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ARTICLE INFO ABSTRACT

In this study, calcium alginate-based adsorbents with magnetic and non-magnetic properties (MABs and ABs)
were prepared and the impact of the incorporated magnetite nanoparticles (Fe304 NPs) on the physicochemical

Keywords:
Magnetic alginate beads properties, adsorption kinetics and Cu(II) uptake mechanism was determined. ABs and MABs were characterized
Nanoparticles by X-ray diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and su-

Physicochemical characterization
Copper adsorption

perconducting quantum interference device magnetometer (SQUID). The SEM analysis of the MABs showed that
the composite has a rough surface with abundant protuberances. The XRD analysis showed an amorphous
structure of the ABs. The TGA analysis revealed higher thermal stability of the MABs compared to ABs. The
MABs proved to be superparamagnetic at room temperature. The adsorption experiments of copper ions onto
ABs and MABs were also carried out. It was revealed that for the same weight of the alginate matrix, the MABs
and the ABs have an adsorption efficiency of 54.9 and 66.7 mg/g, respectively. The adsorption kinetics were
followed by a pseudo-second-order kinetic model and the diffusion properties played a significant role in the
control of the adsorption kinetics. The adsorption equilibrium rate constant (k,) for the pseudo-second-order

model was found to be 1.98 x 10~ * g. mg™. min™ for ABs and 3.8 x 10~ * g. mg™. min™* for MABs.

1. Introduction

Many industrial activities involve the discharge of metallic ions such
as copper, silver or zinc which contributes to waste contamination [1].
Considering the related environmental damages and impact on human
health, there is a rising global interest in the removal of such ions from
wastewater [2]. Various methods are used for this purpose such as ion
exchange [3], chemical precipitation [4], electrochemical [5,6], flota-
tion [7], membrane filtration [8] and adsorption [9]. Among these
techniques, the adsorption of metallic ions by active materials is con-
sidered as a simple and effective method. For decades, activated car-
bons were used for water remediation. These materials present several
advantages, notably a large specific surface area, a high adsorption
capacity, remarkably high reactivity, and a porous structure [10].
However, the main drawbacks of these materials are high cost and
constraints of regeneration [11]. Alternatively, the adsorption of ions
by biopolymer is considered as a promising technique given due to its
low cost, high efficiency and eco-friendly [12]. In particular, alginate
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biopolymer is inexpensive and displays excellent cation adsorption
properties due to the presence of numerous functional groups such as
COOH and OH groups. Therefore, alginate beads (ABs) were used for
the remediation of several heavy metals [13-19]. Magnetic nano-
particles can also be integrated into the polymer, authorizing thereby
the use of magnetic separation method to separate the composite bio-
sorbent from the wastewater. Recently, many studies have reported the
incorporation of magnetite (Fe30,4) or maghemite (Fe,O3) nanoparticles
in the polymer for ions sorption [20-26]. Similar, magnetic alginate
beads (MABs) crosslinked with epichlorohydrin were also used for dye
removal [27]. Most of these studies focused on the ability of the pseudo-
second-order to describe the kinetics of adsorption by MABs and only
few studies report the influence of magnetic nanoparticles on the ad-
sorption process [24,29]. In contrast, our previous work [29] demon-
strates clearly that copper adsorption initiates the migration and ag-
glomeration of iron nanoparticles in MABs.

The present study aims therefore at comparing the kinetics of ad-
sorption of copper by MABs and ABs to highlight the influence of iron
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nanoparticles on the kinetic of adsorption. For this purpose, we have
used sodium alginate (SA) and magnetic nanoparticles to produce ABs
and MABs which present a high adsorption capacity for Cu(Il). The
physicochemical properties of materials are characterized by scanning
electron microscopy (SEM), X-ray diffraction (XRD), thermogravimetric
analysis (TGA) and superconducting quantum interference device
magnetometer (SQUID). The kinetics of adsorption of MABs and ABs
elaborated with the same weight of alginate are compared with second-
order and intraparticle diffusion [28] models. A faster adsorption ki-
netic of copper ions by MABs is highlighted with respect to ABs and
discussed.

2. Materials and methods
2.1. Chemicals

Sodium alginate (SA), copper (II) sulfate pentahydrate (CuSO,
5H,0), hydrochloric acid (37 % aqueous solution), sodium hydroxide
(NaOH), iron oxide nanoparticles with particle size below 50 nm pur-
chased from Sigma Aldrich. Calcium chloride dihydrate (CaCl,, 2H,0)
supplied by Fluka was used as a crosslinking agent for the alginate. All
chemicals were bought in analytical purity and used without further
purification.

