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Abstract: Numerous adsorbent materials are developed and are able to face specific types of pollution,
but none of them can manage the whole pollution. The purpose of this work is to develop a novel
hybrid adsorbent, based on chitosan (CS) biopolymer, clay minerals and activated carbon (AC),
having complementary adsorption properties and achieving a wide-spectrum water decontamination
in a single treatment. Hybrid CS beads, containing dispersed clay and AC, were prepared from
dispersions of solid adsorbents in a CS solution and its further coagulation in a basic medium.
The porosity and the homogeneity of the hybrid beads were characterized by N2 adsorption at
77 K and Cryo-Scanning Electron Microscopy respectively. The interaction between CS and clay
was characterized using X-ray diffraction. Water content and the amount of each adsorbent in the
hydrogel beads were determined by thermogravimetric analysis. Such a composite material was
still porous and presented a wide adsorption spectrum. As shown by their adsorption kinetics,
hydrophobic anionic clofibric acid (CBA) and cationic metoprolol (MTP) were well adsorbed on
AC containing beads (21 and 26 mg/g), respectively. Clays containing beads showed interesting
adsorption properties towards cationic Zn2+ and MTP. The obtained composite beads were able to
adsorb all the pollutant types: Zinc cations, and hydrophobic-charged organic molecules, such as
pharmaceutical derivatives (clofibric acid and MTP).

Keywords: adsorption; biopolymer; clay minerals; activated carbon; zinc cation; metoprolol;
clofibric acid; water treatment

1. Introduction

Water is necessary to life. It is therefore needed to guarantee a supply of safe water having
a good quality, and also to develop efficient treatment of wastewater before its rejection in an
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aqueous medium for environment and biodiversity preservation. Recently, the improvement of
analytical technologies has revealed diffusions and increasing pollutions of ground and surface
water by numerous organic and mineral compounds present at very low concentrations [1,2].
These contaminants, including heavy metals, dyes, personal-care products, plasticizers, reproductive
hormones, pesticides and pharmaceuticals residues, are arising from domestic, agricultural and
industrial sources.

Adsorption has become a well-established technique to remove pollutants from water. Among
various adsorbents used for the waste water treatment processes, activated carbon (AC) powder
or granules are efficient to remove organic compounds, especially at low pollutant concentrations,
because of their developed nanotexture (high and easily accessible porous surface) and their mostly
hydrophobic character [3,4]. Clays are natural and low cost adsorbents used as geochemical barriers,
which are able to trap heavy metals and cationic organic species, and therefore to treat efficiently
polluted industrial sites and waste landfill leachates [5,6]. Nevertheless, some contaminants, such as
polar pesticides and organic derivatives, are still detected at the output of water treatments units,
showing limitations of conventional treatment processes [7].

Biopolymers, such as chitosan (CS), are particularly interesting in this domain, not only because
they can act as a dispersing phase, but also because they possess inherent interesting features, such
as amphiphilicity, tunable topology and porosity at different scales [8,9]. CS is a multifunctional
amino-carbohydrate obtained by the partial deacetylation of natural chitin. The presence of amino
groups or protonated NH3

+ groups on the polymer backbone (Figure 1) confers its unique properties:
(i) Metal/organic molecules chelating ability [10]; and (ii) absorption of organic compounds through
electrostatic interactions [11]. CS can allow different shaping possibilities for hybrid systems, such as
hydrogel beads [12].
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Figure 1. Molecular structures and speciation of chitosan (CS) (a); clofibric acid (CBA) (b);
and metoprolol (MTP) (c) at pH 6.5.

It becomes crucial to develop new hybrid, low-cost and non-toxic adsorbents, presenting a
wide adsorption spectrum towards all the pollution types (metals, polar and organic pollutants in
variable chemical forms), and therefore are able to operate complete water decontamination at once.
By combining chosen adsorbents, such as AC, Clays and CS which possess specific and complementary
adsorption properties, a hybrid material adding all the single remediation ability could be tailored,
and therefore could handle cationic, anionic and aromatic species at the same time.

