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Abstract. Chitosan (CS) hydrogel beads and hybrid beads made of a blending of CS hydrogels and
Multilayer Graphene Oxide (MGO) were synthesized. The hybrid beads were prepared by gelation in
NaOH solution of a 1 wt% CS acid solution with addition of MGO at either 1.5 wt% or 3 wt% loading
rates. Prepared beads were characterized by infrared spectroscopy, thermogravimetric analysis (TGA),
scanning electron cryo-microscopy and Brunauer-Emmett-Teller (BET) specific surface area mea-
surements. Zn?* and Metoprolol (MTP) adsorption kinetics and isotherms were studied on the pris-
tine and hybrid CS hydrogel beads. The adsorption kinetics of Zn?* and MTP in hybrid beads is limited
by the diffusion to the MGO sites depending on their accessibility. While pure CS is not efficient for the
MTP adsorption, the Langmuir-type isotherms of the 3 wt% MGO hydrogel beads (dose: 5 mg/100 mL)
show 163 mg-g~! maximum adsorption uptake. The MTP adsorption kinetics and isotherm suggest a
MTP trapping on the MGO anionic sites (carboxylate groups) by electrostatic interactions. The Zn2*
adsorption capacities are the highest for the 3 wt% MGO hydrogel beads (236 mg-g~!), and only of
40 mg-g~" for the pure CS beads. The presence of Zn?>* adsorption sites in the hybrid bead, such as
MGO carboxylate groups giving electrostatic interactions, and CS amine groups leading to complexa-
tion, provides synergic adsorption effects. The competitive adsorption of Zn2* with respect to MTP in
equimolar mixture was observed on hybrid beads (dose: 200 mg/100 mL) at 2 mmol-L ™! initial total
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concentration. At pollutant initial total concentration lower than 1.5 mmol-L™!, no competition oc-
curs. The regeneration at pH 4 of the hybrid beads toward MTP or Zn?>* adsorption was found to be
35-40% of the initial adsorption uptake for five adsorption/regeneration cycles.

Keywords. Chitosan, Multilayer graphene oxide, Water treatment, Zn?*, Metoprolol.
Manuscript received 21 March 2021, revised 29 March 2022, accepted 20 April 2022.

1. Introduction

The non-biodegradable pollutant substances like
metals and many organic molecules have significant
environmental consequences and impact on human
health. For example, Zn’>* and Metoprolol (MTP)
are chemical pollutants frequently detected in waste
water treatment plants (WWTP) and thus in surface
water [1,2]. MTP is a beta blocker pharmaceutical
highly prescribed against cardiovascular diseases. Its
low biodegradability and the fact that almost 10%
of the applied MTP dose is excreted unchanged,
make it being present at the exhaust of WWTP at
concentrations varying from 0.6 to 2.0 ug-L™! [3,4].

Zinc most commonly enters the domestic water
supply due to the deterioration of galvanized iron
sheets and the dezincification of brass. The presence
of zinc in water may also result from industrial waste
pollution from steel work, mining, petrochemical in-
dustries, and agriculture. The World Health Organi-
zation standard, limiting the maximum contaminant
level of hazardous substances, is 5 mg-L~! for zinc in
drinking water [5,6]. In France, its pollution limita-
tion standard for surface water is 2 mg-L™! if the pol-
lutant flow is less than 10 g/day.

In order to purify water, many techniques have
been developed such as co-precipitation [7,8], elec-
trochemical method [9], ion exchange [10], coagu-
lation, coagulation-flocculation, adsorption, reverse
osmosis, photodegradation [11,12] and photocatal-
ysis [11], etc. Adsorption is effective and one of the
cheapest methods. In addition, the adsorbent re-
generation can make this method cost-effective and
sustainable [13-15].

Removal of MTP cation from water at neutral
pH by adsorption was studied on different ad-
sorbents. The magnetic carrageenan-silica hybrid
nanoparticles show a high adsorption capacity of
447 mg-g~! [16], whereas non-swelling clay min-
erals present lower uptakes: 7 mg-g~! for kaolinite
and 4 mg-g~! for talc [17]. Metal ions such as Zn?*,
are known to be removed by various mineral adsor-
bents such as clay minerals [18], activated carbons

(ACs) [19] and biopolymers [20-22] such as chitosan
(CS). CS-based materials containing clay minerals
and/or ACs were also used successfully for MTP re-
moval by adsorption, as an adsorption capacity of
19 mg-g~! was previously reported [23].

CS is a biodegradable, non-toxic polysaccharide
prepared from the deacetylation of chitin which is
after cellulose the most abundant biopolymer [24].
The use of CS for wastewater treatment has an eco-
logical and economical interest due to its versatility
and high adsorption capacity towards the di-cationic
metals. Moreover, CS can be used in different forms:
powder, beads [25], films [26] or sponges [27]. As CS
contains hydroxyl and amine groups (Figure 1b) it
can interact either with anionic or cationic pollutants
depending on pH.

However, the CS use is limited by its dissolution
in acidic medium at pH < 5 and by the accessi-
bility of its adsorption sites [28] depending on its
three-dimensional structure (Figure 1b). At a neu-
tral pH value, CS adsorbs metal ions by complexa-
tion using the non-binding pairs of nitrogen and oxy-
gen atoms, such as the complexation of 7Zn%* [29,30]
or Hg?" ions [31]. In order to improve the physico-
chemical properties of CS and increase its resis-
tance to acids, modifications such as carboxyalky-
lation [32] or crosslinking with glutaraldehyde [25]
are necessary. However, these modifications involv-
ing the amine groups can significantly reduce the
amount of available adsorption sites on CS [33].

In recent years, researchers have focused on the
development of hybrid adsorbent of CS with car-
bon [34] or oxide particles to implement high ad-
sorption capacity and synergic effects between the
components. Jiang et al. [35] prepared beads of CS
and Fe3 04 particles to apply the magnetic separation
from water and increase the adsorption sites for Cu®*
removal. By mixing CS with multi-walled carbon nan-
otubes, Shawky et al. [15] obtained a composite with
higher mechanical properties than CS providing ad-
ditional adsorption sites. By mixing CS and ACs, high
porosity hybrid beads were prepared with Cd** ad-
sorption capacity (52.63 mg-g~!) five times that of
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pure CS [13]. In addition, the AC presence in CS cre-
ates hydrophobic sites, enabling the trapping of aro-
matic pollutants and widening the adsorption spec-
trum [23].

The Graphite Oxide (GO) or Multilayered
Graphene Oxide (MGO) incorporation in CS makes
it possible to obtain a hybrid material combining
the CS and MGO adsorption properties [36]. Indeed,
due to its negatively charged functional groups [37]
(mainly, carboxyl and epoxy on the surface and
edges of the planes), MGO (Figure 1a) is an efficient
adsorbent for cationic pollutants such as 7n%* [6],
Cu?* [38] and cationic dyes [39-43]. The maximum
adsorption capacity of MGO for Zn?* was found to
be up to 246 mg-g~! at pH 7, which is higher than
that for any other kind of carbon (carbon nanotubes,
nanoporous carbon, AC, carbon aerogel, carbon
nanofibers) [6]. Sitko et al. [44] reported the Zn%*
maximum adsorption uptake of MGO at 346 mg-g~!
for a wide range of pH values (5 to 8). In contrast, Lee
and Yang [45] observed a Zn?>* adsorption capacity
on MGO of about 30 mg-g~! at room temperature.
The variability in results of Zn?* adsorption uptake
might be explained by the different amounts of MGO
surface functional groups owing to the differences in
preparation conditions. Indeed, the cation adsorp-
tion mechanism on MGO is mainly due to complexa-
tion with surface functional groups (chemisorption)
and electrostatic interactions, but hydrogen bonding
and hydrophobic interactions also play a role [37,46].

