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Bio-Nanocomposites Based on Layered Double Hydroxides
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A new family of functional hybrid nanocomposites based on the intercalation of naturally occurring
anionic biopolymers including alginic acid, pectirrcarrageenarn,-carrageenan, and xanthan gum in
[Zn,Al(OH)g]CI-nH,O layered double hydroxide (LDH), have been synthesized. The “coprecipitation”
or “co-organized assembly” method has been successfully employed for the intercalation of such
polysaccharides within the [ZAl] LDH. However, the “reconstruction” procedure from the calcined
LDH in the presence of the anionic polysaccharides only resulted in a partial intercalation of the organic
guest. Particular effort was devoted to the study-cérrageenan[Zn,Al] systems. An essential feature
of the prepared biopolymeiZn,Al] nanocomposites is that the anionic exchange capacity of the pristine
LDH is turned into a cationic exchange capacity due to negatively charged groups in the polysaccharide
structure that do not interact with the positively charged LDH layers. In agreement with the fact that
most of the studied biopolymers interact strongly with calcium ions producing homogeneous gels, the
prepared biopolymetf[Zn,Al] nanocomposites were operative as active phases of sensors for the
recognition of calcium ions. Hence, the biopolym¢Zn,Al] nanocomposites have been incorporated in
carbon paste or PVC matrixes for the development of potentiometric sensors. These devices were applied
to calcium determination by direct potentiometry and the best responses were obtained for the sensors
based on alginateLDH and (-carrageenanLDH nanocomposites.

Introduction difficult for the intercalation of larger anionic polymers
within LDHSs, since this process will be kinetically limited
by the slow diffusion of the polymer. To overcome this
problem, an alternative method is in situ polymerization after
intercalation of the monomers by ion excharfigé.The
coprecipitation or “co-organized assembly” method gives rise
to monophasic hanocomposites resulting in the intercalation
of polymers with high molecular weights (as highMg =

150 000 gmol~t) such as poly(acrylic acid), poly(vinylsul-
fonate), poly(styrenesulfonat®)and poly(vinyl alcohof
within the LDH sheets.

A special feature of LDHs is that they can be calcined at
moderated temperatures (30800 °C) to yield the corre-
sponding mixed oxides and then recover their original layer
structure after treatment with aqueous solutions containing
anionic species. This property is useful to incorporate organic
species in the LDH structuré: 6

Layered double hydroxides (LDHs) can act as host
matrixes for the intercalation of organic polymers in order
to synthesize hybrid organignorganic nanocomposités.
The high charge density on the LDH layers (ca. 300
mEQ/100 g LDH) prevents exfoliation of the sheets and,
therefore, the intercalation of large anionic species by a
delamination and entrapping-restacking process, commonly
employed to prepare nanocomposites based on layerecPclays
is not feasible in many cases. Alternative methods of
synthesis, including direct ion-exchange, coprecipitation, and
reconstruction of calcined LDH in the presence of the
polymer, are usually employed in the intercalation in the
layered hydroxide&? The intercalation of anionic polymers
of intermediate molecular weight has been reported for poly-
(ethylene oxide) derivatives by ion-exchange and coprecipi-
tatior? and for poly(,3-aspartate) by coprecipitation mettfod.
However, the direct ion-exchange method is generally - ¢ \yrion N T vickers, P. J.: Mann, SL. Mater. Chem1997, 7,

1623-1629.
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efficiency of such electrodes depends on the anionic ex-
change capacity of the LDH, which depends on the nature
of both the di- and trivalent metals and the interlayer adfon.
Other electroanalytical applications of LDHs include the
development of amperometric sensors suitable for the de-
termination of oxidizable speci®sas well as the construction