Such new hybrid adsorbents having wide adsorption properties could be used either for tertiary
water treatment and refining, or for specific treatment of industrial and hospital effluents to get an
“at-source” treatment, thus avoiding the mixing of pollutants to reduce difficulty of treatment.

Extensive research performed in our laboratories have demonstrated that AC can efficiently
trap organic micropollutants, such as pesticides, and that clay minerals are good candidates for
the concentration abatement of toxic metallic ions and cationic molecules in water using cationic
exchange [13,14].
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In this work, synthesis, characterization and adsorption performances of a new hybrid adsorbent
made of clay minerals and AC powder, which was dispersed in CS biopolymer beads, have been
investigated. The adsorption mechanisms have been examined and correlated to the porous texture
and the composition of the hybrid material, taking into account the physico-chemical properties of
each adsorbent constituting the hybrid material with respect to the adsorbates.

2. Materials and Methods

The CS powder (175,000 g/mol) was purchased from France CHITIN (Orange, France).
SWy-2 montmorillonite of Wyoming (CM) was supplied by the Source Clays Repository of the Clay
Minerals Society (Chantilly, VA, USA). The structural formula of the size fraction (<2 µm) obtained
from the chemical analysis was [10]:

(Ca0.13Na0.34K0.03)[Al3.04Fe(III)0.41Mg0.49Ti0.01][Si7.98Al0.02]O20(OH)4

The basic AC powder prepared from coconut by activation in a steam of water at 900 ◦C was
supplied by DACARB Company (Asnières sur Seine, France). Zinc chloride, purchased from Aldrich
(Saint-Quentin-Fallavier, France), was used as a model for water contamination caused by heavy
metals. Two organic molecules, metoprolol (MTP) and clofibric acid (CBA) (Table 1), purchased from
Aldrich, were selected as organic pollutant models; CBA was an anti-cholesterol in the anionic form
and MTP was a beta blocker in the cationic form at pH of natural water (pH = 6.5) (Figure 1).

Table 1. Physicochemical characteristics of the adsorbates at pH 7.

Pollutant pKA1/pKA2 V (Å3) Log Kow

CBA 3.4 192 −0.02
MTP 9.5/14 644 −0.81

Firstly, the synthesis of pure and hybrid CS beads containing clay mineral and AC powders
was investigated. The CS powder was dissolved in acetic acid with a concentration of 0.5 mol/L to
obtain a former gel mass concentration of 1.75%. The clay minerals and the AC powders (sieving
≤50 microns) with a mass ratio of 3% were dispersed in the same volume of the acetic acid with the
concentration of 0.5 mol/L by using an ultrasonic probe at a working frequency of 20 kHz for one hour.
Then, in order to reach a homogenous CS concentration in the gel up to 3%, a small amount of CS was
added step by step in the mixture to get the desired concentrations. When all the components were
added (CS and charges), the dispersion mixture was stirred for 24 h.

The dispersion mixture was then flowed by using a peristaltic pump at 20 mL/min into a NaOH
solution (10% weight), through a 1.2-mm-diameter syringe. Hybrid CS beads with a diameter of 2 mm
were obtained, having good size homogeneity, required mechanical properties and chemical stability.
In this work, five types of beads were studied: Pure CS bead (1-CS), two-component hybrid CS beads
containing 1.5% of montmorillonite (2-CS/CM1.5), 4.5% of montmorillonite (2-CS/CM4.5) and 1.5% of
AC (2-CS/AC1.5), and three-component hybrid beads containing 1% of montmorillonite and 0.5% of
AC (3-CS/CM 1/AC 0.5) (Figure 2).
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The porous texture and homogeneity of the hybrid material were characterized by electronic
scanning microscopy Cryo-SEM (HITACHI S4500, Tokyo, Japan). After immersion at −210◦, the beads
were fractured and introduced in the transfer chamber, and ice was sublimated at −70 ◦C under
vacuum (10−3 Pa) in order to preserve the porous network free of water to allow its observation.

