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Chitosan/bentonite (CSBt) composites beads were prepared by dropwise of a solution containing chitosan and
bentonite to an alkaline NaOH solution. Fourier Transform Infrared Spectroscopy, X-ray diffraction analysis, X-
ray photoelectron spectroscopy, XPS and Brunauer-Emmett-Teller BET analysis have been used to provide new
insights on the composition andmorphology of CSBt composites beads surface. In this study, inverse gas chroma-
tography (IGC) was implemented to characterize physico-chemical properties of CSBt composites surface. IGC at
infinite dilution (IGC-ID) was used to understand the effect of CS on dispersive component of the surface energy
of the bentonite. The increasing amount of CS leads to significantly decrease of Bt γs

d emphasizing the Bt coating
with CS. The IGC at finite concentration (IGC-FC) was also implemented allowing us to reach several parameters
such as: specific surface area with organic probes and the distribution functions of the adsorption energy sites on
the solid surface. In this case, the most significant decreases were observed in the specific surface area obtained
with the octane and isopropanol probes. The distribution function of the adsorption energy sites obtained with
isopropanol revealed the decrease in the number of the high energy sites with increase of CS/Bt mass ratio.
1. Introduction

Over the last decades, biopolymer–clay hybrid materials which are
known to combine physical and chemical properties of both inorganic
and organic materials have gained increasing attention in the areas of
science and technology of biopolymer based advanced materials [1–5].

Bentonite (Bt) is an important natural clay material; widely used in
many industries, which is made of hydrous aluminosilicates, consisting
mostly of montmorillonite, and contains fewer amounts of other clay
minerals [6,7]. Bt appears as a promising supportmaterial due to itsme-
chanical strength and chemical stability, low cost, and availability [8].

Chitosan (CS), a polycationic biopolymer and waste product from
seafood processing industry, is the second most abundant natural poly-
saccharide after cellulose. Some of the most noted properties of CS are
biocompatibility, biodegradability, non-toxicity, adsorption properties,
etc. [9,10]. CS can be used as an adsorbent to remove dyes [11], and
heavy metals [12]. In medical field, chitosan films have been tested as
curative wound dressing and as scaffolds for tissue and bone engineer-
ing [13]. However, CS has low mechanical properties and become
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soluble in acidic media which limits its application as an adsorbent at
low pH [14]. In order to overcome these limitations, physical and chem-
ical modification needs to be carried out on chitosan by its immobiliza-
tion on a low-cost material such as clay. The combination of clay into
polymer backbonewas found to lead to improved strength and heat re-
sistance [15].

Because of their functional properties, Chitosan/bentonite compos-
ites frequently exhibit remarkably improved mechanical strength;
higher thermal stability, and relatively a good surface area [16]. In addi-
tion to these characteristics, CSBt composites show the remarkable ad-
vantage of exhibiting biodegradability and biocompatibility associated
with the biopolymer and can be also an effective adsorbent due to its
functional properties to remove pollutants.

Numerous examples found in literature report the application of CS
coated Bt composites for adsorption of various contaminants from
wastewaters such as heavy metals [17,18] and dyes [19]. CSBt compos-
ites have been also used in medical fields [20,21].

It is well known that a surface interaction between CS and Bt induces
changes in microstructure morphology and surface chemistry, which
are fundamental in adsorption processing, and for drug delivery
process.

The changes in surface properties of composite upon biopolymer in-
corporation, like chemical, energetic and morphological properties
could be assessed using inverse gas chromatographic (IGC) analysis.
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Inverse gas chromatography (IGC) is a powerful and sensitive tech-
nique to examine surface properties of solids. It is well-established and
inexpensive technique for the determination of the influence on solid
surface of factors such as milling [22,23], humidity [24], and chemical
treatments [25]. The IGC tool has already been implemented in the anal-
ysis of solids such as clay [26,27], biopolymers [28,29],
bionanocomposites [30–32] and composites [33].

In our previous study [30], CSMMT bionanocomposites based on in-
tercalation of CS in montmorillonite-Na+ were prepared, driven by
electrostatic interactions between the positively charged amino groups
in the CS chains with the negatively charged sites in the clay mineral
layers. IGC confirmed that the increase of CS mass ratio in the clay gal-
leries affected the surface properties.

In this paper, CSBt composites beads were prepared with different
CS/Bt ratios by dropwise addition of liquid slurry containing CS and Bt
to a NaOH solution. The composites were characterized by different
techniques among which inverse gas chromatography implemented
for the first time on these composites beads, either at the infinite dilu-
tion conditions (IGC-ID), or at finite concentration conditions (IGC-FC).
2. Theoretical part

Inverse gas chromatography (IGC) is a practical method used in the
study of the surface properties offinely divided solids [34]. It gives infor-
mation about a wide number of surface properties of the solid
examined.

