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We report in this paper the synthesis and characterization of a new class of biopeblayer
nanocomposites based in the assembling of chitosan to sepiolite, which is a natural magnesium silicate
showing a microfibrous texture. CHN and ICP/AES chemical analyses, XRD, FTIR spectros&dpy,
solid-state NMR, LT-SEM, and thermal analysis have been employed in the characterization of the resulting
nanocomposites. The adsorption isotherm of chitosan on sepiolite in acidic medium reveals a significant
coverage of the biopolymer at high equilibrium concentration values indicating a multilayer adsorption.
The arrangement of chitosan chains on the surface of the silicate microfibers is discussed on the basis of
physicochemical data obtained by application of the different techniques. The potentiometric response
of this new type of bio-nanocomposites incorporated in carbon paste electrodes toward aqueous salt
solutions was employed for the first time as a valuable technique for a rapid assessment of the ion-
exchange behaviors. Thermal behaviors and mechanical properties have been determined by DTA-TG
and DMTA, respectively. As these materials are well-processed as self-supporting films, in view of their
properties they show potential interest as membranes for different processes related to separation of ions
and gases, as well as components in electrochemical devices (fuel-cell, potentiometric sensors).

Introduction biomimetic or bioinspired materigl®ased on the combina-

: oo . . tion of natural polymers with inorganic solids, including clay
The increasing interest in the preparation of polymer . : -
minerals. In this way, 2:1 layered silicates have been

clay nanocomposites relies on the good properties of these

hybrid materials resulting from the synergic effect of the °°mt?'r;ed with catlo_nlcg b|qpolymers such as chltgéan,
interaction of both components at the nanometric stale. gelatin,and poly:-lysine’ while layered double hydroxides

Within this research field, the development of biohybrid (LDHs) interact with negatively charged polymers including
’ i i 11 _ _
nanostructured materials has begun to receive special attenpecur;’ gllgma'Fe, carra}geen%ﬂwDNA, or poly(.,3 aspar
tion in recent year3d? Nature offers good examples of this tate}* giving rise to different type of bio-nanocomposites.
kind of material, for instance nacrand ivory5 A current The resulting nanostructured biohybrid materials are envis-

trend in materials science involves the development of aged for many different applications, from tissue engineering
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Scheme 1. Idealized Representation of Chitosan Adsorption  water, which is associated to the former by hydrogen
on the Sepiolite Surface bonding.

NI NHy Sepiolite has been described as a clay mineral showing
9_?7‘ Eéj&’ HO m _ the ability to give polymerclay nanocomposites as well as
© w° the widely used smectité$Polymers not only interact with
the external surface of this silicate, but they can also penetrate
into the structural tunnels of the minet&i?° It is well-known
that the reinforcement of polymeric matrixes with inorganic
fillers of different structure, composition, and morphology
depends on the interactions established between both com-
ponents. Thus, particles with a high aspect ratio are expected
to enhance the mechanical properties of the polymeric matrix
b in the resulting hybrid material. In this way, sepiolite has
been recently employed as an anisometric filler for the
reinforcement of elastomers, including poly(dimethylsilox-
ane) and poly(hydroxyethyl acrylat#)?? Palygorskite is a
related fibrous clay mineral that has been also recently
described for preparation of different polymeriay nano-
composites?

In this work, sepiolite has been combined to chitosan, a
natural polysaccharide bearing amino and hydroxyl groups
in its structure, to develop nanostructured biohybrid materials
provided with enhanced mechanical properties. Chitosan is

v + 1.0 crys a biocompatible polymer widely used for numerous applica-
=Si-OH tions in different areas: photography, cosmetics, food and
nutrition, biomedical purposes, ettAt slightly acidic pH,
in biomedicine to food packaging or drinking water purifica- amino groups in the chitosan structure are protonated making
tion, due to the special properties afforded by the organic this polysaccharide as a polymeric electrolyte that could be
moiety regarding biocompatibility and biodegradability. In able to compensate the negatively charged sepiolite substrate.
addition to the above-mentioned layered silicates and fol- In addition to this interaction mechanism, hydrogen bonding
lowing a similar approach, sepiolite has been also employedcan be established between the hydroxyl groups of chitosan
as a substrate for the adsorption of colld§en order to and the silanol groups on the external surface of sepiolite.
prepare biocompatible hybrid materials suitable as scaffolds The combination of both types of interactions together with

o .

for bone repair purposés. the elevated specific surface area of this silica8@0 n¥/

The clay mineral sepiolite is a microcrystalline hydrated g) are the bases for choosing sepiolite as substrate for the
magnesium silicate of theoretical unit cell formula Sko- preparation of new hybrid materials that may exhibit mi-
Mgg(OH,F)(H20)4-8H,0. It exhibits a microfiorous mor-  crofibrous morphology and provide attractive mechanical
phology and a particle size in the-20 um length rangé® properties as well as ion-exchange behavior.