of a biosensor for cyanide detection where the interlayer
anion acts as a mediator between the redox center of the
enzyme and the electrodg?? o
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increasing interest In this context, the intercalation of :
biopolymers in layered materials has been previously re-
ported in smectite clays?®as well as in LDHs. In this last
case, several biopolymers including pely§-aspartaté€)and
DNAZ?728 have been incorporated in the structure of LDHSs.
Leroux and co-workers have shown the ability of certain
polysaccharides, such as alginate, to intercalate L¥5fke of the prepared biopolymefZn,Al] nanocomposites is the
present work tries to extend this behavior to other polysac- possibility to reverse the anionic exchange capacity of the
charides searching applications based on their complexingpristine LDH to a cationic exchange capacity due to the
capacity. In this way, the objective of this work is the negative groups in the polysaccharide structure noninteracting
preparation of functional hybrid nanocomposites based onwith the positively charged LDH layers. This behavior is
the intercalation of anionic biopolymers, whose structures opposite to that previously observed when the cationic
are shown in Figure 1, in the LDH [2AI(OH)¢]Cl-nH20, biopolymer chitosan is intercalated as a bilayer in smectite
denoted as [ZI]CI. Alginic acid, pectin,x-carrageenan,  clays?® The best results were obtained in thearrageenan
and-carrageenan are natural anionic polysaccharides pro-[Zn,Al] system, and therefore these materials have been
vided with gelling, thickening, and stabilizing properties. studied more deeply. The resulting biopolymEZn,Al]
Pectin is extracted from citrus peel and apple pomace, while nanocomposites will be incorporated in carbon paste or PVC
the natural sources of alginic acid and carrageenans arematrixes and will act as active phases of the developed
brown and red seaweeds, respectively. Xanthan gum, pre-sensors applied to the potentiometric determination of
pared from aerobic fermentation ¥&nthomonas campestris  calcium, an important analyte in areas of high relevance such
is also an anionic polyelectrolyte employed as nongelling as clinical diagnosis, food analysis, and water quality control.

Xanthan gum
Figure 1. Structures of the studied anionic biopolymers.

agent for the control of the viscosity. An interesting feature
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Experimental Section

Starting Materials and Reagents.Alginic acid (from Brown
Algae), pectin (from Citrus Fruits, galacturonic acid content 87.6%),
k-carrageenan (type I, from Irish Moss), ardarrageenan (type
I1) were obtained from Sigma. Xanthan gum was provided by the
ICIDCA (Cuba).

Aqueous solutions were prepared from chemicals of analytical-
reagent grade: AlGI6H,0 (>99%, Fluka), ZnCl (98%, Merck),
NaOH (97%, Panreac), NaCl (ACS reagent, Riedel-dénpjae
NaNG; (ACS reagent, Fluka), and Ca&2H,0 (>99.5%, Fluka).
Deionized water (resistivity of 18.2 8-cm) was obtained with a
Maxima Ultrapure Water system from Elga.

Synthesis Procedure by Coprecipitation MethodBiopolymer
(0.91 g) was dissolved in 300 mL of bidistilled water. Alginate
(pKa mannuronic acid units= 3.38, K, guluronic acid units=
3.65) and pectin (8, = 2.9)° solutions were prepared by addition
of NaOH to the biopolymer suspension to reach a pH value of 8
and ensure complete deprotonation of carboxylic groxyizarra-
geenan and-carrageenan solutions were prepared by slow addition
of the biopolymer to hot water (ca. 7C) under vigorous magnetic
stirring.

(30) http://iwww.Isbu.ac.uk/water/hydro.html and references therein.



Bio-Nanocomposites Based on LDHs Chem. Mater., Vol. 17, No. 8, 200B1

Table 1. Composition Obtained from Chemical Analysis (Al and Zn by ICP/AES; Biopolymer Content from CHNS Elemental Analysis; and
Water Content from TG Analysis) and Proposed Formulas of the Biopolymer-[Zn,Al] Nanocomposites

bio-nanocomposite Zn % Al % biopolymer % 28 % formula
-carrageenanL.DH 27.15 7.35 43.1 114 [ZaA\ 1 5(OH)g] (c-carrageenan)-3.7H0
k-carrageenanLDH 34.06 8.44 33.1 10.0 [z 1 (OH)e] (k-carrageenanp) 2.6H,0
alginate-LDH? 21.71 4.25 40.5 13.2 [ZAl g 95(OH)g] (alginate) 44.4H,0
pectin-LDH 24.93 6.27 445 9.9 [Z#Al 1 (OH)g] (pectiny 43.1H,0

aData from ref 29.