The hybrid CS/MGO material is claimed to be
versatile with good mechanical properties, different
kinds of adsorption sites (efficient toward cations
and anions), eco-friendly (biodegradable and bio-
compatible) and easy to separate from an aqueous
solution. The non-toxicity of the CS/MGO composite
has been demonstrated by Samuel [47]. The affin-
ity of CS/MGO hybrids toward anionic and cationic
dyes is reported in several articles [37,48-50]. A
lot of studies reported maximum adsorption up-
take of about 100 or even several hundreds mg-g™!
for cationic metals such as Cu?* [51,52], Pb**
[14,40,51,53] Hg?" [54] and Au®* [14] on CS/MGO,
depending on the temperature, the pH, the equi-
librium time, the initial concentration of adsor-
bent and the composition of the CS/MGO hy-
brid. The adsorption capacities of a metal on the
CS/MGO hybrid are sometimes reported to be higher
(Qmax = 381 mg-g~! for Hg?*) [54] than on pure MGO

(Qmax = 35 mg-g~! for Hg?") [55]. Indeed, Liu et
al. [14] showed that a CS/MGO composite (5 wt% of
MGO) without crosslinking, had higher adsorption
capacities (1076 mg-g~! and 216 mg-g~! for Au®>* and
Pb?*, respectively) than a composite prepared from
cross-linked CS (990 mg-g~! for Au®* and 180 mg-g~!
for Pb?").

The adsorption of Zn?* was reported on the hy-
brid imprinted polymer CS/MGO showing a maxi-
mum adsorption capacity close to 71 mg-g~! [56]. To
the best of our knowledge, the Zn?>* or MTP adsorp-
tion was never studied on CS/MGO composite. From
literature, CS/MGO composites have an effective ad-
sorption toward metal pollutants (both anions and
cations) [57], but data concerning organic ions and
metal cation-organic molecule mixture removal is
limited. Thus, our aim was to study carefully the ad-
sorption of a mixture of an organic pollutant (MTP)
and a metal cation (Zn?*) on CS/MGO composites.

For this purpose, pure and hybrid CS/MGO beads
have been prepared with two different MGO mass
contents (1.5 and 3 wt% in the precursor CS solution).
The prepared beads were used to study the kinetics
and adsorption isotherms of Zn?* ions and MTP in
water. In this paper, adsorption mechanisms are dis-
cussed and correlated to the bead’s properties. The
selectivity of the same CS/MGO beads toward a MTP-
Zn?* mixture is also discussed. The beads’ regenera-
tion and their efficiency after five cycles have been
studied. The novelty of this work is the comparison of
the hybrid CS/MGO beads prepared with two differ-
ent MGO mass contents for the adsorption properties
of two pollutants of different characteristics: a metal-
lic cation (i.e., Zn*) and an organic one (i.e., MTP).

2. Materials and methods
2.1. Chemicals

The CS powder (deacetylation degree of 89%, molec-
ular weight (My) 175,000 g'mol™!) was purchased
from France CHITINE (Orange, France).

MGO was obtained by the Hummers method [58]:
in brief, 10 g of graphite powder (Timrex® KS4
graphite, from IMERYS, Switzerland) was first mixed
with 5 g of sodium nitrate (>99 wt%). In this mix-
ture, 230 mL of sulphuric acid (95-97 wt%) was
added slowly while maintaining the temperature be-
low 5 °C. After homogenization, 30 g of potassium
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Figure 1. Molecular structure of (a) MGO, (b) CS and MTP at pH 6.5.

permanganate (>99 wt%) and 460 mL of distilled wa-
ter were added. Finally, 80 mL of hydrogen peroxide
(30 wt%) was added. After washing with distilled wa-
ter, filtration, drying and grinding, the Multilayered
Graphene Oxide (MGO) was obtained (Figure 1a).

Zinc chloride (>98 wt%) and MTP (>98 wt%)
were purchased from Sigma-Aldrich. With pKal/
pKa2 values equal to 9.7/14 [59], MTP is in a cationic
form at natural water pH (pH = 6.5) (Figure 1c).

2.2. Preparation and characterization of the
beads

2.2.1. Hydrogel bead preparation

Firstly, the synthesis of hybrid CS beads contain-
ing MGO powders was investigated (Figure 2). The CS
powder was dissolved in a 0.5 mol-L~! acetic acid so-
lution to obtain a viscous solution of 2.1 wt% con-
centration. The MGO powder charge was dispersed
at 3.2 wt% in the same volume of 0.5 mol-L™! acetic
acid using an ultrasonic probe (20 kHz, 1 h). Then the
two solutions were mixed (CS and charges). Finally,
small amounts of either CS powder or MGO powder
were added step-by-step to get the desired 1.5 wt% or
3 wt% MGO concentration, respectively, in the mix-
ture solution. The latter solution was stirred over 24 h
before shaping the hybrid beads.

To shape the beads, the solution was passed
through a 1.2 mm diameter syringe using a peristaltic
pump at 20 mL-min~!. The formed drops fell into a
10 wt% NaOH gelation bath, and 2 mm diameter hy-
brid CS beads having good size homogeneity and the
required stability were obtained (Figure 2).

Prior to any use, the beads were washed un-
der agitation in distilled water, until neutral pH was
reached. The beads were either kept in distilled water
to study their adsorption properties or freeze-dried

for characterization purposes (gas adsorption, in-
frared spectroscopy). The freeze-drying included first
a dipping step in liquid nitrogen then a vacuum step
(1 Pa) to sublimate water.

Pure CS beads were prepared in the same way
(Figure 2), from 3.5 wt% CS solution prepared in
0.5 mol-L™! acetic acid. Three types of beads were
thus studied: pure CS beads referred as 1-CS, and
hybrid CS beads containing 1.5% of MGO (2-CS/
1.5MGO) and 3% of MGO (2-CS/3MGO). The chi-
tosan powder is referred as CS.

2.2.2. Characterization

The chemical composition was determined by
elemental analysis (CHONS-FLASH2000, Thermo
Scientific). In order to determine the surface groups
and surface charge of the raw materials, potentio-
metric titrations were performed with an automatic
titration instrument (Titrino Plus, METROHM). Sam-
ples (100 mg of CS or MGO powders) were dispersed
in 75 mL of a 0.01 mol-L™! sodium nitrate solution
and stirred for 48 h. Then pH was adjusted to 3 by
adding a controlled amount of HCI (0.1 mol-L 1)
and titration was performed using 0.1 mol-L™! NaOH
solution.

To identify the interactions between CS and MGO,
infrared absorption spectra were recorded with
a Nicolet 6700 Thermo Scientific Spectrometer.
The FTIR spectra of raw material and beads (dried
and crushed) were obtained using the transmission
mode. Dried KBr and 2-10 wt% of sample were mixed
and ground. 100 mg of the ground mixture was com-
pressed under 10 tons/cm? pressure to obtain pel-
lets. The spectra were recorded using an average of
128 scans with a resolution of 4 cm™!.

The morphology of MGO was observed with a
Philips CM20 Transmission Electron Microscope
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Figure 2. Schematic representation of the chitosan/hybrid beads synthesis method.

(TEM). The porous texture of the hybrid materials
was characterized by scanning electronic microscopy
using a Cryo-SEM (S4500HITACHI). After immersion
in liquid nitrogen at —196 °C, the beads were frac-
tured and introduced in a transfer chamber, then ice
was sublimated at —70 °C under vacuum (1073 Pa) in
order to preserve the porous network free of water,
allowing its observation.

Powder X-ray diffraction (XRD) of MGO was
recorded with a Thermo Electron ARLXTRA diffrac-
tometer equipped with a Cu anode and Si(Li) solid-
state detector, to measure the dy; interlayer distance
of MGO.

Nitrogen adsorption-desorption experiments at
77 K (ASAP 2020, Micromeritics) were performed to
determine the BET specific surface areas (P/ P, rang-
ing from 0.05 to 0.3) of the powdered samples and
freeze-dried beads after degassing under vacuum
(0.26 mPa, 80 °C, 72 h to avoid any degradation of CS).

The raw materials and the prepared beads were
analysed by TGA (heating rate of 10 °C-min~!) under
a nitrogen flow (1 L-h™!). The amount of water and of
each component in the beads (i.e., CS and MGO) was
thus quantified.