Sepiolite shows an alternation of blocks and tunnels that grow
up in the fiber direction (Scheme 1). The blocks are Experimental Section

constituted by two layers of tetrahedral silica sandwiching &  siarting Materials and Reagents.Sepiolite (Pangel S9) pro-
central magnesium oxidenydroxide layer, and the dimen-  yided with a cation exchange capacity (CEC) value close to 15
sions of the cross-section of tunnels are aboutd 0.4 nn¥. mequiv/100 g was received from TOLSA. Chitosan (high molecular
The discontinuity of the silica sheets gives rise to the weight; deacetylation degree, DD, of ca. 75%) was supplied by
presence of silanol groups (SDH) at the edges of the Aldrich. Acetic acid was obtained from Merck and NaCl (ACS
channels, which are the tunnels opened to the external surfacéeagent) from Riedel-de HaeDeionized water (resistivity of 18.2
of the sepiolite particle¥ Tunnels are filled with both the ~ M€ cm) was obtained with a Maxima Ultrapure Water system from
coordinated water molecules, which are bonded to thé&"Mg Elga.

ions located at the edges of octahedral sheets, and the zeolitic — )
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Synthesis Procedure. Sepiolite suspension (3% wi/v) was 225 7
prepared in bidistilled water, and a vigorous stirring was applied @ 200 - e
by means of a mixer (G2 model, Lomi) in order to properly disperse (T:; 175 L
the clay. Different amounts of chitosan were dissolved in 50 mL 2 LS
of 1% v/v acetic acid in order to prepare a set of aqueous solutions o 150 .’
with chitosan concentrations ranging between 0.804 and 3¢tg L S 125 .
Each chitosan solution was added to 50 mL of the sepiolite = 100 4 . *
dispersion, and the mixture was stirred for 24 h at room temperature. § e -7
To prepare films of the chitosarsepiolite nanocomposites, an = N
aliquot of the sepiolite/chitosan mixture (7.6 mL) was vacuum o 0%
filtered onto a Millipore membrane (0.026n of pore diameter), ué 25 A
and the resulting films of sepiolite with an excess of chitosan were 0 : . : : :
allowed to dry overnight at room temperature. These films were 0 10 20 30 40 50 60
denoted as “non-washed nanocomposite” (N-WN) samples. Other equilibrium concentration / mmol L
aliquots of the chitosansepiolite suspensions were centrifuged,
and the supernatants were kept. The solid fractions were washed %0
three times with bidistilled water in order to reach a neutral pH 2 80 R S .
value. These “washed nanocomposite” (WN) samples were then 'q% 70 - Lo =
re-dispersed in bidistilled water in order to prepare films of sepiolite 2 60 - e
without excess of chitosan following the aforementioned procedure. S & -

Characterization. The resulting chitosansepiolite nanocom- Z N
posites were characterized by chemical analysis (Perkin-Elmer 2400 § 407 .
CHN analyzer), XRD (Bruker D8 instrument with a Cu anode and % 304
Ni filter), thermal analysis (TG and DTA) (SSC/5200 Seiko o204,
analyzer), IR spectroscopy (Nicolet 20SXC spectrophotometer), and '-'EJ 104,
inductively coupled plasma/atomic emission spectrometry (ICP/ . B
AES) (Perkin-Elmer, Plasma 40¥C CP MAS NMR spectra were 0 o 1'0 2'0 3'0 4'0 5'0