Depending on the amount of injected probe, the IGC can be divided
into two modes: infinite dilution (IGC-ID) [35] and finite concentration
(IGC-FC) [36,37].
2.1. Inverse gas chromatography at infinite dilution

In IGC-ID, a known volume of gaseous probe molecules (vapor) is
injected into a short column packed with the sample at the limit of de-
tector sensitivity. The interactions between probemolecules can be con-
sidered as negligible and only the interactions between an isolated
probe and the solid surface are considered. The IGC-ID provides differ-
ent information depending on the chemical nature and geometry of
the injected probe. Three following parameters can be determined.

The dispersive component of the surface-free energy of solid mate-
rials is measured when n-alkanes are injected as probes at zero cover-
age conditions (Henry's Law region). This parameter indicates only
the dispersive interactions between n-alkanes probes and the solid.
The dispersive component of surface energy is determined using Dorris
and Gray method [38]. Experimentally, the γs

d parameter is determined
from the slope of the straight line obtained by the plot of the variation of
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Fig. 1. Determination of the specific interaction parameter (ISP) for polar probes.
the adsorption free energy versus the number of carbon atoms for n al-
kanes series (Fig. 1) and it's calculated according to Eq. (1)

γd
s ¼

ΔGCH2
a

� �2
4N2a2CH2

γCH2

(1)

where γs
d is the dispersive component of the surface energy (mJ/m2),

ΔGa
CH2 the Gibbs energy adsorption of a methylene group which is the

slope of the alkanes line, N the Avogadro's number, aCH22 the molecular
area of a CH2 unit (0.06 nm2), γCH2 its surface energy (35.6 mJ/m2 at
293 K).

The nanomorphological index is determined by branched or cyclic
alkanes injections [39]. This index delivers information about the sur-
face roughness of the solid at the scale of the injected probe.

The nanomorphological index IM(χt) is obtained using of the follow-
ing Eq. (2)

IM χtð Þ ¼ exp
δΔGM

RT

 !
(2)

δΔGM is the variation between the representative point of the
branched or cyclic alkane and the reference n-alkane straight line, χt
the topology index proposed by Brendlé, derived from Wiener's topol-
ogy indices.

The specific component of the surface energy encompasses all cate-
gories of interactions such as acid–base and hydrogen bonding, metallic
or magnetic interactions except the dispersive ones [39]. It represents
the contribution of specific interactions, denoted by Isp. This parameter
can be obtained by the difference between the global free energy of the
injected polar probe ΔGa and the straight line of linear alkane probes
(Fig. 1). It is calculated according to the Eq. (3)

ΔGSP
a ¼ Isp ¼ ΔGa−ΔGd

a (3)

2.2. Inverse gas chromatography at finite concentration (IGC-FC)

In IGC-FC, a small quantity of liquid probe is injected instead of
vapor, into a column containing the sample to be analyzed, in order to
provide the formation of a probe monolayer on the solid surface.

2.2.1. The desorption isotherm
The determination of the desorption isotherm by IGC has been

reviewed by Conder and Young [36]. Among the most commonly used
methods, “the elution characteristic point”method (ECP) allows the ac-
quisition of the desorption isotherm from the rear front of a unique
chromatographic experiment. The first derivative of the isotherm is di-
rectly related to the retention time of each point of the chromatogram
by Eq. (4)

∂N
∂P

� �
L,tR

¼ JDc

RTm
tR−t0ð Þ (4)

where, for a given characteristic point taken on the rear front of the
chromatogram, N is the number of desorbed probemolecules, P the par-
tial pressure of the probe at the output of the column (directly related to
the height of the signal), tr the retention time of the probe, t0 the dead
retention time of methane (a non-adsorbed molecule), J the James
and Martin's coefficient, DC the corrected flow rate, m the mass of the
solid in the column, L the column length, R the universal gas constant
and T the oven temperature.

The integration of Eq. (4) gives access to the desorption isotherm. In
IGC-FC, the specific surface areas (aBET) and the BET constants (CBET) are
determined according to the Inverse Langmuir equation (Eq. (5)) de-
rived from the BET equation (Eq. (6)) for different organic probes [37].



in
N0 ¼ Nm
CBET∙P0

1þ CBET:P
0 (5)

N
Nm

¼ CBET∙x
1−xð Þ 1−xþ CBET∙xð Þ (6)

where N is the amount of molecules adsorbed at a given relative pres-
sure x= P / P0, Nm themonolayer capacity, the amount of gas adsorbed
required to cover the solid surface with a single monolayer at standard
temperature and pressure, N′ and P′ are respectively the amount of
adsorbed probe and the equilibrium pressure of the probe corrected
for the multilayer adsorption (N′ = N(1− x) and P′ = x / (1− x)).