2.3. Adsorption studies

The adsorption kinetics of 1.5 mmol-L~! solutions of
ZnCl, and MTP were conducted at 25 °C and pH 6.5
(adjusted with NaOH or HCI if necessary), using
200 mg of single adsorbent in 100 mL of solution.
Ultra-pure water (Owater = 0.055 uS-cm‘l) was used
as solvent. Samples of 0.1 mL (Zn?*) or 0.5 mL (MTP)
were taken out from the solution at different times
between 2 min and 48 h. The MTP concentration
was followed by UV spectroscopy (Cary100, Agilent)
at 229 nm. The Zn?* concentration was analysed by
atomic absorption spectroscopy (Z-8100, Hitachi).

Calibration curves were established in the range
of 0.2-1.2 mg'L™! (1 = 213.9 nm, detection limit:
0.008 mg-L~1).

The kinetic experimental curves were fitted by the
pseudo-first-order (1) and pseudo-second-order (2)
models:

Q)= Qp-(1-e k7 0]
ko-Q2,-t

)=———— 2

Q) 1+(k2'Qm't) (@)

where Q(f) (mmol-g™}) is the adsorbed amount as a
function of time (t), Q,, is the maximum adsorbed
amount (mmol-g‘l) in the experimental conditions,
k1 (min~1) and & (g~mmol_1'min_1) are the velocity
constants for the first-order and second-order equa-
tions, respectively.

The adsorption isotherms were studied by adding
20 mg of CS beads or 5 mg of hybrid CS/MGO
beads in 100 mL of pollutant solution at differ-
ent concentrations (0.2-2 mmol-L™1). After six days
of orbital agitation (175 rpm, room temperature),
the solutions were filtered and analysed by UV-
visible or atomic absorption spectroscopy. The ex-
perimental isotherms were fitted using the Langmuir
equation (3), the Freundlich equation (6) and the
Langmuir-Freundlich equation (7):

_ Qmax* K- Ce
Qe=—""7—~+

1+ (K- Ce)
where Q. is the equilibrium pollutant amount ad-
sorbed on sorbent (mmol-g™!). Q. was calculated ac-
cording to the following equation:

Qo = (Co—Co) xV
m
where Cy, C, are the initial and equilibrium con-
centrations of pollutant (mmol-L™!) respectively,
V is the solution volume (L), m is the adsorbent
weight (g), Qmax the maximum adsorption capacity

3)

(4)



210 Farida Bouyahmed er al.

of the sorbent (mmol-g™!) and K} is the Langmuir ad-
sorption constant (L-mmol ') used in (3). The Lang-
muir model assumes that adsorption takes place at
uniform energy sites on the surface of the adsorbent,
adsorption being rather considered monolayered.
The Freundlich isotherm model assumes a multi-
layered adsorption on a heterogeneous adsorbent
surface with different energy sites.

The separation factor (R;) was also calculated as

follows:
1

=—— (5)
1+K;-C,

where R; indicates if the adsorption process is fa-

vored or not. The adsorption is irreversible if Ry = 0,

favorable if 0 < Ry < 1 and unfavorable for Ry = 1.

Qe=Kg-C'". (6)

In (6), Kr (L-g™!) and n are the Freundlich adsorp-
tion constants indicating the extent of the adsorp-
tion (relative adsorption capacity), and the degree of
nonlinearity between the amount of adsorbed pollu-
tant and the pollutant concentration in the solution,
respectively.

Ry

Qmax(KLF ‘ Ce)b
=" 7
Q 1+ (Kip- Co)b @

In (7), Kip (L-mmol™) and b are the Langmuir-
Freundlich adsorption constants. The quality of the
adjustment procedure was given by the R? correla-
tion coeflicient.

In order to evaluate the adsorption efficiency sites,
and to compare the adsorption ability of the raw ma-
terial and the hybrid material, the number of the the-
oretically available adsorption sites was calculated
considering the mass of each material within the hy-
brid beads. For this calculation, the total adsorption
amount is assumed to be the sum of the adsorp-
tion uptake of each component in the hybrid sys-
tem. These values were compared to the measured
adsorption capacity to obtain the percentage of oc-
cupied active sites.

2.4. Study of adsorption selectivity between Zn**
and MTP

In order to study the adsorption selectivity of the
beads towards organic and inorganic cations, a ki-
netic study was carried out using the more ho-
mogeneous beads (2-CS/1.5MGO) as adsorbent in
an equimolar mixture of MTP and Zn?*. Precisely,

200 mg of beads were added to 100 mL of a MTP-Zn?*
equimolar mixture solution with a total initial con-
centration ([Zn®*] + [MTP]) set at 0.75 mmol-L},
1.5 mmol-L~! and 2 mmol-L~! to evaluate the compe-
tition effects. The three kinetics were studied at room
temperature and at pH 6.5, under magnetic stirring
at a 250 rpm constant speed.

2.5. Study of the bead’s regeneration

The 2-CS/1.5MGO beads loaded with MTP and
Zn** were selected for the regeneration studies. An
adsorption—-desorption cycle was repeated five times.
Firstly, MTP or Zn?>* adsorption was conducted using
100 mg of beads in 100 mL of 1 mmol-L™! pollutant
solution, at room temperature and pH 6.5. After 48 h
magnetic stirring (250 rpm), the adsorbed pollutant
amount (n,4s) was calculated using (8):

Nads = (Co—Cp)*x V 8)

where Cy and Cy are the initial and final concen-
trations of the pollutant in the solution (mmol-L™1),
measured by UV-visible or atomic absorption spec-
troscopy and V (L) the volume of the solution.

Then the beads were separated from the pollutant
solution and rinsed with distilled water. For the re-
generation step, beads were added to a 100 mL HCl
solution at pH 4 and kept under stirring (250 rpm) at
room temperature for 72 h. The amount of desorbed
pollutant (n4es) was then determined using (9).

Ndes = (Crp— Cro) * V 9

where C,o and C,r are the concentrations
(mmol-L™1), measured by UV-visible or atomic ab-
sorption spectroscopy at the beginning and at the
end of the regeneration step and V the volume of the
solution.

Finally, the regeneration percentage (R,%) was
calculated using (10).

Ndes
Nads

R% = ( ) * 100. (10)

3. Results and discussion

3.1. Characterization of the hybrid beads and
their components: CS and MGO

MGO shows an acidic pHy: of 3.2 due to the large
amount of acidic oxygenated functional groups gen-
erated during its synthesis while a strong oxidation
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Figure 3. pKa value and amount of functional
groups (mmol-g™!) of CS and MGO raw
material.

of graphite occurs. The total amount of acidic oxy-
genated groups is ~4.5 mmol-g~!. Parts of them are
carboxylic groups (1.4 mmol-g~!) but most of them
are phenolic-type groups having a high pK, (11).
The presence of such acidic groups boosts MGO’s
ability to adsorb cationic species through electro-
static interactions. Indeed, at pH 6.5 only carboxylic
functions are deprotonated and appear as anionic
groups. Two types of carboxylic groups having pK,
values of 3 and 5 are quantified at 1 and 0.4 mmol-g~!
respectively (Figure 3).

CS shows a basic pHy: of 9.6 due to the large
amount of amine functional groups generated by
the deacetylation process of the chitin precursor.
The total amount of CS functional-groups is around
5 mmol-g~!. CS surface functionality includes mainly
oxygenated groups and NHJ groups capable of ad-
sorbing anionic species through electrostatic inter-
actions and to interact with cations through nitrogen
doublets forming chelating bonds [24]. In addition,
the CS chains include 5 Inmol-g’1 of NH, (calculated
from the length of the chains M w = 175 kg-mol ™! and
the deacetylation degree 0.89). At pH 6.5, only half of
the amine groups are protonated, thus CS includes
2.5 mmol-g™' of NH} groups and 2.5 mmol-g~" of
NH; groups.

The raw CS and MGO are both oxygen-rich ma-
terials as evidenced by their elemental analyses
(Table 1, O content > 30 wt%). CS possesses a rel-
atively high amount of nitrogen (7 wt%) in agree-
ment with the amine and amide presence on the
polysaccharide polymer skeleton. The carbon atoms

(a)

Transmittance (a.u)

M(c)

—(d)

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'1)

Figure 4. FTIR spectra of (a) CS, (b) MGO,
(c) 2-CS/1.5MGO and (d) 2-CS/3MGO.