AlICl3-6H,0 (0.68 g) and 0.603 g of Znglvere dissolved in Fluka) and 100 mg of dibutyl phthalate (DBP, from M&B) in 750
500 mL of decarbonated bidistilled water. This solution was added uL of tetrahydrofuran (THF, from Merck). The mixture was
dropwise with a peristaltic pump to the biopolymer solution, while dispersed in an ultrasonic bath for 10 min. A 4D-portion of the
kept under nitrogen atmosphere. Simultaneously, a solution of mixture were suspended at the end of a polypropylene tube
NaOH 1 M was also added dropwise to the biopolymer solution (diameter 2.5 mm) and the solvent was allowed to evaporate for 3
through an automatic dispenser (Dosimat 765 with an 806 Exchangeh. The potentiometric membrane electrode was constructed by filling
Unit, from Metrohm) controlled by a 781 pH/lon Meter (Metrohm) the tube with CaGl 103 M as internal reference solution and
to keep a constant pH of 9 during the synthesis. The precipitate introducing an internal Ag/AgCl reference electrode. The modified
was aged in the mother liquid for 24 h, centrifuged, and then washed PVC based membrane was conditioned in NaNO3 M for 24
three times with bidistilled water and finally dried at 4Q. The h prior to use.

[Zn,Al(OH)¢]Cl-nH,O LDH without intercalated biopolymer, de-
noted as [ZpAl|Cl, was synthesized following the same procedure Results and Discussion
but replacing the biopolymer solution with bidistilled water.

Characterization. The resulting [ZpAI]Cl LDH and biopoly- . L o
mer—[Zn,Al] nanocomposites were characterized by chemical Hydroxides by Coprecipitation Method. As indicated by

analysis (Perkin-Elmer 2400 CHNS/O Series Il analyzer; Thermo _O”akh' et al.}_o c_opreC|p|tat|0n method IS a usefgl way t?
Jarrel Ash “IRIS Advantage” ICP/AES for Al and Zn determination; Intercalate anionic polymers of high molecular weight within
CI- ion-selective electrode DX235-Cl Mettler-Toledo; samples were layered double hydroxides. This method consists of the “co-
dissolved by 0.1 M nitric acid treatment at moderate temperature), organized assembly” synthesis of the LDH in the presence
XRD (Siemens D-500 instrument with a Cu anode and Ni filter), of the polymer, which will be incorporated between the LDH
thermal analysis (TG and DTA) (SSC/5200 Seiko analyzer), IR sheets. Recently, it has been successfully applied to inter-
spectroscopy (Nicolet 20SXC spectrophotometer), and SEM (ZEISS calate an anionic biopolymer, alginate, within a LBHn
DSM-960 microscope working at 15.0 kV). the present work, the incorporation of analogous naturally
+C CP MAS NMR spectra were obtained in a Bruker Avance .crring anionic polysaccharides including pectin, xanthan
400 spectrometer, using a standard cross-polarization pulse S_‘e'gum, i-carrageenan, and-carrageenan in the [ZAl]
quence. Samples were spun at 10 kHz, Spectrometer freqUIenCIestructure, will be studied by the coprecipitation method and

were set to 100.62 and 400.13 MHz f8€ and!H, respectively. 4 he alai | .
A contact time of 2 ms and a period between successive accumula-cOmpare to the alginatdZn.Al] nanocomposite.