The sites having a high energy of interactionwith the injected probe
can be evaluated from the amounts of probes not eluted after the signal
returns to the baseline. In order to desorb the probes “irreversibly”
adsorbed at the analysis temperature, the oven temperature is in-
creased until the conditioning temperature and a second peak appears
called the thermodesorption peak. The ratio of the thermodesorption
peak area onto the total area of the chromatogram allows to calculate
the irreversibility index Iirr indicating the amount of irreversibly
adsorbed probe on the surface at the analysis temperature correspond-
ing to the amount of high energy sites:

Iirr ¼ Sth= SrvþSthð Þ (7)

where Srv is the surface of the main chromatographic peak and Sth the
surface corresponding to the thermodesorption peak.

2.2.2. The surface heterogeneity
The estimation of surface heterogeneity is described by a distribu-

tion function (DFRJ) which corresponding to the relative abundance of
each type of domain having the same characteristic energy of
interaction.

The calculation of the distribution functions DFRJ is based on a phys-
ical patchwork model considering that the global isotherm can be con-
sidered as the sum of local isotherms of adsorption on isoenergetic
domains.

N P, Tð Þ ¼ N0

Zεimax

εimin

θ εi, P, T
� �

⋅χ εi
� �

⋅dεi (8)

whereN(P,T) is themeasured adsorption isothermat pressure P and ab-
solute temperature T, N0 is the total number of adsorption sites on the
studied heterogeneous surface, θ(εi, P, T) is the local adsorption iso-
therm (generally the Langmuir's isotherm) corresponding to adsorption
sites having the same characteristic adsorption energy εi, χ (εi) is the
number of sites exhibiting the same interaction energy
ε and is called distribution function of the adsorption energies, and εmi

and εmax
i the lowest and highest values of the adsorption energy.

The integral equation is easy to solve [37], it leads to the DFCA (dis-
tribution function in the condensation approximation), but this approx-
imation is acceptable only for a temperature analysis close to the
absolute zero. However, IGC-FC analyses are generally made above
room temperature and the condensation approximation is nomore cor-
rect. Rudzinski [40] proposed another method allowing the calculation
of the so called DFRJ (distribution function in the Rudzinski-Jagiello
model) through a limited development of the even derivatives of the
DFCA, corrected for the lateral interaction energy.

χCA εð Þ ¼ P0

RT
d
dP0

N0 P0
� �
N0

� 	
(9)

where N′ and P′ are respectively the amount of adsorbed probe and the
equilibrium pressure of the probe corrected for the multilayer
adsorption.
Balard [22,37] described a signal treatment method based on
Fourier's transform to calculate the FDRJ up to the order 4.

χ εð Þ ¼ ∑þ∞
j¼0 RTð Þ2jb2Jχ2j

CA εð ÞWith b0 ¼ 1 and b2j ¼ −1ð Þj π2j

2jþ 1ð Þ!(10)

The surface heterogeneity can be quantified by the surface heteroge-
neity index, Ihete, expressed in Eq. 11:

Ihete ¼ 100
Aexp−Ahomo

Aexp
(11)

where Aexp is the area under the experimental DF and Ahomo is that un-
der the homogeneous DF.

This index allows the comparison of the computed DF with the DF
describing a homogeneous surface that fits the left descending branch
of the experimental DF towards the lowest interaction energies.

Desorption isotherm and adsorption energy distribution functions
were computed using a software from the Adscientis Society
(Wittelsheim, France).

3. Materials and methods

3.1. Materials

CS was purchased from France Chitine Society (Degree of
Deacetylation = 80% determined by 1H NMR and its average molecular
weight, 293,000 g/mol, determined by gel permeation chromatogra-
phy). Bt powder with a particle size of 40–100 mesh was acquired
from the Maghnia deposit (western of Algeria), provided from the
ENOF Company (Algeria), and was used without further purification.
The probes employed for IGC were n-alkanes: n-pentane (C5), n-
hexane (C6), n-heptane (C7), n-octane (C8), n-nonane (C9); a cyclic al-
kane cycloheptane (Cy7); and polar probes (dichloromethane CH2Cl2,
acetone and isopropanol (IP)). These probes, provided from Aldrich
had chromatographic grade (>99%) purity. All other chemicals and re-
agents used were of analytical grade and have been used as received.

3.2. Methods

3.2.1. Preparation of chitosan coated bentonite CSBt beads
CS solutions were prepared by dissolving 0.5, 2.5 and 5 g of CS in 5%

(v:v) acetic acid:water solution at 403 K for 12 h. Bt (5 g) was dispersed
and stirring in 100mL distilled water for 5 h at 298 K. Then the CS solu-
tionwas added to the Bt suspension and stirring at 333 K for 24 h to ob-
tain themodified Btwith CSmass ratios of 0.1/1, 0.5/1, 1/1, respectively.
Themixtures CSBt were then added dropwise into a 1 L (1M) NaOH so-
lution under continuous stirring at 150 rpm for 4 h. At the end of the re-
action, the composites CSBt were separated from the aqueous phase by
simple filtration, washed with distilled water and dried at 333 K for
24 h. After dried, the composites weremanually ground to pass through
200–400 mesh sieves.