Table 1. Chemical composition and surface
functional groups of CS powder and MGO

Material CS powder MGO

0) 37.0 33.0

Chemical C 42.3 56.2

composition (wt%) H 7.1 2.1

N 7.4 0.0

S 0.0 0.7

pHzc 9.6 3.2

i 3<pK, <7 5.0 1.4

Functional groups

-1 7<pK,<11 0.5 3.1
(mmol-g—) a

Total 5.5 45

(56 wt%) in MGO belong to the graphene sheets. The
hydrogen atoms (2.1 wt%) are included in hydroxyl,
carboxylic and phenolic surface groups. The traces of
sulfur (0.7 wt%) correspond to sulfuric acid residues,
originating from the MGO preparation process. For
CS and MGO, the total amount CHONS elements is
less than 100% which can be explained by the pres-
ence of material impurities including some minerals.

FTIR analyses were carried out to confirm the
MGO synthesis and to ensure that the MGO spectrum
(Figure 4b) and its characteristic bands (Table 2) are
comparable to the reported ones.

MGO possesses typical bands: OH groups at
1397 and 3419 cm™!, C-O of acids, alcohols, phe-
nols, ethers and esters groups at 1050 cm™!, C=0
of the carboxylic acid and carbonyl groups at
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Table 2. FTIR characteristic bands of CS, MGO and CS/MGO beads

Assignment Wavenumber (cm™!)
CS [25,60] MGO [37,54] CS/MGO
v(C-0, C-0-C) (polysaccharide skeleton) 898, 1026, 1081 and 1152 - 898, 1070, 1150
vN-H(NH>), v(N-H) 1422 - 1422
uvN-H (amide) 1653 - 1653
v(C-H) 2850, 2890 - 2850, 2890
v(C-CH3s) 1384 -
vC-CHjy asymmetric banding 1418 -
vC-OH 1259 -
vO-H, N-H 3400 1397 1384
3419 3417
vC=0 (carboxyl) - 1717 1717
vC=C - 1570 1575
vC-0 (epoxy) i 1230 1235
vC-0 (carbonyl, carboxyl) 1050

1717 and 1230 cm ™! and C=C of the graphene planes
at1570 cm™ 1.

FTIR analyses were performed on the hybrid
beads in order to prove that the MGO previously
incorporated into the CS solution had been suc-
cessfully transferred into the beads. The CS FTIR
spectrum (Figure 4a) displays the well-known peak
signature of the CS skeletons at 898 and 1152 cm™!
corresponding to stretching bands of the polysac-
charide skeleton (C-O and C-O-C bonds) [60]. The
band at 1259 cm™! is attributed to the alcohol (OH)
group’s stretching band, the 1384 cm™! band to the
CH3 asymmetric bending and the 1418 cm™! band
to the C-N axial vibrations and N-H angular bend-
ing. The bending vibrations of NH, groups appear at
1422 cm™L.

The vibration of acetamide groups appears at
1653 cm™!, the stretching modes of C-H bonds at
2850 and 2890 cm™! and the vibration of amine and
hydroxyl groups is observed at 3400 cm™!.

The IR spectra of the CS/MGO hybrid beads
(Figure 4c, d) display mainly the bands of CS because
of the low amount of MGO in the blended materials
and the high intensity of the CS IR bands.

TEM observations show the MGO morphology
(Figure 5a) as a stacked multi-layer planar graphene
oxide comprising three to eight stacked layers [61].
The 001 reflection peak observed by XRD analysis at

20K,Cu = 13.3°, corresponds to a dyp; = 0.6 nm mean
interlayer value. Additionally, from the half-height
width of this reflection (2°), an average of six ran-
domly stacked graphene-oxide layers is calculated
according to the Scherrer equation.

According to the cryo-SEM images, the 1-CS beads
(Figure 5b) and 2-CS/1.5MGO (Figure 5c) hybrid
beads are observed to be relatively homogeneous.
The presence of non-dispersed MGO aggregates
(4 um approximate size) in 2-CS/3MGO (Figure 5d)
beads show that they are less homogeneous than
2-CS/1.5MGO indicating a limited dispersion of
MGO in the CS gel.

The water mass loss is observed by TGA in the
range 25 °C-225 °C. The higher the MGO loading
content, the lower the water content within the beads
(Table 3). Between 250 °C and 400 °C the decompo-
sition of CS and MGO is observed. The mass losses
show that the hydrogel beads contain 86-90 wt% of
water. The 2-CS/1.5MGO and the 2-CS/3MGO hybrid
beads contain approximately 10 wt% and 14 wt% of
solid mixture, respectively. As the CS and MGO ther-
mal decompositions occur simultaneously, the de-
termination of the CS and MGO relative amounts is
not accurate using TGA analysis.

One of the expected benefits of preparing hybrids
with CS is to increase the porosity. Indeed, the raw CS
powder has a BET specific surface area of 2 m?-g~!
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Figure 5. TEM images (x15,000) of MGO (a), Cryo-SEM (x5000) of 1-CS (b), 2-CS/1.5MGO (c) and

2-CS/3MGO (d).

Table 3. Water content and mass of active material in raw material and in hydrogel beads measured by

TGA and their BET specific surface areas

Material 1st mass loss Am/m (%)*  2nd mass loss Am/m (%)** SBET
25< T (°C) < 225 250 < T (°C) < 400 (m?-g 1
CS 6 66 2
MGO 17 32 38
1-CS 90 3 35
2-CS/1.5MGO 89 4 67
2-CS/3MGO 86 4 33

*The first mass loss corresponds to the water content, **the second mass loss corre-

sponds to CS and MGO degradation.

while the freeze-dried beads are much more porous
(Sger = 35 m?-g~!, Table 3).

The Sggr of 2-CS/1.5MGO freeze-dried beads
(67 m?.g~!) is almost twice that of pure CS beads.
However, the increase in the MGO proportion leads
to the formation of more compact and less porous
2-CS/3MGO beads explaining their Sggr reduction
(33m?.g7h).

3.2. Kinetics adsorption study

3.2.1. Zn®* adsorption kinetics

Zn** ions are known to be adsorbed by chela-
tion on CS thanks to the non-binding oxygen and
nitrogen doublets of the hydroxyl and amino groups.
Using the kinetic study condition, 21% of the Zn>*
initial amount was adsorbed by the powdered CS
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Table 4. Kinetics parameters of the model fitting for the adsorption of Zn?>* and MTP on the CS, MGO

and hydrogel beads
Adsorbent  Kinetics Zn** MTP
model” Kinetics parameters Kinetics parameters
kp (min™1) k1 (min™1)

R &y (g-mmol_l-min_l) Qm (mmol-g_l) R?

ko (g-mmol_1 -min~1) Qm (mmol~g_1)

s Ist 094 0.14+0.1 0.16+0.01 0.97 1+0.0 9.3x108%+2x1077
2nd 091 2+1 0.17+0.02 0.98 0.05+0.02 9.7x1076+2x1077
MGO Ist  0.98 0.9+0.1 0.670+0.005  0.76 0.07+0.02 0.51+0.03
2nd 099 3.4+0.4 0.679+0.003  0.88 0.20+0.05 0.55+0.02
1-CS Ist  0.97 0.8+0.1 0.097 +0.002 0.85 0.026 +5x 1073 0.0051+4x107*
2nd 097 19+6 0.099+0.002  0.83 6+2 0.0058+5 x 1074
-4 -4
9.CS/15MGO st 0.98 0.012 +0.001 0.280+£0.007  0.98 164x107%+6x10 0.212 +0.002
2nd 097 0.048 +0.008 0.30+0.01 0.98 105x103+7x1073 0.228 +0.003
—4 —4
9-CS/3MGO Ist  0.95 0.016 +0.002 0.47 +0.02 097 97x107*+5x10 0.518 +0.006
2nd  0.99 0.038 +0.004 0.53+0.01 0.99 248x107*+7x107* 0.558+0.003

*Kinetic model, 1st: pseudo-first-order, 2nd: pseudo-second-order.