obtained in a Bruker Avance 400 spectrometer, using a standard
cross-polarization pulse sequence. Samples were spun at 10 kHz. initial chitosan concentration / mmol L1
Spectrometer frequencies were set to 100.62 and 400.13 MHz forFigure 1. Adsorption isotherm at 25C of chitosan onto sepiolite obtain(_ed
13C andH, respectively. A contact time of 2 ms and a period for N-WN samples (A) and adsorbed chitosan amounts measured in the
. : WN samples (B). Adsorption amounts were deduced from CHN chemical
between successive accumulatiofi$e were used. The number  analyses.
of scans was 800. Chemical shift values were referenced to
tetramethylsilane (TMS). The mechanical properties of the samples were determined using
For low-temperature scanning electron microscopy (LT-SEM), @ dynamic mechanical thermal analyzer (DMTA Mk-1Il Rheometric
a drop of each aqueous chitosssepiolite sample was deposited ~ Scientific) by Polymer Laboratories Ltd. The DMTA measurement
on the specimen holder of a cryotransfer system at room temper-Unity was positioned on horizontal drive shaft orientation, and the
ature. The drops were immediately plunged-frozen in slush nitrogen S@mples were loaded horizontally using small size bending clamps.
and directly transferred into the cryochamber, pre-cooled180 The measurements were performed at@2All samples were cut
°C via an air-lock transfer device. The frozen drop was then 0 dimensions of 15¢ 6 mn¥ from films of different thickness
fractured with a cooled blade, and an etching process was appliedP’éPared previously. Samples were inserted symmetrically and
by slowly heating the chamber t690 °C over a 2 min period. horizontally into the qlamp assembly, fixing the sample free length
This process allows sublimation of the first superficial micrometers t© ® mm. The full calibration procedure was followed before each
of water. The etched fragment was returned to the cryochamber,measuremem session. The samples were s_,tretched with |_ncremental
sputter-coated with gold for 2 min 15 s at 10 mA, and then moved force. The tgtal force |s_a function of the thlckn(_ess, the width, and
to the SEM chamber pre-cooled 6150 to—160°C where it was the mechanlga] properties qf the samples, and it was calculated for
observed at an acceleration voltage of-16 kV. The instrument each one to finish the gx_penment_before the _breaklng of the sample
used was a CT 1500 Cryotrans system (Oxford Instruments) takes place. The elasticity moduli were obtained from the slope of

mounted on a ZEISS DSM-960 microscope. the linear zone of the stresstrain curves.

To check the ion-exchange capacity of the chitessepiolite
samples, modified carbon paste electrodes (CPEs) were prepared
by thoroughly mixing 20 mg of each chitosasepiolite nanocom- Synthesis and Characterizationln both types of samples,
posite, 40 mg of graphite powder 2 um, synthetic, from  N-WN and WN, electrostatic interactions in acidic medium
Aldrich), and 40 mg of paraffin oil as liquid binder in an agate petween the positively charged amino groups of chitosan and
mortar. The modified carbon paste was then packed firmly into e negatively charged sepiolite are established. In addition,
the cavity of an electrode body (internal diameter 3 mm), and the a considerable interaction is expected between hydroxyl

electrical contact was established by a copper wire. The electrode roubs belonding to the biopolvmer structure and the silanol
surface was polished on paper until a smooth surface was obtained.g P ging poly

Potentiometric measurements were performed with an Orion EA920 groups present on the external surface of sepiolite (Scheme
ion selective meter. The homemade sensors acted as the workingl)'

electrode in a conventional two-electrode configuration, and the ~ The adsorption isotherm of chitosan (25) from water
potential was measured (at room temperature) against a Ag/AgClsolutions was determined from CHN chemical analyses
reference electrode. indicating that multilayer adsorption takes place (Figure 1A).

Results and Discussion
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According to the Giles classification of isotherfist can the Mg content in the sepiolite. This fact points out that the
be defined as a H-type isotherm, a special case of the L-typesepiolite structure is practically unaltered by treatment in the
curve, indicating a high affinity between the sepiolite sub- acidic medium during the preparation step. It must be
strate and the biopolymer adsorbate, being the chitosan com-assumed that the presence of chitosan on the mineral surface
pletely adsorbed from dilute solutions. The formation of mol- has a protective effect against the acid attack, similarly to
ecular aggregates on the silicate surface is favored by thethat observed for acid treatment of sepiolite in the presence
great affinity between chitosan due to intermolecular hydro- of organosilanes as protecting agefits agreement, XRD
gen bonding interactions. By washing the samples, i.e., afterconfirms that the crystal structure of sepiolite is preserved
elimination of most of the aggregated chitosan (“excess”), during the nanocomposite preparation procedure (Figure 2B).
the maximum amount of adsorbed chitosan results in 75 As expected, the intense peak at 1020 nm in the
mequiv/100 g of sepiolite (Figure 1B), which largely over- diffractograms of the nanocomposites (Figure—Z¢}, at-
passes the CEC value of sepiolite (ca. 15 mequiv/100 g). tributed to reflections from thel@0) planes in the sepiolite