3.2.2. Characterization methods
The surface functional groups of the composite were identified by

transmittance on a KBr disc using FTIR (ThermoFisher Scientific Com-
pany), over the range 4000–400 cm−1, The structure of the composite
was verified by X-ray diffraction method using a PANanalyticalX'Pert
Pro MPD diffractometer (Bragg–Brentano set-up). Diffraction data
were acquired by exposing the powders samples to Cu–Kα radiation,
which has a wavelength of 1.5418 Å. The data were collected over a
range of 5°–25° 2θ with a step size of 0.03° 2θ and a nominal time per
step of 100 s, using the scanningX'Celerator detector. Samplesmorphol-
ogy was investigated using an environmental scanning electron micro-
scope Philips XL30 ESEM FEG operating at 8 kV. The chemical nature of
surface was identified by X-ray photoelectron spectroscopy (XPS) using



KRATOS Axis Ultra X-ray photoelectron spectrometer (Kratos Analyti-
cal, Manchester, UK) equipped with a monochromated Al Kα X-ray
source (hν = 1486.6 eV) operating at 120 W. Textural properties
were determined by N2 physisorption at 77 K with a 3Flex apparatus
from Micromeritic company applying the BET model. The samples
were out gassed at 303 K for 24 h.

For IGC measurements, instruments from Agilent (7890 A and
6890models)were used, with a flame ionization detector (FID). Helium
was used as the carrier gas with a 30 mL/min flow rate measured with
an electronic flowmeter (Flow 500-Agilent). The injector and detector
temperatures were 403 and 473 K, respectively. The columns were
stainless steel tubes of 6.35 mm inside diameter and 15–50 cm length,
filled with a sample mass between 0.12 and 1.15 g. The conditioning
temperature was taken equal to 403 K after a study made on the effect
of temperature on the surface properties of the CS, Bt and CSBt. This
temperature does not alter the surface properties of the solid.

The IGC-ID studywas donewith an oven temperature of 333K for CS
analysis and 383 K for Bt and composites. The probes used were linear,
cyclic alkanes and polar ones (dichloromethane and acetone).

The IGC-FC measurements were performed at an oven temperature
of 333 K for n-octane (C8) probe and 313 K for isopropanol (IP).
CS

Bt

CSBt 0.5/1

Fig. 2. SEM micrographs
4. Results and discussion

4.1. Structure analysis by scanning electron microscopy (SEM)

The SEM micrographs of CS, Bt and CSBt composites are displayed
Fig. 2. CS presents a sheet-like structure. The morphology of Bt shows
small particles agglomerates with irregular forms and each particle ex-
hibits a lamellar structure. The structure of CSBt is similar to that of Bt,
with small particles agglomerates with a heterogeneous surface. SEM
does not allow to conclude on a modification of Bt surface with CS.

4.2. FTIR analysis

The FTIR spectra for Bt, CS and CSBt composites are shown in Fig. 3.
The spectra of CSBt composites, with different mass ratios CS/Bt show
the combination of the characteristic absorption bands of CS and Bt.

The absorption band at 3612 cm−1 corresponding to the elongation
vibrations of the free OH groups of water in Bt is hidden by that of the
same OH groups of CS at 3419 cm−1 in CSBt 0.5/1 and CSBt 1/1 compos-
ites,which shows the combination of CSwith Bt. Peaks around2900 and
2800 cm−1 for CS, Bt, and composites, represent the C\\H group
CS

Bt

CSBt 0.5/1

of CS, Bt and CSBt.
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Fig. 3. FTIR spectra of Bt, CS and CSBt composites.
vibrations [41,42]. These C\\H peaks, non-specific to either compound,
cannot be exploited to conclude on the interactions between CS and Bt.
A sharp and intense band observed at 1625 cm−1 in Bt is attributed to
the asymmetric OH vibration (deformation mode) of water and is a
structural part of the mineral. This peak is shifted to 1628, 1632 and
1635 cm−1 for CSBt 0.1/1, 0.5/1 and 1/1 respectively, and its intensity
decreases, indicating that CS impregnation affects the surface of Bt, the
structure of aluminosilicate nanosheets.

The frequency of vibrational band at 1594 cm−1 in the starting CS,
which corresponds to the deformation vibration of the amine group, is
shifted towards lower frequency in CSBt composite (1537and
1542 cm−1, for CSBt 1/1 and CSBt 0.5/1 respectively), indicating a strong
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interaction between CS and Bt [43]. The intense peak observed at
1012 cm−1 in Bt which corresponds to the valence vibrations of the
Si\\O bond, decreases in intensity in the CSBt composites, another evi-
dence of the impact of CS impregnation on surface properties.

4.3. Analysis by X-ray diffraction

The X-ray analysis of the CS, Bt and CSBt are given in Fig. 4. The Bt
XRD pattern shows the presence of smectite clay at 7.59° (2θ) reported
at 6.92° (2θ) by Foletto et al. [44], which is the major constituent of Bt,
quartz (19.72°) and kaolinite (21.93°) [45]. CS exhibits a typical peak
at 20.05° (2θ). This broad peak indicates the existence of an amorphous
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Table 1
Surface chemical composition of Bt, CS and CSBt composites obtained by XPS (Chemical
composition is in atomic percentage (at.%)).