(Qm =0.16 mmol-g~! = 10 mg-g™!) indicating a 6.4%
occupation rate for the NH; sites. The low Q,, value
compared to the NH, available site concentration
(2.5 mmol-g™}!) is explained by the diffusion limita-
tion of adsorbate in the CS particles because of the
low accessibility of the adsorption site.

Pure CS beads are less effective than CS powder, as
13% of the initial amount of Zn?* was adsorbed cor-
responding to 4% of NHj sites (Q,, = 0.1 mmol-g~! =
6.5 mg-g~1). The decrease in the number of occupied
sites compared to powdered CS is attributed to the
sites’ consumption owing to the intermolecular in-
teractions within the polymer chains after the beads’
coagulation.

Table 4 indicates that the Zn>* adsorption kinetics
of the CS powder (CS) and CS hydrogel beads (CS-1)
are better fitted by a first-order model as R? value
is closer to one (Table 4). The kinetic constants in
Table 4 shows that the adsorption is at least four
times faster in the beads than in raw CS owing to a
higher porosity and a higher exchange surface.

Zn** adsorption on the MGO powder is very fast
in comparison with adsorption on the CS powder. For
adsorption of Zn** on MGO, both first- and second-
order models fit well the experimental data (Table 4).
Ninety one percent of the Zn?* initial amount is
adsorbed onto raw MGO (Q,, = 0.68 mmol-g~' =
44.5 mg-g”!). The high affinity of Zn?* to MGO is

attributed to electrostatic interactions with the car-
boxylic groups. By assuming a chelation by the car-
boxylic acid, 49% of the MGO carboxylic groups
would be occupied.

The kinetic curves and adsorption data (Figure 6,
Table 4) show that both models (first- and second-
order models) are possible for describing 2-CS/
1.5MGO kinetics whereas the pseudo-second-order
model is the most reliable one for 2-CS/3MGO. Using
the second-order model, the kinetics constant is
higher for 2-CS/1.5MGO than for 2-CS/3MGO sug-
gesting that the Zn?" transfer towards the adsorp-
tion sites is faster as the Sggr reaches a high value
(67 m2-g~! for 2-CS/1.5MGO in comparison with
33 Inz-g’1 for 2-CS/3MGO) and the MGO amount
is low (1.5%). The presence of MGO enhances the
adsorption sites accessibility for Zn?*, suggesting
that the pseudo-second-order model better fits the
kinetic data.

Figure 6 shows that 2-CS/1.5MGO (Q, =
18 mg-g™!) and 2-CS/3MGO (Q,, =~ 34.6 mgg™})
beads are three times and five times more effective
for zinc adsorption than the CS beads, respectively.
Globally, 13% of the beads’ sites (amino + hydroxyl
groups of CS + carboxylic groups of MGO) were
occupied in 2-CS/1.5MGO and 27% in 2-CS/3MGO.

Assuming that adsorption on the two compo-
nents (CS and MGO) in the hybrid material is purely
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Figure 6. Adsorption kinetics of pure and hybrid hydrogel CS beads towards Zn?* (a) and MTP (b). The
continuous lines represent calculated data using the best-fitting model.

additive, the adsorbed amounts of zinc by CS in
the 2-CS/1.5MGO and 2-CS/3MGO beads were esti-
mated by taking into account the mass proportion
of each component. According to this calculation,
the zinc adsorption uptakes by CS were estimated to
be 0.07 mmol-g~! and 0.05 mmol-g~! in the 2-CS/
1.5MGO and 2-CS/3MGO beads, respectively. More-
over, 45% of the available MGO carboxylic sites could
be occupied by Zn?* in 2-CS/1.5MGO and 69% in 2-
CS/30G.

These results show that MGO is very effective
for Zn?* removal even when mixed with CS and its
COO™ sites are accessible for providing electrostatic
interactions with these cations. The MGO behaves
in a way similar to an ion exchange resin, suggest-
ing the possibility of its regeneration in an acidic
environment.

3.2.2. Metoprolol adsorption kinetics

CS powder and CS beads have a low MTP adsorp-
tion capacity. Only 1.2% (Q,, = 0.009 mmol-g~! =
25 mgg!) and 0.8% (Q, = 0.006 mmolg™!' =
1.5 mg-g™!) of the MTP initial amount is adsorbed by
powdered CS and CS beads, respectively. These low
MTP uptakes are explained by repulsions between
the adsorbent and the adsorbate owing to the posi-
tive charge of CS. The interactions between MTP and
CS could be hydrogen bonding between CS amine
and hydroxyl groups. The decrease in the beads’ ad-
sorption capacity compared to the powder could be
explained by the unavailability of the NH, and OH
sites which are involved in hydrogen bonding be-
tween the polymer chains within the beads. As MTP

adsorption on CS powder and on CS beads is very
low, the comparison and discussion of the simulated
kinetics data appear difficult.

As expected, MGO is very effective towards MTP
adsorption thanks to its negatively charged surface.
Seventy three percent of the MTP initial amount
is adsorbed at a 0.55 mmol-g~! adsorption uptake
(147 mg-g™1). Mainly electrostatic interactions are re-
sponsible for the binding between MTP and MGO
but the quantification of the two contributions is
not possible. Assuming that MTP is mainly adsorbed
by electrostatic bonds on carboxylic sites, approxi-
mately 40% of these MGO sites would be occupied.

The adsorption kinetics of MTP on MGO powder
is better fitted by a second-order model (Table 4) in
agreement with the different types of MGO anionic
sites. MGO adsorption sites are well accessible for
MTP molecules as the kinetic constant for adsorp-
tion on MGO is higher than that for adsorption on hy-
brid beads 2-CS/1.5MGO and 2-CS/3MGO (Table 4).
Both the first and the second-order models can fit
the MTP adsorption kinetics by 2-CS/1.5MGO and 2-
CS/3MGO beads (Table 4).

The blending of MGO with CS yields effi-
cient hybrid materials such as 2-CS/1.5MGO
(Qm = 0.23 mmol-g~! = 61 mg-g~!) and 2-CS/3MGO
(Qm = 0.56 mmol-g~! = 149 mg-g~!) beads which
adsorb 35 and 100 times more than pure CS beads
(Figure 6), respectively. The adsorption mecha-
nism of MTP by materials including MGO may be
also explained by chemisorption (electrostatic) on
MGO. Assuming that CS is almost inert with respect
to MTP and that adsorption mechanism involves
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only the carboxylic sites, therefore 50% and 80% of
these sites would be occupied in 2-CS/1.5MGO and
2-CS/3MGO, respectively. The high ratio of the oc-
cupied adsorption sites illustrates the good acces-
sibility to the MGO sites within the hybrid beads.
The MGO incorporation to CS brings anionic ad-
sorption sites, as well as a good accessibility to these
adsorption sites thanks to the porosity improvement
of the beads (Table 3). However, the MTP adsorption
kinetics are faster (Table 4) for pure MGO than for
MGO-CS blended hybrids. The mixing of MGO with
an inert CS matrix has the effect to slow down the
MTP diffusion through the beads, thus moderating
its adsorption kinetic.

3.2.3. Beads’ selectivity

Because Zn’" and MTP pollutants may coexist
in wastewater, the simultaneous adsorption of the
two species were studied. Adsorption kinetics of
an equimolar mixture of Zn?>* and MTP on 2-CS/
1.5MGO beads were studied at total pollutant ini-
tial concentrations ([Zn2*] + [MTP]) of 0.75, 1.5 and
2 mmol-L™! as reported in Figure 7. The fitted kinet-
ics parameters are listed in Table 5.

According to Table 5, the second-order model
better fits the experimental kinetics whatever the
pollutant (MTP or Zn?*) and the initial concen-
trations. The kinetics constant rates for MTP ions
are increasing together with initial concentration
(Table 5). This is in agreement with MTP adsorp-
tion kinetics controlled by diffusion into the hybrid
beads. By contrast the kinetics constant rates for
Zn?* ions decrease with increasing concentrations.
This unexpected result might be related to the pres-
ence of various adsorption sites with various affini-
ties for Zn?* and showing different adsorption ki-
netics on MGO and CS sites. The kinetics on MGO
sites could be quicker than on CS sites as previ-
ously observed (Table 4). Thus, at low concentration
(0.75 mmol-L 1), the MGO sites could be preferen-
tially occupied by Zn?*, and at concentrations higher
than 1.5 mmol-L~!, the Zn?* could be also adsorbed
on CS sites through chelation by CS amine groups.