Considering an average area Of giucosamine Bhd Structure, iS not Sh|fted because of the Chitosan adsorption.
acetylglucosamine units in the chitosan chain 055020 The N-WN samples (Figure 2C,E) obtained from chitosan/
m225the adsorbed amount of chitosan in the plateau of WN Sepiolite mixtures with low and high chitosan content (10.7
samples would be covering a total area of about 26@m  and 42.9 g per 100 g, respectively) show lower cristallinity
by supposing a full planar disposition of unfolded biopolymer than pristine sepiolite, in contrast to the washed samples
chains. Taking into account that the specific surface areaPrepared from the same starting mixtures (Figure 2D,F). This
(BET, N,) of the starting sepiolite is 335%ng,2° it can be observation can be explained by the high biopolymer content
estimated that a large part of that surface is covered by thein the N-WN samples, showing a “dilution effect” of sepiolite
biopoiymer_ As the Starting Silicate exhibits a Significant pore in the chitosan. Also a prefel‘ential orientation of the silicate
volume of dimensions only accessible to small molecules, a Microcrystals could be proposed in view of the enhancement
theoreticai Coverage Of an area Vaiue as high as 26@ m Of reﬂeCtiOI’]S at 064, 044, 033, and 0.26 nm, Wh|Ch
would be indicative that the external surface area of the clay apPparently are rational orders probably related to the layered
(ca. 150 rd/ g)°?” must be completely covered by the oOrganization imposed by the biopolymer structure.
chitosan chains. Besides, it should be also considered that a The IR spectra in the 408650 cnt* wavenumber range
fraction of chitosan could be involved in the partial penetra- Of the starting components, chitosan and sepiolite, together
tion into the structural tunnels of nanometric dimensions of With those corresponding to the derived nanocomposites have
sepiolite, as it has been also reported for other polymeric been included in Figure 3. Chitosan spectrum (Figure 3a)
chains (PEO) acceding to this type of nanopdéPésowever, shows the characteristic vibration bands of a polysaccharide
such a situation could be strongly restricted because of thebearing amino and acetyl groups( ~ 3454 cnt?; vo_y
steric hindrance of chitosan chains. The specific surface area™ 3364 cnT%; ve_y ~ 2911 cnm*; vy ~ 2868 cnT'; amide
of WN and N-WN samples is strongly reduced with respect !l ~ 1656 cn™*; dnis ~ 1580 cnmh; o ~ 1379 en?; ve—o
to that of pristine sepiolite, giving rise to values in the 260  ~ 1153 cm™*; vcy of C—O—C ~ 1072 cn1* characteristic
200 nt/g range, indicating that chitosan is homogeneously Of the piranose ring})-**whereas characteristic bands of the
disposed on the silicate surface avoiding the access ofSepiolite ¢on attributed to zeolitic water 3650-3400 cn?;
nitrogen to the nanopores during the BET measurements. 9+ox Of coordinated water molecules 1666 cni*; andvsio

The preparation of chitosarsepiolite nanocomposites is of Si-O—Si~ 1020, cn1)* are shown in Flglire 3b. L
carried out in the acidic medium required to dissolve the | N€ nNanocomposites prepared from a solution containing
biopolymer. It is known that the treatment of sepiolite by initially 42.9 g of chitosan/100 g sepiolite have been chosen

acids produces the magnesium extraction, and therefore 4° compare the two types of samples, WN (Figure 3c) and
structural alteration could be significant in appropriated N-WN samples (Figure 3d). In the first case, the amount of

experimental condition&:28 The extracted magnesium was chitos_an that remains _adsorbed onto sepiolit_e aftgr t_he
measured (ICP/AES) in the supernatant obtained aﬁerwashmg treatment prowde_s pands_ of very low mtensﬂy in
centrifugation of the chitosarsepiolite mixtures. For all the ~ cOmparison to those of sepiolite, being almost unappreciable
preparations the measured amount of lixiviated Mg was ca. (Figure 3¢). The band attributed to the protonated amino

26 mg L%, which corresponds approximately to 1.4% of groups is shifted toward 1547 ¢ confirming the estab-
lishment of electrostatic interactions between the silicate

surface and the biopolymé#®
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Figure 2. X-ray diffraction patterns of (A) chitosan, (B) pristine sepiolite, and the chitosapiolite nanocomposites prepared from mixtures containing
(C, D) 10.7 g chitosan/100 g sepiolite and (E, F) 42.9 g chitosan/100 g sepiolite. Parts C and E correspond to N-WN samples, while D and F are the
diffractograms of WN samples. (All values in graphs are in nanometers).
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overlapped by the characteristic bands of sepiolite. The band
assigned to the protonated amino grodip6) is also shifted
toward a lower wavenumber in the nanocomposite spectrum
(1563 cnt?), this effect being attributed to the electrostatic
interaction of the positively charged amino groups of chitosan
with the negatively charged sites of the sepiolite.