tions d 5 s were used. The number of scans was of 800. Chemical Chemical Analysis.CHNS chemical analyses of the
shift values were referenced to tetramethylsilane (TN®).MAS biopolymer-[Zn,Al] nanocomposites confirm the incorpora-
NMR spectra were also registered with a Bruker Avance 400 tion of the biopolymers in the LDH. From such results, the
spectrometer at 104.26 MHz, using in this case a standard singleamount of biopolymer retained by the LDH 2D-network,
pulse sequence, with 2s pulse width and a period between expressed in mEq of biopolymer per 100 g of LDH, can be
successive accumulations of 5 s. Samples were spun at 10 kHzcalculated taking into account the content of negatively
and the number of scans was 400. Chemical shift values were givencharged groups in the biopolymer structure (Figure 1). The
with respect to an external aqueous Ai8blution. values obtained for each nanocomposite are 316, 401, 326,

Potentiometric measurements were performed with an Orion . .
EA920 lon Selective Meter. The homemade sensors acted as theand 128 mEq/100 g for alginate, pectirzarrageenan, and

working electrode in a conventional two-electrode configuration k-carrageenan, respectively. Taking into account other

and the potential was measured (at room temperature) against aanalytlcal results for Zn, Al, and 1D content the ]‘ormulas
Ag/AgCI reference electrode. proposed for the nanocomposites are collected in Table 1. It

Potentiometric Sensors. Modified carbon paste electrodes IS important to remark the absence of chloride in all the
(CPEs) were prepared by the following procedure. Pristine samples as deduced from both EDX and potentiometric
[Zn,AlICI LDH or biopolymer—[Zn,Al] nanocomposite (20 mg)  analyses. This last technique confirms the presence of CI
was ground in a mortar to obtain a very fine powder. Then, the in the LDH of reference, obtained in absence of biopolymers,
powder was mixed into 40 mg of graphite powder-@Lum, which has [ZpAl; (OH)s]|Cl1 ¢1.1H0 as formula. The same
synthetic, from Aldrich) and 40 mg of paraffin oil as liquid binder technique applied to analyze the chloride content in the
and thoroughly mixed in an agate mortar. The modified carbon nanocomposites gives negative results, indicating a Cl
paste was packed firmly into the cavity of an electrode body concentration below the detection limit4 x 10°5 M). The
(internal diameter 3 mm), and the electrical contact was assured . . N .

lAI excess from the theoretical Zn/Al ratio (2:1) is tentatively

by a copper wire. The electrode surface was then polished on pape ; ) . .
u?/]til a srﬁ)]ooth surface was obtained. P pap attributed to the formation of aluminate and/or oxyhydroxide

Modified PVC-based membranes were prepared by incorporating SPecies that could remain associated to nonintercalated
50 mg of pristine [ZRAI]CI LDH or biopolymer—[Zn,Al] nano- biopolymers, in agreement with the phase diagrams described
composite (particle size lower than /i) to a mixture containing  for Al(lll) species vs pH. The presence of aluminate species
50 mg of poly(vinyl chloride) (PVC, high molecular weight from  could be explained when the biopolymer content in the

Intercalation of Anionic Biopolymers in Layered Double
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alginate, pectin, and-carrageenan (Figure 2fl), respec-
tively. The increase of the interlayer distanged() in the
nanocomposites is calculated from tthg spacing and the
thickness of the inorganic layer, estimated to 0.48 nm in
comparison to the brucite structure. For the mentioned
biopolymer-LDH nanocomposites thad, values are 0.84
and 0.89 nm for alginate and pectin, respectively, which
indicate their intercalation as a monolayer, in good agreement
with the previous work by Leroux et &.In the case of
-carrageenan, thAd, value of 1.15 nm indicates that the
polymer could be intercalated as a double helix. It has been
found that the-carrageenan molecule forms a half-staggered,
parallel, 3-fold, right-handed double helix stabilized by
interchain hydrogen bonds from 2- and 6-hydroxyl groups
in the galactosyl unit& The thickness of the-carrageenan
double helix, 1.09 nm, is consistent with the measured value
of Ad. in the (-carrageenan[Zn,Al] nanocomposite.