Nitrogen adsorption-desorption experiments at 77 K (ASAP 2020, Micromeritics, Norcross, GA,
USA) were performed to obtain information on the BET specific surface area (Brunauer Emmett
Teller method, P/P0 ranging from 0.05 to 0.3) of the powdered samples and freeze-dried beads after
degassing under vacuum (2 µm Hg, 80 ◦C, 24 h).

The raw materials (each component of the hybrid) and the prepared hydrogel beads were analyzed
by thermogravimetric analyses (TGA, Labsys TM SETARAM, Lyon, France) under nitrogen low-flow
(1 L/h) in order to quantify the amounts of water and each component in the beads, i.e., polymer,
clay and AC. The temperature was varied from 20 to 800 ◦C with a heating rate of 10 ◦C/min.
Powdered X-ray diffraction patterns were recorded with a Thermo Electron ARL’XTRA diffractometer
(Waltham, MA, USA) equipped with a silicon-lithium solid-state detector, to measure the d001 interlayer
distance of clay minerals and to evaluate the ability of the biopolymer to intercalate between the
montmorillonite layers.

The adsorption properties of Zn2+, CBA and MTP have been investigated on the single
adsorbents and the hybrid materials. Ultra-pure water (σwater = 0.055 µS·cm−1) was used as a solvent.
The adsorption kinetics of 100 mL solutions of Zn2+, CBA and MTP (concentration = 1.5 mmol·L−1)
were studied at 25 ◦C and pH 6.5 using 200 mg of single or hybrid adsorbents.

The pollutant concentrations were analyzed along with kinetics studies by UV spectroscopy
(Cary100, Agilent, Santa Clara, CA, USA) at 224/279 and 229/274 nm for CBA and MTP, respectively.
In the case of zinc, atomic absorption spectroscopy (Z-8100, Hitachi, Tokyo, Japan) was used
and calibration curves were established in the range of 0.5–1.5 ppm (λ = 213.9 nm, the detection
limit = 0.008 ppm).

In order to understand the adsorption mechanisms and determine the key parameters governing
adsorption, kinetics studies on single pristine adsorbent (clay or AC or CS) and on hybrid beads
were studied.
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3. Results and Discussion

3.1. Characteristics of the Hybrid Material

3.1.1. Chemical Composition of the Hybrid Beads

Thermogravimetric analysis has allowed quantifying the amount of each component in the hybrid
CS/clay beads. In the range of 25–225 ◦C, the mass loss corresponded to water content. Between 250
and 400 ◦C, the decomposition of chitosan (CS) occurred and then montmorillonite dehydroxylation
took place until 700 ◦C. The mass losses showed that the 2-CS/CM1.5 beads contained approximately
90% of water, 8% of CS and 2% of montmorillonite, and that the 2-CS/CM4.5 ones contained 87%
of water, 7% of CS and 6% of montmorillonite (Table 2). For the carbon hybrid beads, only the amounts
of water and CS was measured to be 90% and 3%, respectively.

Table 2. Contents of water and chitosan (CS) determined by thermogravimetric analysis.

Material 1st Mass Loss ∆m/m (%) *
25 < T (◦C) < 225

2nd Mass Loss ∆m/m (%) **
250 < T (◦C) < 400

3rd Mass Loss ∆m/m (%)
475 < T (◦C) < 800

1-CS 90 3 -
2-CS/AC1.5 87 4 -
2-CS/CM1.5 90 8 2
2-CS/CM4.5 87 7 6

3-CS/CM1/AC0.5 86 2.2 0.6

* The first mass loss corresponded to the water content; ** the second mass loss corresponded to CS degradation.