We have invoked the formation of chitosan multilayer
arrangements on the external sepiolite surface, due to the
high tendency of this biopolymer to form lamellar aggregates
and their stability being assured by strong hydrogen bond
intermolecular interactions. The existence of hydrogen bond
interactions between chitosan and the silicate surface could
be evidenced by IR spectroscopy (Figuré-3t), showing
the perturbation (intensity loss) by hydrogen bonding of the
band at 3720 cnt assigned to the stretching OH vibrations
silanol groups located at the external surface of sepi®fté’
due to their interaction with the adsorbed chitosan. It is
known that the perturbation of this band produces a shift
toward low-frequency values that are not observed in the
spectrum due to the overlapping with stretching OH bands
of water moleculed® The intensity decrease of the silanol
band in different extent can be correlated with the surface

Wavenumber / cm™ :
Figure 3. FTIR spectra in the 4006550 c region of the pristine coverage degree. In contrast, the band assigned to the stretch-

chitosan (a), the starting sepiolite (b), and the chitessepiolite samples  ing OH vibration of Mg-OH appearing at ca. 3680 cth

prepalred frhom a mixturtle con;aining 429 g c;]f chito/san peE )100 dg r?f remains unaltered even at high amounts of adsorbed chitosan.

sepiolite: the WN sample with 72.0 mequiv chitosan/100 g (c) and the .

N-WN sample with 94.8 mequiv chitosan/100 g (d). Spectra were recorded It Sho“",’ be reme.mb.e"Ed that this last type of hyd_ro>.<yl

on KBr pellets except for chitosan (film). Spectra in the 373650 cnt! groups is located inside the structural blocks of sepiolite,
being therefore inaccessible to adsorbed species (Scheme 1).

region correspond to sepiolite'{pbthe WN sample (¢, and the N-WN
sample (¢) (recorded on film samples). . . )
Solid-state high-resolution NMR spectroscopy was also
In contrast, for N-WN samples some of the vibration bands applied to characterize the chitosasepiolite nanocompos-
attributed to chitosan can be observed, while others areites. The'3C NMR spectrum (Figure 4b) of a N-WN sample
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Figure 4. 13C NMR spectra of (a) pure chitosan and (b) N-WN chitesan
sepiolite sample containing 110.5 mequiv of chitosan per 100 g sepiolite.

containing 110.5 mequiv chitosan/100 g shows a low signal-
to-noise ratio and broader peaks than those observed in the
starting chitosan (Figure 4a), indicating strong polymer
clay interactions. The signals at 104.5, 57.1, 74.9, 81.7, and
60.1 ppm are assigned to C1, C2, C3,<b, and C6,
respectively, in the chitosan piranose rings.

The LT-SEM technique allows the quenching SEM images
of samples with high water content at low temperature.
Scanning electron micrographs of the 3% (w/v) Pangel S9
and the chitosansepiolite suspensions, frozen by immersion
of a sample drop in liquid nitrogen before drying the
nanocomposites, are shown in Figure 5. In the absence of
chitosan (Figure 5a), dispersed sepiolite fibers are clearly
observed. In contrast, SEM images corresponding to the
chitosar-sepiolite nanocomposites prepared from solutions Figure 5. Low-temperature scanning electron microscopy images of 3%
containing initially 2.68 g and 100 g of chitosan/100 g (w/v) Pangel S9 (,_a) _and suspensions with 2.68 g (b) and 100 g (c) of chitosan