O N C Ca Si Al Mg Na K Fe

Bt 49.59 – 8.69 1.35 25.41 9.84 2.28 1.5 0.39 0.95
CS 38.08 5.67 52.80 1.61 0.86 – 0.98 – – –
CSBt 0.1/1 50.10 0.49 11.67 1.55 23.46 9.54 0.55 1.52 0.49 0.63
CSBt 0.5/1 41.70 1.82 35.96 1.14 13.75 3.12 0.32 1.30 0.25 0.64
CSBt 1/1 40.63 2.87 37.49 1.72 9.62 2.99 1.10 2.59 0.45 0.54
structure [46]. In 0.1/1 and 0.5/1 CSBt, the peak observed at 7.59° in Bt
and corresponding to a d001 spacing is not shifted towards lower dif-
fraction angle. This indicates that CS molecules did not intercalated in
layers silicate of clay. Indeed, the interactions of CS with Bt distort
the crystalline structure of Bt [19] and shifts the position of this peak.
The peaks at 19.72° and 21.93° (2θ) corresponding to the various
components of the Bt become less intense (0.5/1 CSBt) after the intro-
duction of CS. XRD emphasizes crystalline structure change of the in-
trinsic lattice arrangement of the silicate layers with the incorporation
of CS in the Bt. The same results were obtained in the work of Dalida
et al. [17].
4.4. Analysis by X-ray photoelectron spectroscopy (XPS)

The main elements of CS, Bt, and CSBt composites were analyzed
using XPS, and the chemical composition and changes of CSBt compos-
ites with increase of CS/Bt mass ratio were investigated (Fig. 5).

Fig. 5 displays low resolution survey spectra. The Bt survey spectrum
exhibits Na1s (1072 eV), O1s (532 eV), MgKLL (348 eV), C1s (284 eV),
Si2s (150 eV), Al2s (118 eV), Si2p (102 eV), Al2p (74 eV) and Mg2p
(49 eV) from the aluminosilicates clay.

The XPS spectrum of CS is dominated by the carbon and oxygen
which occur at about 284 and 532 eV, respectively, with a small peak
of nitrogen at 398 eV and some impurities.

The composites CSBt exhibit amuch sharper C1s peak, and a lowN1s
peak characteristic of the CS. In addition, the composites CSBt exhibit a
quantum jump in the C1s/O1s and N1s/O1s intensity ratios, compared
to pristine Bt, which is an indication of CS-rich surface.

The surface chemical composition as deduced from the narrow XPS
regions is reported in Table 1.

All relative concentrations of main elements of Bt (Si, Al, O) decrease
upon CS incorporation. Simultaneously, C and N major elements of CS
increase with increase of mass ratio CS/Bt. CS is gradually loaded at
the surface on the composite CSBt as initial CS concentration increases.

The assignment of deconvoluted high resolution XPS spectrum of
C1s peak in CS, Bt and CSBt 0.5/1 is displayed in Fig. 6.
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The C1s peak in CS (Fig. 6a) sample can be deconvoluted into four
components at binding energies of 284.6, 286.1, 287.8, and 289.3 eV cor-
responding to the following groups: C1 (C\\H/C\\C), C2 (C\\O/C\\N/
C\\O\\C), C3 (O\\C\\O)(C_O) and C4 (N\\C_O) [47].

The deconvolution of the C1s peak in Bt (Fig. 6b) leads also to four
groups C1 (C\\H/(C\\C), C2 (C\\O/C\\OH), C3 (C_O) and C4 (C\\O)
in CO3

2− at 284.60, 286.15, 287.35 and 289.37 eV, respectively.
Likewise, the C1s peak of CSBt 0.5/1 (Fig. 6c) reveals also four com-

ponents at 284.48, 285.98, 287.13, and 289.23 eV which are assigned
to C1 (C\\H/C\\C), C2 (C\\O/C\\N/C\\O\\C/C\\OH), C3 (C_O) and
C4 (N\\C_O of CS and C\\O of Bt CO3

−), respectively.
It is remarkable that the C1s spectrumof the CSBt composite (Fig. 6c)

is so different from that of the pristine Bt (Fig. 5b).
The N1s high resolution regions of CS (Fig. 6d) are fitted with two

components. The peak at 399.9 eV was assigned to NH2C chemical
bonds [48], while the peak at 402.1 eV was assigned to amino groups
in the ammonium form NH3