3.1.2. Microtexture and Porosity of the Hybrid Beads

Figure 3 presents the microstructures of three types of beads observed by Cryo-SEM. 1-CS beads
had a homogeneous porous structure. Chains of CS (Figure 3a) formed a homogeneously-distributed
network. The clay-mineral particles were homogeneously dispersed in the polymer matrix in the
two types of hybrid CS beads (Figure 3b). Few large montmorillonite aggregated (around 2–5 µm
diameter), and activated carbons particles were rarely observed (Figure 3c,d). Thus, the hybrid beads
appeared homogenous with a high dispersion of the mineral charges within the polymer network,
which ensured an intimate charge-polymer mixing.

The presence of the montmorillonite in the beads did not affect the porous network of the
hybrid beads. The accessibility of the porous network between the polymer chains allowed the
pollutants to be adsorbed on the reactive sites of CS. As far as adsorption properties were concerned,
the tailoring of a porous hybrid material was crucial to ensure the pollutant mobility.

The incorporation of AC with a concentration of 1.5% in the two-component beads has significantly
increased the BET specific surface area of the hybrid CS beads (from 35 to 174 m2/g), confirming
the important dispersion of AC particles in the polymer matrix (Table 3). However, when the
concentration of AC is low, e.g., 0.5%, the porosity remained unchanged, probably due to the presence
of montmorillonite and its ability to intercalate CS.

Table 3. BET Specific surface area (SBET) of the raw and hybrid adsorbents.

Material SBET (m2/g)

CS 2
AC 811
CM 35
1-CS 35

2-CS/AC1.5 174
3-CS/CM1/AC0.5 35
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3.1.3. Chitosan-Clay Interaction

X-ray diffraction patterns were performed on the clay sample and on the two hybrid CS-clay
beads (Figure 4). The XRD patterns with 2θCu in the range from 1◦–16◦ show the 001 reflections of the
montmorillonite. The basal spacing of the raw montmorillonite sample (2θCu = 7.6◦, d001 = 1.16 nm)
was shifted to the small angles after interaction with CS in the hybrid beads (2θCu = 5.9◦, d001 = 1.50 nm).
The intercalation of CS in the interlayer is then clearly shown. The increase in the basal spacing value
(d001 = 0.34 nm) for the two clay hybrid beads (2-CS/CM1.5 and 2-CS/CM4.5) indicates that the
CS molecules were in a monolayer arrangement [15,16]. This is in agreement with the d001 value of
0.38 nm, representing the thickness of one CS layer, measured from the XRD pattern of a CS film [17].
Due to the partial cationic nature of CS at pH 6.5 (Figure 4), the intercalation of CS monolayers in
the montmorillonite clay may take place through a cationic exchange procedure between –NH3

+ CS
chains groups and the positively charged interlayer sites of the clay minerals previously occupied by
the exchangeable cations.
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3.2. Adsorption Studies

Adsorption results on raw and hybrid materials are summarized in Table 4. First-order [18] or
second-order [19] models were used to calculate Qt values, which were shown as follows, respectively:

Qt = Qe.
(

1− e−kt
)

(1)

Qt =
k2.Q2

e.t
1 + (k2.Qe.t)

(2)

Qt is the adsorbed amount as a function of time (t); Qe is the maximum adsorbed amount (mmol/g);
k is the velocity constant in min−1; and k2 is the velocity constant (g·mmol−1·min−1).

Adsorption kinetic experiments have been carried out and the adsorbed amounts were determined
and compared in the same experimental conditions.

In order to examine the adsorption mechanisms and quantify the role of each adsorbent in the
hybrid material, the charge and the speciation of the adsorbent and the species of the adsorbates are
presented in Figure 5. Under working conditions, AC was positively charged, clay minerals were
negatively charged and for CS, half of the amino groups were protonated.C 2018, 4, x FOR PEER REVIEW  7 of 11 
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Table 4. Maximum adsorbed amounts Qe calculated from adsorption kinetics of Zn2+, Metoprolol
(MTP) and clofibric acid (CBA) using the second-order model, or the first-order model (*).