- . . per 100 g of sepiolite.
sepiolite (parts b and c of Figure 5, respectively) show an
agglomeration of the sepiolite fibers due to the adsorption WhereE is the electrode potentidE® the reference potential,
of chitosan, this effect becoming stronger as the amount of R the gas constant, the thermodynamic temperatufethe
adsorbed biopolymer increases. In these conditions, theFaraday constang the ion activity, and; the charge number
sepiolite fibers seem to be tightly integrated within the Of the ion.
biopolymer structure, providing compactness to the corre-  Given that the charge of the measured ions is involved in
sponding bio-nanocomposites. Such arrangement of silicatethe Nernst equation, the slope of potential vs épghanges
fibers and biopolymer slabs suggests the enhancement oficcording to its nature, i.e., anionic or cationic, and also for
mechanical and barrier properties of these nanocompositesmono- or polyvalent ions. Thus, the predominance of anionic

lon-Exchange BehaviorsTo ascertain the ionic exchange ©' cationic exchange sites in the chitosaepiolite nano-
behavior of the resulting chitosaisepiolite nanocomposites, COMPOsites, and in consequence the higher affinity of each
we have developed an innovative procedure consisting of Material toward anions or cations, will tune the potentio-
the study of their electrical response by application of direct MEWIC response of the resulting systems. For this purpose,
potentiometry. As predicted by the Nernst equation (eq 1), carbon paste electrodes (CPEs) were modified with the

ideally the potential of a selective electrode should be a linear Chitosan-sepiolite samples and their potentiometric re-
function of the logarithm of the ion activit? sponses were evaluated in NaCl solutions of increasing

concentration. For comparison, modified CPEs were prepared

. RT___ _, 591 with the pristine sepiolite, which give slope valuestef8.2
E=FE+ zi_FIn a=FE"+ —4 %g a Q) mV/decade.
As shown in Figure 6A, all the CPEs prepared with WN
(33) Brett, C. M. A Olivera Brett, A. M. Potentiometr | samples, where the excess of chitosan has been removed,
rett, C. M. A.; Oliveira Brett, A. M. Potentiometric sensors. In . .

Electrochemistry: principles, methods and applicatior@®xford show pOSItI\_/G s_lopes rangmg_ between5 an_d—i—19 mV/

University Press Inc.: New York, 1993; pp 28909. decade, indicating the behavior of the hybrid material as a
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pointing out the presence of an excess of protonated amino
M groups that are responsible for the new behavior of these
. . . S samples as anionic exchangers. In fact, the theoretical pH
Figure 6. Potentiometric responses of the CPEs modified with (A) WN | . df N-WN . i . id
samples containingl) 43.5, @) 51.3, and &) 72.0 mequiv chitosan per va u_e estlmatg ora N- suspension, ta mg "_1 consia-
100 g of sepiolite and with (B) N-WN samples containim) @5.6, @) eration the chitosan amount adsorbed onto sepiolite as well
50.7, and &) 94_.8 mequiv ch_ltosan per 100_ g of ge_plolnte._The potential 55 the acidity constant of amino groups in chitosaﬁa(p
was measured in NaCl solutions of increasing activity against a Ag/AgCI 24 . . .
reference electrode. 6.3)* results in a value of 4.9, which matches with the

. . measured value.
cationic exchanger. In contrast, modified electrodes based On the basis of both type of experiments, the direct

on N-WN samples could exhibit positive or negative slopes

log C

NaCl

. ; i , ) potentiometry and the measurement of pH, the presence of
depending on the amount of chitosan interacting with the tonated amino groups can be confirmed, indicating that
silicate ('Flgure 68)'. For hlgh ampunts gf adsorbed chltqsap, the N-WN chitosar-sepiolite samples can be employed as
a negative slope is obtained, indicating that the cationic 5 4+ reservoir in different applications. As these materials
exchange capacity of sepiolite has been reversed to an anioni¢.on pe easily conformed as membranes showing good
exchange character due to the presence of available protoynechanical properties, the proton conductivity could be of

nated amino groups. great interest for applications in fuel-cell devices. However,
On the basis of the observed response of the NanoCoM+ne yalues of H conductivity initially tested in these

posites, they could be envisaged in a first approach for further . . 1\branes are too low for this kind of use, and the system

applications as the active phase of potentiometric Sensorsy, gt he further improved by incorporation of stronger acidic
for ions detection in aqueous solutions, in a way similar to agents.