Figure 7 shows that almost the same amounts
(0.10-0.12 mmol-g~!) of MTP and Zn?* are adsorbed
at an initial concentration of 0.75 mmol-L™!. But
on progressively increasing the initial concentra-
tion up to 2 mmol-L!, a MTP adsorption uptake
stabilization (at about 0.12 mmol-g’l) is observed as

well as an increase in the Zn?* uptake reaching about
0.3 mmol-g~! (Table 5).

The adsorbed MTP amount for the 1.5 mmol-L™!
and 2 mmol-L™! initial concentrations are quite sim-
ilar (Figure 7), because the MTP adsorption sites
are saturated or unavailable while Zn?>* ions adsorp-
tion uptake still increases with the initial concentra-
tion as their adsorption sites are still available. This
could be related to a competition effect between the
MTP and Zn?* adsorption sites in these conditions.
The adsorption competition between MTP and Zn?*
could occur on MGO sites (electrostatic interactions
between cations and MGO carboxylic groups). The
Zn’* is expected to have a higher interaction en-
ergy with the MGO sites than with MTP because of
its divalent charge compared to the single one of
MTP cation.

For a 1.5 mmol-L~! concentration, and a single ad-
sorption on 2-CS/1.5MGO beads, only 37% and 30%
of the Zn?* and MTP initial amounts are adsorbed,
respectively. In comparison, at the same concentra-
tions in an equimolar adsorbate mixture (Figure 7),
70% and 38% of the Zn?* and MTP initial amounts
are adsorbed, respectively. Thus, a synergistic ad-
sorption effect is observed for the mixture leading to
higher uptakes despite the coexistence of two types
of pollutants which can compete on some adsorption
sites.

3.2.4. Conclusion on the adsorption kinetics

In terms of adsorption capacity, the beads con-
taining MGO are more effective than pure CS ones.
Indeed, the MGO brings new accessible and active
adsorption sites for both 7Zn%* and MTP In addition,
for 2-CS/1.5MGO beads, the increase in porosity in
comparison with 1-CS beads allows an improved ad-
sorbate transfer and a greater adsorption capacity.
For all adsorbates, despite the increase in adsorption
capacity together with the MGO loading ratio, the ad-
sorption speed should depend on the accessibility to
the CS and MGO adsorption sites by diffusion within
the beads (Table 4). This accessibility is also related
to the porosity.

Moreover, the number of oxygenated sites of pure
MGO occupied by Zn?* is greater than the num-
ber of MTP-occupied sites due to MTP’s larger size.
In MGO-loaded CS beads, MTP is adsorbed in the
same range as Zn>*, showing the important adsorp-
tion role of the two components: MGO and CS.
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Figure 7. Adsorption kinetics of MTP and Zn?* on 2-CS/1.5MGO beads in an MTP-Zn?* equimolar
mixture at different initial concentrations. The continuous lines represent calculated data using the best-
fitting model.

Table 5. Kinetics parameters of the model fitting for adsorption of MTP and Zn?* on 2-CS/1.5MGO beads
at various initial MTP-Zn?* equimolar concentrations

[MTP+Zn?*]i* Kinetics Zn?* MTP
(mmol-.L™")  model** Kinetics parameters Kinetics parameters
K (min~!) Ky (min™h)
R? K> (g-mmol_1~min‘1) Qm (mmol-g_l) R? K (g-mm01_1~min‘1) Qm (mmol~g_1)

0.75 1st 0.90 0.016 £0.003 0.130+0.005 0.96 0.0058 + 0.0006 0.109+0.003

2nd 0.97 0.15+0.02 0.142 +0.004 0.99 0.065 +0.006 0.120+0.003

15 1st 0.97 0.010+0.002 0.235+0.009 0.97 0.011+0.002 0.129 +0.005

2nd 0.99 0.051 +£0.004 0.263 +0.004 0.99 0.10+0.01 0.143+0.003

2 1st 0.98 0.008 +0.001 0.29+0.01 0.93 0.020+0.004 0.131+0.006

2nd 0.99 0.032 +£0.005 0.33+0.01 0.97 0.20+0.04 0.143 +0.006

*Initial concentration of MTP and Zn?>* (mmol-L™!), **kinetics model 1st: pseudo-first-order, 2nd: pseudo-second-order.

The Zn?* and MTP adsorption on raw material (CS
and MGO) occurs faster than on hybrid beads as far
as adsorption sites are more directly accessible on the
raw adsorbents.

The adsorption kinetic constants are in agreement
with the MGO amount introduced into the hybrid
beads: the higher the MGO content, the lower the
porous surface area generated into the bead network
and therefore the lower the adsorption kinetics.

3.3. Adsorption isotherms

3.3.1. Simulation of experimental isotherms

Figure 8 represents the adsorption isotherms at
25 °C of Zn?* (a) and MTP (b) by the pure CS and the
hybrid CS beads. The calculated adsorption capaci-
ties and adsorption parameters are given in Table 6.

As shown in Figure 8a, b, regardless of the cationic
adsorbate type (MTP or Zn?"), adsorption capacities
are higher for 2-CS/3MGO made at a higher MGO
loading rate. This result demonstrates the great im-
portance of MGO in the hybrid material for MTP
and Zn?* adsorption, MGO being more efficient
than CS.

3.3.2. Interpretation of Zn** adsorption isotherms

Zn?* adsorption isotherms on pure CS beads
and on the CS/MGO hybrid beads, 2-CS/1.5MGO
and 2-CS/3MGO, are better fitted by the Langmuir—
Freundlich models with adsorption capacities of 40,
109 and 236 mg-g~!, respectively (Table 6). De-
spite a quite moderate Q,, value found on pure
CS beads, the Ry value (between 0 and 1) suggests
a spontaneous adsorption of Zn?>* on CS through
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Figure 8. Adsorption isotherms of Zn?* (a) and MTP (b) on pure and hybrid CS beads. The continuous
lines represent calculated data using the best-fitting model.

Table 6. Adsorption isotherm parameters deducted from Langmuir, Freundlich and Langmuir-

Freundlich model fitting

Model Constants Zn?* MTP
1-CS  2-CS/1.5MGO 2-CS/3MGO 1-CS  2-CS/1.5MGO 2-CS/3MGO
Omax (mmol-g™))  0.62+0.08 1.67+0.09  3.6+0.2 02400  041+0.02 0.608+0.001
Langmuir Kz (Lmmol™)  07£02  3.9:07 1.2+0.2 0.49+0.05 1243 25+2
R? 0.989 0.985 0.994 0.94 0.954 0.991
RL 0.46 0.12 0.28 1 0.07 0.03
Kp (mmol- V7117 0244001 1.29+0.04 1.91+0.07  0.059+0.001 0414002  0.60+0.03
Freundlich n 16402  2.8+03 1.8+0.2 0974003  3.7+0.6 52409
1n 0.63 0.36 0.56 1.03 0.27 0.2
R? 0.980 0.981 0.969 0.997 0.929 0.92
Omax (mmol-g™) 054021  2.2+0.4 32403 0.2 045+0.07  0.61+0.02
Langmuir- K (Lmmol™)) 09405  1.9+1.1 17403 0.60 +0.02 1045 26+3
Freundlich b 11+03  0.7+0.1 1.2+0.1 1.5+0.1 0.8+0.2 1+0.1
R? 0.987 0.993 0.994 0.996 0.952 0.990

complexation with the nitrogen amine group’s free
doublet. Zn?* adsorption on CS/MGO hybrid beads
can occur simultaneously by a multilayer mechanism
both on CS and on MGO adsorption sites. In the hy-
brid beads, electrostatic interactions are indeed cou-
pled with complexation, offering a large diversity and
heterogeneity of adsorption sites.