Material Qe (mmol/g) or (mg/g)

Raw adsorbent Zn2+ MTP CBA

CS 0.14
9

0.02
2

0.05
12

AC 0.09
6

0.60
161

0.56
120

CM 0.24
15

0.48
129

0.02
5

Hybrid adsorbent Zn2+ MTP CBA

1-CS 0.14
9

0.01
* 1

0.04
9

2-CS/AC1.5 0.16
10

0.10 *
26

0.10
21

2-CS/CM1.5 0.10
6

0.11
30

0.04
8

3-CS/CM1/AC0.5 0.16
10

0.07
19

0.07
16
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3.2.1. Adsorption of Zn2+

Interesting adsorbed amounts of zinc cations were measured on raw CS and clay-mineral powders,
ranging from 6 to 15 mg/g (Table 4). Adsorption kinetics of Zn2+ is presented in Figure 6. As expected,
montmorillonite is the best adsorbent for Zn2+, as far as cationic exchange occurs and chemisorption
with deprotonated silanols (and aluminols) as well (Figure 5). CS also presents interesting adsorption
capacities because it contains few deprotonated hydroxyl groups and is able to give electrostatic
interactions with zinc, which mainly include complexion with non-binding doublets on nitrogen and
oxygen atoms (Figure 1a). For the beads, same adsorption properties were observed. The adsorption
properties of the CS beads containing AC was slightly increased, compared to the pure CS beads,
demonstrating that the active sites of CS might be more accessible to zinc adsorption. The AC addition
increased the BET surface area which became five times higher than those without AC. On the contrary,
the incorporation of montmorillonite with a concentration of 1.5% in the CS beads shows that the
two intercalation of the montmorillonite by the CS chains has decreased: (i) The adsorption activity
of CS possibly by positively charging the amine groups in the interlamellar space (NH3

+), and (ii)
the adsorption activity of clay minerals by removing the exchangeable cations from the interlayer
space. An additional experiment showed that, an increasing rate of the montmorillonite content with a
concentrate range from 1.5% to 4.5% in the CS-clay-mineral composite was responsible for a significant
improvement of the adsorbed amounts of zinc cations (33%), though this uptake was still lower that
the one of raw montmorillonite (kinetic not shown in Figure 6). These results showed that despite the
intercalation of a part of CS chains in the clay minerals, the porous network of the beads ensured a
good transport of the solution to the remaining reactive sites of the montmorillonite.

The adsorption ability towards zinc cation on the three-component beads was stronger than on
the CS-montmorillonite composites, owing to the addition of AC.
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3.2.2. Adsorption of MTP

Adsorption kinetics of MTP was presented in Figure 7. As expected, CS (raw and CS beads) was a
weak adsorbent for MTP (Table 4) because of the electrostatic repulsions between CS chains and MTP.

Through the same mechanism observed previously for zinc, MTP was well adsorbed (129 mg/g,
0.48 mmol/g), by raw clay minerals having a cationic exchange of 1 mmol/g. MTP could interact with
the montmorillonite silanols sites, but it possessed a planar molecular structure and was also able to
intercalate easily into the clay structure and adsorb through cationic exchange. The incorporation of
montmorillonite in the hybrid beads allowed the material to adsorb few MTP organic cation (uptake
of 30 mg/g).