+ [47].
In the CSBt 0.5/1 composite (Fig. 6e), the peak assigned to the NH3

+

ammonium groups has disappeared; this fact testifies that the alkaline
NaOH treatment converts protonated groups into neutral groups in
the surface of composites according to the results already observed by
Diosa, Poveda-Jaramillo, Ramirez-Rodríguez and Mesa [49]. Indeed,
they worked on the preparation of a biohybrid composite based on CS
and silica, they found, at basic pH (pH= 8), that the main contribution
to the N1s signal came from neutral (non-protonated) nitrogen of
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amine/amide groups of CS and the protonated amine groups disappear
in CS/silica composite.
4.5. BET surface analysis

The N2 adsorption-desorption measurement was conducted to
study specific surface areas and porosity of CSBt composites compared
to that of Bt. Whatever the solid (Bt or composites), the N2 isotherms
plots (Fig. 7) show typical type IIb isotherms according to the IUPAC
classification with type H3 hysteresis loop representing a sheet struc-
ture, non-rigid which swells under capillary condensation. The hystere-
sis of CSBt 0.1/1 composite is much wider than that of CSBt 1/1. It is
reasonable to assume that precipitation and coating by CS on Bt sheets
and surface limit the Bt swelling and tend to suppress hysteresis in
CSBt 1/1 composite.

The values of specific surface area (aBET) obtained by exploiting ad-
sorption isotherms of N2 at 77 K are represented in Table 2.

The specific surface areas decrease from 74.4 m2/g for Bt to 5.4 m2/g
after CS incorporation. This fact can be attributed to a covering of the
surface of Bt with CS, characterized by a non-porous surface. A similar
change was obtained for the preparation of chitosan/vermiculite com-
posites [50] and chitosan/montmorillonite bionanocomposites [30].

4.6. Surface properties by inverse gas chromatography (IGC)

4.6.1. IGC at infinite dilution (IGC-ID)
The values of γs

d, IM (χt) and Isp of the studied samples are presented
in Table 3. The value of γs

d obtained for CS at 333 K is typical of biopoly-
mers characterized by a low dispersive surface energy. Indeed, this
value (46 mJ/m2) is identical to those obtained in the works of
Belgacem, Blayo and Gandini [51] namely 45 mJ/m2 for CS at 323 K, or
by Shi, Zhao, Jia and Wang [28] namely 46 mJ/m2 for chitin at 333 K.

Conversely, the value obtained for Bt (174 mJ/m2) indicates a high
energymaterial. Such high valueswere reported for different claymate-
rials by Cordeiro, Silva, Gomes and Rocha [52] (291.3 mJ/m2 for benton-
ite at 393 K) and Picard, Gauthier, Gérard and Espuche [53]
(approximately 120mJ/m2, at 373 K formontmorillonite). This high en-
ergy is attributed to the insertion of linear alkanes into the space be-
tween sheets of phyllosilicate [26,54].

For CSBt beads, the values of γs
d decrease from 112mJ/m2 to 49.1mJ/

m2, as the CS/Bt increases. This behavior could be explained by the
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Fig. 7. Nitrogen adsorption–desorption isotherms of Bt and CSBt composites.

Table 2
Values of specific surface areas (aBET), for Bt, CS and CSBt
composite.

Sample aBET (m2/g)

Bt 74.4
CSBt 0.1/1 58.0
CSBt 0.5/1 12.5
CSBt 1/1 5.4
CS 4.1

Table 3
Values of γs

d, IM (χt) and Isp of the studied samples.

γs
d (mJ/m2) IM (χt) Cy7 Isp CH2Cl2 (kJ/mol) Isp acetone (kJ/mol)

Bt 174 ± 4 0.06 ± 0.01 16.7 ± 1 –
CSBt 0.1/1 112 ± 3 0.41 ± 0.03 14.3 ± 1 –
CSBt 0.5/1 54 ± 2 0.92 ± 0.04 11.6 ± 0.5 11.2 ± 0.7
CSBt 1/1 49 ± 1 0.93 ± 0.03 11.2 ± 0.5 10.4 ± 0.5
CS 46 ± 1 0.98 ± 0.02 10.2 ± 0.5 10.2 ± 0.4
disappearance of high energy sites on Bt hidden by CS. This significant
decrease in the γs

d value of CSBt is due to the CS long chains coating
clay surface (Fig. 8). Bilgiç, Yazıcı, Karakehya, Çetinkaya, Singh and
Chehimi [55] found that for organo-bentonite, the surface energy of
the clay decreased with the increase of polymer incorporation. This
was explained by the cation exchanged energetic sites of clay covered
by organic polymers. Indeed, the increase of functional groups reduces
the values of γs