2.2. Preparation of ABs and MABs

ABs and MABs were prepared according to the previously reported
methods [29]. The SA solution was prepared by adding 0.75g of SA
into 50 mL of distilled water under vigorous stirring for 30 min at 80 °C.
The ABs with appropriate physical stability were prepared following a
simple protocol whereby the viscous alginate solution was added
dropwise into 100 mL of 2% CaCl, bath under gentle stirring at room
temperature. This led to the precipitation of the alginate droplets due to
the ionic crosslinking properties of Ca2* ions. The preparation of the
MABs followed a similar process except for the incorporation of 20 %
(w/w) magnetite into the SA solution and was subsequently placed in
an ultrasonic bath for 90 min at room temperature forming a homo-
geneous mixture and extruding dropwise into the calcium chloride
bath. The obtained beads are spherical (Fig. 1) with an average dia-
meter of 2mm as confirmed by optical microscopy under x 10 mag-
nification. The produced ABs and MABs were then allowed to rest and
harden for 24h at room temperature without agitation. These were

Fig. 1. Magnetic alginate beads.

then filtered and rinsed with deionized water several times to remove
the excess of calcium and were finally dried in an oven at 55 °C for 2
days.

As mentioned above, the experiments conducted in this research
paper are based on MABs incorporating 20 % of magnetite (w/w).
However, and for comparative purposes pertaining to beads mor-
phology, a single experiment introducing 5% of magnetite (w/w) was
exclusively conducted in SEM analysis.

2.3. Characterization

The X-ray diffraction (XRD — PANalytical EMPYREAN) patterns were
recorded with a diffractometer equipped with Cu K « radiation source
(A= 0.15406 nm) at a step size of 0.05°. The morphology of the alginate
beads was observed by scanning electron microscopy (SEM — Hitachi
5$800). The samples were then characterized using Thermogravimetric
analysis (Thermal Analysis — TGAQ50) under normal atmosphere. The
magnetic properties of the beads were investigated using a super-
conducting quantum interference device magnetometer (SQUID -
MPMS - XL — 7 T) at room temperature. The copper concentration was
quantified by atomic absorption spectrophotometer (AAS — Thermo
Elemental ASX-510).

2.4. Adsorption kinetics experiments

The adsorption experiments were performed for 30 h of contact time
at a stable temperature of 25 °C by shaking the adsorption mixture at
250 rpm with 0.24 g of ABs and 0.30 g of MABs. This weight of MABs
was selected since it corresponds to the same weight of alginate (0.24 g)
plus the additional weight (0.06 g) of magnetic nanoparticles. The in-
itial concentration of Cu(Il) in the solution was set at 75 mg/L. The pH
of the solution was measured at the beginning and the end of each
experiment and was maintained at an optimal pH of 5.1 using sodium
hydroxide or hydrochloric acid. The sampling process involved two
stages. In stage one, samples were taken at regular time intervals of
10 min within the first two hours. In stage two, the sampling process
occurred mainly every 3 h until reaching the time limit of 30 h. During
the AAS measurements, the adsorption capacity (q,) is defined as the
amount of copper cations adsorbed per unit mass of adsorbent at any
time. It is given by the relation:

_ G -Cyv
t W (@)

where C, is the initial copper solution concentration, C, the con-
centration at the time ¢, V the volume of the copper solution, and W the
total weight of the adsorbent.

3. Results and discussion
3.1. Morphology of the beads

Figs. 2(a—d) displays the morphology of the alginate beads by using
scanning electron microscopy. Figs. 2(a) and 2(b) show the SEM images
of ABs at 150 and 1000x magnification, respectively. A smooth,
homogenous and groovy surface is then observed. This result contrasts
with the images obtained on MABs on Figs. 2(c,d) which show an ir-
regular and rough surface. As seen, by comparing Fig. 2(c) and 2 (d),
increasing the amount of magnetite nanoparticles from 5% to 20 % in
the beads increase strongly the number of protuberances which appear
at the surface.

3.2. Crystallographic characteristics of the beads
Fig. 3 shows the XRD patterns of Fe304 NPs, MABs and ABs. A series

of characteristic peaks for Fe;04 NPs were observed at 26 of 30.1, 35.6,
43.2,53.7, 57.4 and 62.7°, corresponding to (220), (311), (400), (422),
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Fig. 2. Scanning electron micrographs of : (a) and (b) alginate beads; (c) magnetite alginate beads with 5% of magnetite; (d) magnetite alginate beads with 20 % of
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Fig. 3. X-ray diffraction (XRD) patterns of magnetic alginate beads, pure algi-
nate beads and magnetite NPs.