If all the NH; sites of pure CS were occupied by
Zn?*, the adsorption capacity would reach a maxi-
mum value of 160 mg-g~'. The adsorption isotherm
and the adsorption uptake reached (40 mg-g~!) con-
firm that only few available adsorption sites are re-
ally occupied on the CS chains and involved in the
Zn?* chelating. One explanation may come from the

interactions between the CS chains which consider-
ably reduce the number of free adsorption sites on
the polymer chains. The counting of all the nitro-
gen doublets indicates that only 25% of the adsorp-
tion sites are really active. Nevertheless, CS chains
can either be linked by complexation bond with
amine groups of various chains or contain also hy-
droxyl groups which may be involved in Zn?* adsorp-
tion mechanisms. Additionally, a Zn?* cation can be
chelated by several amine groups. These results sug-
gest that for Zn?>* adsorption on CS at pH 6.5, the
interactions through complexation prevail over the
repulsive electrostatic interactions between the pos-
itively charged CS chains (around half of the NH,
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groups are either neutral or positively charged) and
the metallic cations.

MGO material was selected because of its affinity
towards divalent metallic cations. Indeed, maximum
adsorption capacities in the range of 98-246 mg-g~!,
and 30-346 mg-g’1 were reported for Pb%* [6,14], and
Zn?* [6,43,44], respectively. Especially, the higher the
amount of carboxylic groups in MGO, the higher the
adsorption uptake of Zn?* should be.

The Zn?* adsorption isotherm of pure MGO was
studied at pH = 4 to avoid the Zn hydroxide precip-
itation. Indeed, such precipitation was observed at
pH 6.5 in the concentration range of 0-30 mg-L ™1,
as already reported by Sitko et al. [44] at pH = 7
in the concentration range of 100-300 mg-L™!. At
pH = 4, an adsorption uptake of almost 30 mg-g™!
(0.38-0.46 mmol‘g_l) was measured at concentra-
tions in the range of 0 mg-L™! to 300 mg-L™!. This
value is comparable with the amount of carboxy-
late groups measured on our prepared MGO sam-
ple (0.44 mmol-g~!) which confirms they are the
main groups involved in the adsorption mechanism.
Our MGO adsorption capacity is far from the one of
346 mg-g~! found by Sitko et al. [44]. This suggests
that each MGO synthesis condition leads to a MGO
having its singular properties, including peculiar oxy-
genated group types and amounts and therefore its
own adsorption ability. Indeed, MGO prepared in this
work possesses 1.4 mmol-g~! dissociated carboxylic
groups (at pH = 7). If all these sites were involved in
Zn?* adsorption, one would obtain a 92 mg-g~! ad-
sorption capacity.

According to the MGO amounts in the 2-CS/
1.5MGO and 2-CS/3MGO hybrid beads (30 wt% and
46 wt%, respectively, thus approximately 1/3 and
1/2) and to the number of carboxylate sites on MGO
(1.4 mmol-g!), the adsorption capacity of these
two kinds of beads should reach 56 mg-g~' and
64 mg-g~!, respectively. This result shows that the
higher the MGO amount in the hybrid beads, the
higher the adsorption capacity. Moreover, one may
notice a synergic effect between the CS matrix and
the MGO charge, as far as MGO is dispersed between
the CS chains and reduces the hydrogen bonding be-
tween the CS chains, CS adsorption sites may be-
come therefore more available for Zn?* adsorption.
Indeed, CS also presents high metallic divalent cation
adsorption capacities such as 10 mg-g~! for Zn?* [62]
or 73 mg-g~! for Pb>* [63].

For the 2-CS/1.5MGO hybrid beads, the adsorp-
tion capacity is about 109 mg-g~!, practically twice
the calculated value of 56 mg-g~!. This result means
that MGO firstly acts as an adsorbent trapping Zn?*
and secondly as an active additive allowing a bet-
ter accessibility for adsorption on the CS matrix
sites.

For the 2-CS/3MGO hybrid beads, the 235 mg-g~!
measured adsorption capacity (Langmuir model) is
also much higher than the 64 mg-g™! theoretical
value, calculated by considering all the MGO and
CS potential adsorption sites. This demonstrates the
synergic adsorption effect brought by MGO to the hy-
brid beads as far as each adsorbent is active and MGO
is enhancing the CS adsorption efficiency. In the 2-
CS/3MGO, all the MGO sites appear to be active for
the cation adsorption.

3.3.3. Interpretation
isotherms

of Metoprolol adsorption

The MTP adsorption isotherm on pure CS beads
(sample 1-CS) is better fitted by the Freundlich model
(Table 6). The n = 1 value suggests that adsorption is
not stimulated. Indeed, MTP adsorption on CS may
occur through very weak interactions. This result is
explained by the CS cationic NH groups promot-
ing rather repulsive interactions with the positively
charged MTP. Besides, MTP cannot be adsorbed by
complexation on —NHj sites of CS.

The MTP adsorption isotherm on raw MGO pow-
der is fitted by Langmuir-Freundlich model (R? =
0.987). The n = 3.5 Freundlich coefficient value con-
firms a spontaneous adsorption through strong in-
teractions. The adsorption capacity calculated from
the MTP adsorption isotherm reaches 435 mg-g~!
(1.6 mmol-g~1). This high MTP adsorbed amount is
related to the high number of MGO anionic sites (car-
boxylate groups = 1.4 mmol-g™!). If MTP had ad-
sorbed only through electrostatic interactions, the
maximum adsorption capacity value would have
reached 374 mg-g~!. This result also suggests that
MTP adsorption on MGO is achieved additionally
by chelation through acceptor-donor interactions as
with MGO Lewis bases. MTP adsorption on MGO
takes places either by electrostatic or by acceptor—
donor interactions but these two types of interac-
tions cannot be quantified.

MTP adsorption isotherms on 2-CS/1.5MGO and
2-CS/3MGO hybrid beads are better simulated by
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the Langmuir model (Table 6) implying the adsorbed
MTP monolayer formation. Adsorption occurs on
a relatively homogenous surface, involving mainly
the anionic groups, which are among the main ac-
tive groups on the MGO surface. The Ry, values are
between 0 and 1 indicating that MTP adsorption is
spontaneous on the hybrid adsorbents. The high
measured adsorption capacities (110 and 163 mg-g~!
for 2-CS/1.5MGO and 2-CS/3MGO respectively, Ta-
ble 6) demonstrate that such hybrid materials are
appropriate for MTP-like cationic organic molecule
removal.

The 2-CS/1.5MGO and 2-CS/3MGO hybrid beads
have an adsorption capacity of 110 mg-g~! and
163 mg-g~!, respectively. These values are close to
the ones of 125 mg-g~! and 188 mg-g~! calculated
by taking into account restrictively the proportion of
carboxylate sites in 2-CS/1.5MGO and 2-CS/3MGO,
respectively. This confirms that only MGO is an ac-
tive material toward MTP adsorption on the hybrid
beads, as previously found in kinetics studies.

According to the MGO proportion (MTP adsorp-
tion capacity of 435 mg-g~!) in the hybrid beads, the
2-CS/1.5MGO and 2-CS/3MGO adsorption capaci-
ties should attain 145 mg-g~! and 217 mg-g~!, respec-
tively, if all the MGO adsorption sites were fully acces-
sible in the beads. This means that nearly 76% and
80% of the MGO adsorption sites remain active in
the 2-CS/1.5MGO and 2-CS/3MGO composite ma-
terials, respectively. As mentioned previously, Cryo-
SEM characterization showed that the MGO disper-
sion in the 2-CS/3MGO was not fully achieved, ex-
plaining a loss of accessibility of the MGO sites.

3.3.4. Comparison of Zn** and MTP adsorption with
the literature

Tables 7 and 8 present the Zn?>* and MTP adsorp-
tion capacities of different materials from the litera-
ture, which are compared to our hybrid beads (sam-
ple 2-CS/3MGO).