d [56,57].
In order to obtain information about morphology at the molecular

scale, the nanomorphological index obtained with cycloheptane probe
(Cy7) was determined. The lower nanomorphological index obtained
with Cy7 on Bt corresponds to size exclusion effect. The linear alkane
is able to insert partially into sheets of clay,whereas a cyclic alkane is ex-
cluded [58]. For the CSBt composites, the IM (χt) values are close to 1 as
for CS testifying the disappearance of the surface roughness, which cor-
responds to the coating of Bt surface by CS.
By injecting acidic and amphoteric probes such as dichloromethane
and acetone, the specific interaction parameter, Isp, was also deter-
mined. The value of Isp obtained with acidic dichloromethane decreases
from 16.7 to 11.2 kJ/mol as the CS/Bt ratio increases and tends towards
10.2mJ/mol, the CS Isp value. This variation testifies of the coating of the
silanols or aluminols groups (amphoteric groups) or double-linked ox-
ygen groups (basic character) [59–61]. Acetone, with a strong basic
character, could not be eluted through the Bt chromatographic column
even at 383 K testifying of the strong acidic character of the Bt surface.
This fact could be explained by the interaction of acetone probe with
silanols or aluminols groups (amphoteric groups), present in clay sur-
face. Similar results were obtained with montmorillonite at 383 K [30]
and attapulgite at 403 K [62].

4.6.2. IGC at finite concentration (IGC-FC)

4.6.2.1. Study of desorption isotherms. The studied samples were submit-
ted to IGC-FC using an apolar probe, n-octane, which is mainly sensitive
to surface morphology and a polar one, isopropanol, more sensitive to
surface functionality.

The desorption isothermwas computed froma chromatogramwhen
the probemonolayer is reached at the solid surface, according to the ECP
method.

In Table 4 are reported values of specific surface areas, obtained by
IGC-FC, using octane and isopropanol, and compared to those obtained
by nitrogen adsorption.

It is observed that whatever the sample, the specific surface areas
measured with nitrogen are higher than those measured with n-
octane C8 and isopropanol IP probes. This deviation was already ob-
served in the study of CS/montmorillonite bionanocomposites [30]
and thermal treatment of attapulgite [63]. This fact can be attributed
to the structure of probes, polarity and encumbrance.

Moreover, the specific surface areas obtained using C8 are greater
than those measured by IP probe, this finding can be explained by the
more irreversible character of IP adsorption compared to that of C8. As
described in the theoretical section above, the amount of high energetic
sites can be evaluated through the peak of thermodesorption. The
values of the irreversibility indexes Iirr calculated by integration of
thermodesorption peaks are presented in Table 4. It is observed that



Fig. 8. Schematic structure of CS biopolymer coated Bt clay.

Table 4
Values of specific surface areas (aBET) and irreversibility (Iirr) indexes obtained on the stud-
ied samples by N2 adsorption and IGC-FC with n-octane and isopropanol probes.

Samples N2 (77 K) ICG-FC

C8 (333 K) IP (313K)

aBET (m2/g) aBET (m2/g) Iirr aBET (m2/g) Iirr

Bt 74.39 66.8 ± 2.2 6.4 ± 0.3 54.1 ± 4.2 37.50 ± 3.3
CSBt 0.1/1 58.03 52.9 ± 3.4 2.5 ± 0.3 46.3 ± 2.8 22.2 ± 1.6
CSBt 0.5/1 12.47 9.3 ± 1.6 1.4 ± 0.1 9.1 ± 1.9 18.2 ± 0.9
CSBt 1/1 5.42 3.9 ± 1.3 1.4 ± 0.1 3.6 ± 1.1 12.2 ± 0.5
CS 4.10 1.5 ± 0.2 0.2 ± 0.1 0.9 ± 1.3 4.2 ± 0.3
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Fig. 9. Distribution functions of the adsorption energies of the n-octan
the irreversibility indexes of the polar probe obtained for CSBt compos-
ites are higher than those obtained usingC8, reflecting a higher irrevers-
ible adsorption of the IP probe compared to the C8. The part of probe
irreversibly adsorbed is not taken into account in the specific surface
area calculation and contributes to under-estimate it.

In addition, whatever the probe, nitrogen, C8, and IP, the values of
the specific surface areas decrease with increasing of CS/Bt mass ratio
to get closer to the values obtained for CS alone. Simultaneously, it can
be observed that whatever the probe used, the irreversibility index in
CSBt composites, decrease with the increase of CS/Bt mass ratio. The
variation of all these parameters (specific surface areas and
0

0.05

0.1

0.15

0.2

0.25

0.3

5 15 25 35 45
Energy (kJ/mol)

χ (μmol(kJ/mol)

Isopropanol 313 K

Bt

CSBt 0.1/1

CSBt 0.5/1

CSBt 1/1

CS

e (333 K) and isopropanol (313 K) for CS, Bt and CSBt composites.



irreversibility index), which tend to those of CS alone for both organic
probes, are correlated. The increase of the CS/Bt ratio leads to a
smoother surface indicated by an aBET decrease and simultaneously a
disappearance of high energy sites emphasized by the Iirr values de-
crease. These surface properties changes can be attributed to a covering
of the Bt surface with CS, characterized by a non-porous surface.

Moreover, as showed by the specific surface area, or the Iirr, the ratio
1/1 is not enough to entirely recover the Bt surface. All these values ob-
tained with the 1/1 composite remain higher than those obtained with
CS alone.