C 2018, 4, 35 9 of 11

Pure AC showed a highly-adsorbed amount of 161 mg/g for MTP. MTP was assumed to be
adsorbed through Van der Waals π→π interactions, despite electrostatic repulsions. The incorporation
of 1.5% of AC in the CS beads improved the adsorbed amount of the beads to 26 mg/g. As a result,
the adsorption abilities of the three-component beads were twenty-five times higher than for pure CS
beads showing the benefits of montmorillonite and AC charge addition. Synergic effects occurred,
coming from an increase of the hybrid beads porosity and a good accessibility of adsorption sites of
each adsorbent.C 2018, 4, x FOR PEER REVIEW  9 of 11 
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3.2.3. Adsorption of CBA

The adsorption kinetics of CBA is displayed in Figure 8. Raw CS and pure CS beads (1-CS) showed
an adsorbed amount of 12 mg/g and 9 mg/g (Table 4) towards CBA anionic molecules, respectively.
At pH 6.5, half of the amine groups (in the range from 2.5 to 5 mmol/g theoretical value) of CS, having
a pKA of 6.3, were protonated (Figure 5). These results demonstrate that, due to its −NH3

+ sites giving
electrostatic interactions with anions, CS is therefore a good candidate to adsorb negatively charged
organic molecules, such as CBA.

Pure AC showed a high adsorption affinity with CBA through mainly π→π interactions together
with minor Van der Waals interactions ones, giving the highest adsorbed amount of 120 mg/g (Table 4).
As it was shown previously for MTP adsorption, the incorporation of AC with a concentration of 1.5%
in the CS beads significantly improved the adsorbed amount of the beads towards CBA (from 9 to 21
mg/g).

As expected, montmorillonite was the worst adsorbent for CBA anions, due to its negative surface
charge (Figure 5). Thus, the incorporation of this clay mineral with a concentration of 1.5% in the CS
beads slightly decreased the adsorbed amount of the beads because the intercalation of CS chains
between the clay layers hindered some CS adsorption sites.

In the three-component beads, the introduction of AC with a concentration of 0.5% led to an
enhancement of the adsorbed amount, reaching 21 mg/g, which was twice the ones of raw CS (9 mg/g
for CS) or CS-clay mineral hybrid (8 mg/g for 2-CS/CM1.5) beads.
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4. Conclusions

A new hybrid porous material was successfully prepared. The obtained hybrid CS beads
containing montmorillonite and activated carbon possessed the required mechanical properties and
are homogeneous. The adsorption performances of the hybrid beads verified the accessibility and
connection of the porous network. The beads showed also the advantage of easy handling and recovery
in a water purification process.

The main interactions between CS beads and Zn2+ were chelating interactions with nitrogen- and
oxygen-electron-lone pairs. Pure CS bead affinity is higher for Zn2+ than for MTP because CS contains
only few deprotonated–hydroxyl groups at 6.5 pH, was able to give electrostatic interactions with MTP.
CS beads showed a moderate adsorption ability for anionic CBA, in comparison to cationic MTP. As it
was expected, CS was also very useful to adsorb negatively- charged organic molecules due to its
–NH3

+ sites through electrostatic interactions. Adsorption properties of CS towards anionic species
could be enhanced at lower pH. Despite the intercalation of the CS chains into the interlayer spacing,
altering the hybrid beads porosity, the CS-montmorillonite beads were efficient towards metallic
(Zn2+) and organic (MTP) cations. Synergic effects were obtained for MTP, which is trapped by the
montmorillonite aluminols and silanols groups.

Although the raw AC materials are known to be more efficient for the adsorption of hydrophobic
organic pollutants, the hybrid CS/carbon beads showed a wider spectrum of adsorption and
synergic effects, especially towards Zn2+. The incorporation of AC has improved the porosity of
the hybrid material and is effective for anionic and cationic organic pollutants, due to hydrophobic
interactions and more generally Van der Waals interactions. Moderate adsorbed amounts were
obviously measured as compared to raw-material adsorption properties. Synergic effects were obtained
in the hybrid materials for CBA and MTP adsorption. The complementary adsorption properties
of clay, AC and CS were preserved in the hybrid three-component material, leading to an adsorbent
having large adsorption properties for different kinds of water contaminants, i.e., metals, negatively-
or positively-charged organic molecules. It could be also used to purify tap water contaminated with
pesticides, nitrates, and pharmaceutical derivatives. The re-generation of the loaded beads is under
progress and promising behaviors are expected.
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