(511) and (440) crystalline planes of magnetite phase, respectively
[30]. The peak intensity of MABs is lower than that of the pure Fe;04
NPs. This is explained by the fact that Fe;04 NPs are incorporated into
the polymer matrix. The XRD pattern of ABs shows a single broad dif-
fused peak which suggests the presence of an amorphous phase [31].

3.3. Magnetic properties of Fe304 NPs and MABs

The magnetization curves measured at room temperature for Fe;04
NPs and MABs are depicted in Fig. 4. There was no hysteresis and
coercivity in the magnetization for both of Fe;04 NPs and MABs sam-
ples suggesting that magnetic nanoparticles and MABs are
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Fig. 4. Magnetization vs. applied magnetic field of magnetite NPs and magnetic
alginate beads.

superparamagnetic and the single domain magnetite nanoparticles re-
mained in the polymer composite. This can be attributed to the rela-
tively smaller size of the magnetite nanoparticles which compared to
the superparamagnetic critical size [32]. The saturation magnetization
value (M) of MABs was 80 % lower than the value of the pure mag-
netite nanoparticles and decreased from 81 to 16.3 emu/g [33]. This
was due to the low content of Fe304 nanoparticles in the MABs with 20
% (w/w) of magnetite. This suggests that the magnetization of the
MABs is independent of the alginate matrix. With the displayed mag-
netization and superparamagnetic behaviors, the MABs could be easily
and rapidly separated from the solution by an external magnetic field.
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Fig. 5. TGA curves of (a) Fe304 NPs, (b) MABs and (c) ABs.

Therefore, these magnetic properties are of critical importance in the
wastewater treatment by magnetic separation.

3.4. TGA analysis

Fe304 NPs, MABs and ABs were characterized using TGA under
normal atmosphere from room temperature up to 700 °C, the heating
rate was set at 4 °C/min. The results are illustrated in Fig. 5 and show
three main processes of weight loss for both adsorbent. The first process
ranging from 50 to 150 °C is related to the evaporation of the adsorbed
water molecules and the destruction of glycosidic bonds of the poly-
saccharide network of the alginate. This weight loss occurred more
rapidly when the polymer network is used solely without the in-
corporation of mineral nanoparticles of magnetite that can contribute
to a more thermally stable composite. The second decomposition pro-
cess ranging from 150 to 300 °C showed increased weight loss and is
associated with depolymerization [34]. This degradation of the polymer
chains occurs at an accelerated rate when using ABs compared to MABs
and is likely due to the intermolecular interaction between the chains
and the magnetite nanoparticles leading to a more cohesive system.
When the temperature is between 300 and 700 °C, the losses continue in
the case of MABs and ABs due to the gradual and accelerated departure
of the organic fragments of the alginate matrix.

3.5. Adsorption kinetics of ABs and MABs

In order to identify the kinetic mechanism of the adsorption process,
three typical kinetic models were used to simulate the adsorption ki-
netics of Cu(Il) onto ABs and MABs. The linearized form of the pseudo-
first-order model, pseudo-second-order model and intraparticle diffu-
sion model are presented as follows [35,36]:

Pseudo— first— order equation: In(q, — g,) =1In(q,) — kit @)
. t 1 t
Pseudo— second— order equation: — = 5 —
o kg g 3
Intraparticle diffusion equation:q,= ki, t*° + X; 4

Table 1
Pseudo-first-order and pseudo-second-order kinetic models parameters.

where ki is the first-order rate constant (min 1), k, is the second-order-
rate constant (g. mg'. min?), g, (mg. g') the amount of copper ions
adsorbed at equilibrium, g, (mg.g™") the amount of copper ions ad-
sorbed at any time t (min), k;,, is the intraparticle diffusion rate con-
stant (mg. g~ . min*®) and X; is the boundary layer thickness (mg/g).