4.6.2.2. Variation of the surface heterogeneity. The adsorption energy dis-
tribution functions calculated with Rudziński, Jagiełło and Grillet [40]
model and developed by Balard [37] noted DFRJ, obtained with C8 and
IP probes are presented in Fig. 9. The DFRJ of C8 obtained on Bt clay is
bimodal. The first peak, at 22 kJ/mol more intense than the second
one, 36 kJ/mol, can be attributed to the adsorption of the probe on
low energy sites on the flat surface. The second peak can reveal adsorp-
tion on high energy sites located in lateral surface between the layers of
Bt clay. The DFRJs obtained for CSBt composites are monomodal. The
disappearance of the shoulder towards high energies testifies that mor-
phology modification takes place after Bt covering with CS, as it has
been shown by XPS and BET surface analysis.

As expected, the IP DFRJs are different than these obtained with C8,
once IP develops specific interactions with the surface while C8 ex-
changes dispersive ones. For Bt, the IP DFRJ shows two peaks with sim-
ilar intensities, a first peak with a maximum observed at 19 kJ/mol due
to the interaction of the IP probewith domains bearing siloxane bridges,
and a secondone around 33 kJ/mol, attributed to the sites of stronger in-
teraction among them silanol and aluminol functions of Bt clay.

Considering the DFRJs of IP on CSBt composites beads, a progressive
disappearance of the second peak at high energies is noted from the 0.1/
1 CS/Bt ratio up to obtain a monomodal DFRJs for the 1/1 CS/Bt ratio
similar to the CS one. This observation is another proof indicating that
the sites of Bt clay characterized by two kinds of adsorption energies
sites have been covered by CS characterized by only one type of adsorp-
tion sites.

The heterogeneity of studied solids surface was estimated from the
asymmetry of the adsorption energy distribution functions and the cal-
culation of the heterogeneity index Ihete (Eq. (10)). It was evaluated for
the same organic probes, C8 (apolar) and IP (polar) (Table 5).

Ihete decreases clearly from 23 to 10% for C8 probe, and from 39 to
16% for IP probe upon CS incorporation. This suggests the progressive
covering of the Bt surface by CS. The polymer chains of CS mask the
slits between sheets or structure defects highlighted by interaction
with C8 and high energy sites in lateral surfaces or silanols/aluminols
groups that can interact with IP.
5. Conclusion

CSBt composites beads were prepared with different CS/Bt ratios by
dropwise addition of liquid slurry containing CS and Bt to a NaOH solu-
tion. The CSBt composites were characterized in terms of surface chem-
ical composition, textural analysis,microscopicmorphology and surface
Table 5
Values of heterogeneity indexes Ihetemeasured by IGC-FC for C8 and IP probes on the stud-
ied composites.

Ihete(C8) % 333 K Ihete (IP) % 313 K

Bts 23 ± 2.8 39 ± 4.5
CSBt 0.1/1 20 ± 1.9 37 ± 4.1
CSBt 0.5/1 14 ± 1.3 17 ± 1.1
CSBt 1/1 10 ± 0.9 16 ± 1.0
CS 3 ± 0.3 14 ± 0.8
energy which confirmed the strong interaction between Bt clay and CS
biopolymer.

The XRD diffractograms confirmed the distortion of peaks corre-
sponding to Bt after CS introduction. XPS showed that C and Nmajor el-
ements of CS increase in surface of CSBt with increase of mass ratio CS/
Bt which shows the covering of the surface of Bt by CS. The BET analysis
of N2 adsorption showed a drastic decrease of the specific surface area
with increase ofmass ratio CS/Bt, emphasizing a smoothing of Bt surface
due to the Bt coverage with CS.

IGCwas used to investigate the surface properties of the studied raw
materials and CSBt composites. The IGC-ID showed that the dispersive
contribution to the surface energy γs

d of CSBt decreased considerably
compared to Bt due to the CS chains covering the clay surface. The IM
(χt) values of CSBt composites are close to 1 testifying the disappear-
ance of the surface roughness. Whereas the specific interaction param-
eter, determined by injection of polar probes, indicates that Bt exhibits a
strong interaction with acidic and basic probes due to the amphoteric
character of Bt surface clay. However, CS incorporation induced a
change in the surface acidity, the CSBt composites being less acidic,
probably due to lower exposure of silanol groups in the Bt surface.

By IGC-FC, the distribution functions obtained with n-octane, a
probe sensitive to the surface morphology are monomodal and sym-
metrical for all composites as for CS, indicating that CS affects signifi-
cantly the surface morphology of Bt, showing two peaks.

The distribution functions of CSBt composites with isopropanol
probe confirm also the decrease in the number of the high energetic
sites due to Bt clay coverage with CS.

In conclusion, the Bt surface coverage with CS affects drastically the
Bt surface properties. These composites will be of interest to adsorb
some anionic dyes and heavy metals.
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