As previously reported (Section 3.3.2), the zinc
cation adsorption capacity on MGO depends on
its synthesis method. The MGO prepared by Wang
et al. [6] exhibits a 246 mg-g~! Zn?* adsorption ca-
pacity. The non-binding doublets of CS enable the
removal of divalent cations in water, and Chen et
al. [62] reported a 10 mg-g~! maximum Zn?* adsorp-
tion uptake. The hybrid adsorbents synthesized in
this work exhibit Zn?* adsorption capacities higher

than most of previously reported ones. As an ex-
ample, raw or modified bentonites show around
68 mg-g~! adsorption uptake [64]. Most of the car-
bon materials (especially AC powders) show weak re-
moval efficiencies for metallic cations. Indeed, car-
bon materials must be oxidized to develop cation
exchange properties, such as ACs of wood origin
oxidized by ammonium peroxodisulphate showing
an adsorption capacity of 22.5 mg-g~! [65]. In such
functionalized carbon materials, porosity is not re-
sponsible for the adsorption but rather the anionic
grafted acidic functions. An imprinted polymer sup-
ported on graphene oxide/CS magnetic nanocom-
posite (IIP-MGO/Chm) showed a 71.4 mg-g~! zinc
cation adsorption capacity [66].

For MTP abatement, the photocatalytic decompo-
sition shows a high efficiency but is still a high-cost
and largely controversial process [59]. Other mate-
rials, such as silica gels or nanoparticles (iron par-
ticles deposited on sepiolite) have been studied but
they are still quite toxic, difficult to produce and show
relatively low efficiencies (5 mg-g‘l) [67]. Clay min-
erals present low MTP adsorption capacities such as
7 mg-g~! for kaolinite and 4 mg-g~! for talc [17]. Hy-
drophobic AC exhibits a 320 mg-g~!' high adsorp-
tion efficiency [23]. Naghipour et al. [68] studied the
MTP removal from water by an AC prepared from
pine cones. The maximum adsorption capacity of
this AC is 179 mg-g~! [68] and in the same range as
the 2-CS/3MGO adsorption capacity reported in this
work.

3.4. Beads’ regeneration

CS and MGO show a reversible adsorption. The
cation desorption from CS may be achieved through
the partial or total protonation of the amine groups,
thereby reducing the number of electron doublets
on nitrogen atoms of the polymer chains responsible
for cations complexation. Similarly, the desorption of
cations from MGO through electrostatic interactions
on COO~ functions could be achieved by the car-
boxylate groups protonation in order to restore the
carboxylic groups at acidic pH values.

In order to perform the CS/MGO beads regenera-
tion without altering the mechanical properties (re-
sistance of the beads to acidic environment limited
by the CS dissolution below pH 4), a regeneration
process at pH 4 was studied.
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Table 7. Comparison of adsorption uptake of Zn?>* on 2-CS/3MGO and various materials

Adsorbent Qads (mg-g‘l) Reference
MGO 246 [6]
Chitosan 10 [62]
Bentonite 68 [64]
Activated carbon oxidized by (NH4)2S,0g 22.5 [65]
ITP-MGO/Chm 71.4 [66]
2-CS/3 MMGO 235 This work

Table 8. Comparison of adsorption uptake of MTP on 2-CS/3MGO and various materials

Adsorbent Qads (mg-g‘l) Reference
Talc 4 (17]
Kaolinite 7 [17]
Hydrophobic activated carbons 320 [23]
Iron particles supported on sepiolite 5 [67]
Activated carbon from pine cones 179 [68]
2-CS/3MGO 163 This work
1mm may lead to a modification of the arrangement of
0,201 § chains in the polymer and thus to a decrease in the
- 1 number of active sites for Zn?* which implies a loss
' 0154 of the quantity of the regenerable sites.
=
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Figure 9. Adsorption capacity of 2-CS/1.5
MGO beads towards Zn?* and MTP after a few
cycles of regeneration.

After five cycles of adsorption/regeneration, the
mechanical stability of the hybrid beads was still
good. As shown in Figure 9, 35-40% of the initial ad-
sorption capacity toward MTP or Zn?* remains even
after a few cycles. This difference may be explained
by considering a few irreversible donor-acceptor in-
teractions between MTP and MGO. The formation of
hydrogen bonds between CS chains due to the pro-
tonation of NH, groups during the first cycle at pH 4

MGO content (CS/MGO ratio higher than 50/50 wt%
for 2-CS/1.5MGO). The 2-CS/1.5MGO hybrid beads
show good mechanical properties and a homoge-
nous MGO dispersion within the CS polymer matrix,
as evidenced by the results of Cryo-SEM analyses.
Moreover, as shown by nitrogen gas adsorption mea-
surement, MGO addition significantly increases the
porosity of the 2-CS/1.5MGO beads in comparison
to pure CS.

Zn?* and MTP adsorption kinetics can be fitted
both by the pseudo-first- and second-order models.
The MGO/CS blending leads to a decrease in the
adsorption speed explained by the kinetics limitation
due to the diffusion toward the MGO sites depending
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on their accessibility and related to the porosity of the
materials.

The MTP adsorption isotherm on the pure CS
beads (1-CS) is better simulated by the Freundlich
model indicating that CS is not efficient for the MTP
adsorption.

The Langmuir model better fits the MTP adsorp-
tion isotherms on the hybrid 2-CS/1.5MGO and
2-CS/3MGO adsorbents (R? values between 0.94
and 0.99), showing maximum adsorption uptakes of
110 and 163 mg-g ! respectively. The MTP adsorp-
tion kinetics and isotherms are in good agreement
with the MTP trapping on the MGO anionic sites
(carboxylate groups) occurring through electrostatic
interactions.

The 2-CS/1.5MGO and 2-CS/3MGO hybrid beads
are very efficient for MTP and Zn?* abatements as
well. The Zn?* adsorbed amounts are much higher
for 2-CS/3MGO (236 mg-g™!) than for the pure CS
beads (40 mg-g~!' calculated using the Langmuir
model), thus demonstrating the synergic effects
brought by MGO incorporation in the hybrid beads.
In these beads, two kinds of Zn?>* adsorption sites
are identified: MGO carboxylate groups giving elec-
trostatic interactions, and CS amine groups yielding
Zn** complexation. The Zn?* adsorption signature
on these two types of sites is both the Langmuir-
Freundlich shape of the isotherm and the decrease in
Zn** adsorption kinetics on increasing its concentra-
tion, owing to the adsorption shift from MGO sites to
CS ones. A way to improve the Zn?* adsorption could
be to identify better the chemical groups involved
in the adsorption mechanism and then to increase
their amount in MGO by tailoring its synthesis.

The adsorption of the MTP-Zn?>* mixture does
not affect the adsorption efficiency of the hybrid CS
beads. For 0.75 mmol-L™! and 1.5 mmol-L! initial
concentrations, the adsorption of each species still
occurs without any competition. Competition ef-
fects are observed at 2 mmol-L 7!, as hybrid beads
are more efficient for Zn?>* adsorption than for MTP
adsorption.

The prepared hybrid CS/MGO beads show high
adsorption efficiencies towards Zn?* and MTP with
relatively high measured maximum adsorption val-
ues, as compared to other adsorbents. As far as
the beads could be used in fixed bed reactors, they
could more easily be applied in a treatment plant
process than a MGO powder. These materials are

therefore good candidates as adsorbents for water
treatment purposes. The CS/MGO hybrid adsorbents
show higher efficiency for Zn?>* abatement than for
MTP in agreement with the higher 7Zn%* concentra-
tions encountered in natural water samples.

Additionally, the prepared hybrid adsorbents can
be regenerated easily, and their adsorption proper-
ties are relatively well preserved after five adsorp-
tion/regeneration cycles (35-40%) without altering
their mechanical properties. The regeneration level
is limited by the CS stability pH domain. In future
works the regeneration ability may be increased by
the reticulation of CS polymer chains though it may
affect the adsorption uptakes.

This work concludes that CS/MGO composite ad-
sorbents are appropriate for the treatment of metallic
(like Zn®*) and organic (like MTP) cations in water.
The efficiency is higher for Zn?* abatement than
for MTP owing to some pronounced synergic effects
between CS and MGO. In contrast to the high-cost
photo-catalytic methods that generate noxious by-
products, the biodegradable and non-toxic hybrid
materials proposed in this work are easy to produce,
using a low-cost process and exhibit high renewabil-

ity.
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