The obtained kinetic parameters of the pseudo-first-order, pseudo-
second-order and intraparticle diffusion models were presented in
Tables 1 and 2. The linear fitting results of the pseudo-first-order and
the pseudo-second-order kinetic models for ABs and MABs were illu-
strated in Figs. 6 and 7, respectively. When comparing the correlation
coefficients of the three kinetic models, it is clearly revealed that the
pseudo-second-order model best fits the adsorption kinetic of Cu (II)
onto ABs and MABEs. In effect, the equilibrium adsorption capacity va-
lues calculated from the pseudo-second-order model are in line with the
experimental data. The adsorption rate of the copper ions is therefore
controlled by chemical adsorption. This higher applicability of the
pseudo-second-order model over the other kinetic models is also in line
with other studies where similar conclusions were reached pertaining to
the kinetics of Cu(Il) adsorption onto alginate-based adsorbent [37-39].
The adsorption capacity (q.) of the adsorbent was found to be 54.9 and
66.7 mg/g for the MABs and the ABs, respectively. Taking into con-
sideration the fact that MABs are composed of 80 % of calcium alginate
and 20 % of magnetite nanoparticles, it is then possible to normalize the
MABSs adsorption capacity to the alginate weight. This would lead to an
adsorption capacity of 68.6 mg/g for the MABs. Moreover, the ad-
sorption equilibrium rate constant (k,) was found to be 3.8 x 10~4
g.mg . min? for MABs and 1.98 x 10~ % g.mg?. min for ABs. The
MABs show a considerable removal efficiency and faster kinetics at-
tributed to the greater specific surface area. However, the magnetite
NPs showed no interaction with the copper ions as identified by the
conducted XPS analysis in our previous study [29].

Then, the intraparticle diffusion model analysis can provide further
details on the rate-controlling process and can describe the adsorption
process more clearly. The linear fitting results of the intraparticle dif-
fusion model for ABs and MABs are shown in Fig. 8. According to the
published literature, the plot q, versus t'/2 should be linear when in-
traparticle diffusion is involved in the adsorption process [40]. When-
ever the plot crosses the origin, this would indicate that the intra-par-
ticle diffusion is the sole rate-controlling step. Otherwise, the rate-
controlling process includes other mechanisms which can be operating
simultaneously with the intraparticle diffusion model [41]. In this
work, the analysis of the experimental data using intraparticle diffusion
model (Fig. 8) revealed the presence of three linear sections of different
slopes for ABs and MABs. These results indicated that the adsorption
process involved three steps and the intraparticle diffusion was not the
only rate-controlling process in the adsorption process of the copper
ions onto ABs and MABs. The first step corresponded to an in-
stantaneous adsorption or external surface adsorption while in the
second step, a gradual uptake was observed reflecting the intraparticle
diffusion as the rate-limiting step until the exterior surface reached
saturation. In the third step, the final equilibrium was reached and the
intraparticle diffusion slowed down due to the extremely low con-
centration of Cu(Il) in the solution [42,43]. This finding that the in-
traparticle diffusion occurs at different rates in three steps has also been
reported on heavy metals adsorption in previous studies [44,45].

Types of beads QCexp Pseudo-first-order Pseudo-second-order
(mg/g)
Ki qem R? K> qem R’
(min™") (mg/g) (g mg™'.min"") (mg/g)
ABs 66.7 1.91x1073 36.7 0.843 1.98x10°* 70.1 0.997
MABs 54.9 1.2x1072 21.8 0.813 3.8x10~* 55.8 0.999




Table 2
Kinetic parameters of the intraparticle diffusion model.

Types of beads First linear stage

Second linear stage

Third linear stage

King X; (mg/g) R Kint X; (mg/g) R* Kint X; (mg/g) R?
(mg/g. min'/?) (mg/g. min'/?) (mg/g. min'/?)
ABs 4.77 -7.12 0.993 1.57 30.68 0.983 0.294 55.3 0.962
MABs 3.54 1.66 0.995 1.15 27.4 0.994 0.148 47.6 0.846
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4. Conclusion

This study showed that incorporating inorganic magnetite onto al-
ginate matrix affects the physicochemical properties and uptake ki-
netics of Cu(II) onto the composite. SEM analysis showed that the MABs
surface is rough while ABs surface is smooth. The magnetic properties
of the magnetic beads exhibited superparamagnetism with saturation
magnetization in the range of 16.3 emu/g depending on the weight load
of the magnetite nanoparticles in the matrix of calcium alginate beads.
TGA analysis confirmed that the incorporation of 20 wt % magnetite
nanoparticles into the alginate matrix enhanced thermal stability as
compared to that of ABs. The kinetic studies indicated that the pseudo-
second-order model was appropriate to describe the Cu(II) adsorption
process and the intraparticle diffusion was not the sole rate-controlling
process. Hence, it can be suggested that the surface adsorption and
intraparticle diffusion were concurrently operating. Furthermore, the
results showed that the adsorption of Cu(Il) ions on MABs was faster
than on ABs.
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