D e ot o THeal Sy, DTA o TG s e s
' P 20—1000°C range under air flow conditions (Figure 8) point

a low stability in performance, and therefore, this electrode - . o
design (CPE configuration) cannot be employed for such out _the thermal sta_b|l|ty of the chltosaseplollte hanocom-
posites in comparison to the biopolymer alone. The DTA

applications. It could be appointed that alternative electrode . - .
. ) . . : curve corresponding to the pristine chitosan shows an endo-
designs based in epoxy or PVC matrixes, which give more : .
thermic process at 63C and two exothermic processes at

;?ggt‘:'g:ﬁ;;cgzﬂczn ?ii:ligg;en“al solution for the proposed317 and 566 C, respectively. The first one, associated with

X y PP ' . . a weight loss of 8.6% in the TG curve, is attributed to the

It is known that the pH value of a sepiolite suspension . .
loss of physically adsorbed water molecules. The exothermic

varies ywth time reaching a basic value, due to the lixiviation processes at 31°C (weight loss of 59%) and 56€ (weight
of Mg ions that are replaced byHrom water. Thus, the ) .
loss of 33%) are related to the pyrolytic decomposition

pH V?'“e of a 0.2% (whv) sepiolite su_spension_was mea.lsured’followed by the combustion of the biopolym#&rt
showing a variation from 5.9 to 8.8 in few minutes (Figure o . o
7). Both the WN chitosansepiolite samples and the sepiolite 1 n€ stabilizing effect of the chitosan adsorption onto
previously treated in acetic acid show a similar effect, with S€POlité is clearly observed in Figure 8b, corresponding to
a pH change from 5.9 to 7.4 and 6.8, respectively. Probably, @ WN sample with 72.0 mequiv/100 g prepared from a
the final value in both cases is less basic because a partial
lixiviation of Mg ions has already taken pIace in the previous (34) Muzzarelli, R. A. A. Modified Chitosans and their Chromatographic
. . Performances. IfProceedings of the First International Conference
preparation step. In contrast, N-WN samples show a different on Chitin/Chitosan Muzzarelli, R. A. A., Pariser, E. R., Eds.;
behavior, and in 0.2% (w/v) suspensions of these samples  Massachusetts Institute of Technology: Boston, 1978; pp-338.
the pH value is kept practically constant at 4M0. This (35) Zohuriaan M. J.; Shokrolahi, Polym. Test2004 23, 575-579.

. : _ ) (36) Waymack, B. E.; Belote, J. L.; Baliga, V. L.; Hajaligol, M. Ruel
fact agrees with the result provided by direct potentiometry, 2004 83, 1505-1518.
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As mentioned above, this increment in the temperature
required for the thermal decomposition of chitosan points
out the improved thermal stability of the resulting chitosan
sepiolite nanocomposites.

Mechanical Properties. The elasticity modulus was
obtained for the WN and N-WN samples, conformed as
films, from the linear zone of the tension vs deformation
representation. In Table 1 are collected the values obtained
for the different nanocomposites. The value of elasticity
modulus of sepiolite is not included as the films of such
silicate show great fragility, thus such measurements were
avoided. The starting chitosan prepared as thin films (0.008
4 0.002 mm) gives an elasticity modulus of 150.4 GPa.

An improvement of the mechanical properties of both the
WN and the N-WN samples with respect to the starting
components, sepiolite and chitosan, is clearly observed. In
fact, the measured samples show the typical synergic
behavior of polymerclay nanocomposites, in which the
i mechanical properties of the components associated at the

--10 nanometer level are superior to those of the components
168°C 3 : i
S e A B measulred separately. As observed in thg LT-SEM images,

Temperature / °C the chitosan seems to act as an adhesive connecting the
Figure 8. TG and DTA curves obtained for the pristine chitosan (A), and S€piolite fibers, and such a strong interaction between both
the chitosar-sepiolite samples prepared from 42.9 g chitosan/100 g components could be the reason of the enhancement of the
sepiolite: WN sample (B) and N-WN sample (C). elasticity modulus in the nanocomposite samples. The

. . : . measured values agree with those reported by other authors
starting mixture of 42.9 g of chitosan/100 g sepiolite. The for the interaction of chitosan with hydroxyapatite as

DTA peaks corresponding to chitosan decomposition have . L .
been shifted toward higher temperature values, appearing a norganic filler (see Hu et 9'38' In that case, the hybrid
materials processed as a hioabsorbable implant to promote

371°C, being associated with a weight loss of 10.4%. The ) :
water content of this nanocomposite is 9.5% at ca°@5 new bone formation showed a Young’s modulus of 3.4 GPa.

