused up to six cycles.
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