due to the hydrophilic character of both components, chitosan We have observed that WN samples show a linear

and sepiolite. The DTA peak at 83T corresponds to the  relationship between the modulus and the amount of adsorbed

dehydroxylation process of the residual sepidiite. chitosan (Figure 9a), contrary to that observed for the N-WN
The related N-WN sample, prepared from the same startingsamples (Figure 9b). Such a behavior could be attributed to

mixture and containing a great excess of chitosan (94.8the low homogeneity observed in these last samples,

mequiv/100 g), shows additional peaks in the DTA curve especially in N-WN samples with a high amount of chitosan

(Figure 8c¢) in comparison with that of the WN sample. In associated with the sepiolite substrate. The total error in the

addition to the endothermic peak at 88 related to the loss  measurements can be mainly ascribed to the error due to

of water (8.9%) and the exothermic peak at 887due to the film’s thickness determinations, being higher in the WN

the clay substrate under heating, three exothermic processesamples that show lower thickness values (Table 1).

are observed. Among them, peaks at 317 and°®&4dppear

at similar values to those reported for the pristine biopolymer Conclusions

(Figure 8a) and could be related to the excess of chitosan

that is not tightly bound to the clay substrate. In contrast, An example of biohybrid materials based on natural, abun-

the process at 417 may be attributed to the decomposition dant, low-cost, and environmentally friendly resources is here

(pyrolysis + combustion) of adsorbed chitosan, as above reported. The interaction of sepiolite with the cationic bio-

indicated for the nanocomposite without excess of chitosan. polymer chitosan results in nanostructured biohybrid materi-
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Table 1. Composition, Dimensions, and Elasticity Modulus of the ChitosanSepiolite Samples

washed samples nonwashed samples
starting amounts chitosan coverage chitosan coverage
(g chitosan/ (mequiv chit/ thickness width E (mequiv chit/ thickness width E
100 g sepiolite) 100 g sepiolite) (mm) (mm) (GPa) 100 g sepiolite) (mm) (mm) (GPa)
2.68 435 0.044- 0.002 6.07+0.01 1.6+0.1 45.6 0.096: 0.002 6.02+0.01 3.0+0.1
10.7 51.3 0.025: 0.002 6.06£0.01 4.5+0.4 50.7 0.095: 0.002 5.98:0.01 3.6+0.1
21.5 80.2 0.03@: 0.002 6.14+-0.01 3.7£0.2 7.7 0.11A0.002 6.11:£0.01 3.2£0.1
32.2 76.1 0.026: 0.002 6.10+0.01 4.1+0.3 83.1 0.115: 0.002 5.86£0.01 6.5£0.1
42.9 72.0 0.015: 0.002 5.98:0.01 3.3+0.4 94.8 0.082: 0.002 6.15+0.01 4.3+0.1
53.7 75.2 0.038: 0.002 6.00£ 0.01 3.2+0.2 110.5 0.166£ 0.002 6.05£0.01 3.1+0.1

64.4 91.1 0.013 0.002 6.05+0.01 5.1+0.8 141.1 0.09@: 0.002 6.01+0.01 3.9+0.1
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Figure 9. Elasticity modulus as a function of the amount of chitosan
adsorbed onto sepiolite in (2) WN and (b) N-WN samples.

als provided with enhanced mechanical properties. The strong

interaction between both the organic and the inorganic moie-
ties is confirmed by several characterization techniques,

(37) Balci, S.J. Chem. Technol. Biotechndl996 66, 72—78.
(38) Hu, Q.; Li, B.; Wang, M.; Shen, Biomaterials2004 25, 779-785.

Darder et al.

including FTIR, LT-SEM, and dynamic mechanical analysis.
The thermal stability of the chitosatsepiolite hanocom-
posites is also increased with respect to the pristine biopoly-
mer.

Direct potentiometry has been applied for the first time,
to the best of our knowledge, as a tool to ascertain the ionic
exchange character of the resulting chitosaepiolite nano-
composites. In addition, from the measurement of the pH
value in suspensions of these nanocomposites, it has been
stated that these chitosasepiolite samples are a reservoir
of HT, providing an acidic environment. The measured
modulus in all the prepared samples confirms the enhance-
ment of their mechanical properties with respect to the clay
or the polymer taken separately, due to the strong interaction
between the chitosan and the sepiolite substrate. Thus, the
new chitosan-sepiolite hybrid materials are processed as
self-supporting films that could potentially be used in
different applications such as separation processes of gas
mixtures, components for electrochemical sensors, or mem-
branes in fuel-cell devices.
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