In the case ok-carrageenan (Figure 2e), the XRD pattern
shows two peaks of very low intensity that correspond to
doo Spacings of 2.07 and 1.49 nm. In Figure 2f, the XRD
. pattern obtained for xanthan shows a similar peak of very
b A L L A low intensity corresponding todqg spacing of 1.44 nm. In
both cases, these ill-defined diffraction peaks of low intensity

20 / degrees indicate thatk-carrageenan and xanthan give poor crystalline

E_igurtle 2. X-rzay g;ﬁraction patte_rtns of (a) Stgrtir_l% LbDHI([_éAl]CI) and ; materials, indicating a low ordering (low stacking arrange-
(oll())e-(z:grrrr]:g;e[er?;n,] st‘c%‘i?anéﬂiﬂfns, ?arr?crj)%t)exemth;dgdavzlrljigi?nﬁwe)? " ment) in the structural arrangemen'; of the; resultmg com-
pounds, contrary to that observed in the intercalations of

nanocomposite is below the expected stoichiometry (see foralginate, pectin, arcarrageenan. In the caseetarrageenan
instance thec-carrageenanL.DH), whereas charged oxy- this fact may be due to the low content of negatively charged
hydroxide species could be compensating the electrical 9roups in this polymer, i.e., 1 charge/dimer, in comparison
charge in the case of nanocomposites containing an excesd0 the other polysaccharides. The anionic charges in the
of biopolymer (see for instance thecarrageenanLDH). xanthan structure are located at the end of the side chains,
The anionic exchange capacity (AEC) of LDH with a while the other anionic polyelectrolytes are linear polymers.
Zn/Al ratio of 2 is approximately 340 mEq/100 g LDH. The The presence of side chains in the xanthan structure is found
amounts of a|ginate andcarrageenan intercalated in the to render difficult the incorporation of this nonlinear biOpOly-
LDH, provided by the chemical analysis, indicate that the mer within the LDH.
positive charges in the LDH structure may be compensated Concerning the (110) reflection typical of the LDH
at the theoretical extent by the negative Charges present inStrUCtUreS, it should be noted that it is Clearly observed in
the biopolymers. In the case of pectin, an excess of Figure 2b, c, and e, but it is not observed in the diffracto-
polysaccharide seems to be incorporated in the LDH sug-9rams of.-carrageenanLDH and xantharLDH (Figure
gesting that the positive charge of LDH is reversed to 2d and f). In the case ofcarrageenan (Figure 2d) the EDX
negative by the excess of pectin. In contrast, only a small analysis indicates a Zn/Al ratio close to 2 (excess of Al is
amount ofk-carrageenan is intercalated in the LDH and it discussed below) indicating the formation of LDH which is
is expected that a great part of the LDH positive charges corroborated by the IR spectra (vide infra). It is assumed
remain compensated by Canions. The former case suggests that highly pronounced platelets stacking usually give rise
the presence of adsorbed biopolymer which would give rise to @ (110) diffraction peak of very small intensity that
to anionic aff|n|ty as observed by measurements of the sometimes is not observed in the XRD pattern as occurs in
electrophoretic mobility on other negatively charged poly- the intercalation of large molecules such as DNA! It
mers3! underlines merely that the so-called co-organized assembly
X-ray Diffraction The XRD patterns of the pristine is difficult to tackle when the organic macromolecules are
[Zn,Al]CI as well as the anionic biopolymer intercalated Strongly orientating the LDH platelets. In a different way,
LDHs are shown in Figure 2. The increase in the basal in the case of xanthan (Figure 2f) according to the EDX
spacing confirms the intercalation of alginate, pectin, and @nalysis indicating a very high content in Al vs. Zn, the XRD
i-carrageenan within the LDH. Thigy spacings are obtained  indicates that the LDH, and therefore the related nanocom-
using the first rational orders corresponding to thd 00 POsite, is not formed.

reflections, with values of 1.32, 1.37, and 1.63 nm for  For comparison with the coprecipitation method, alterna-
tive methods including direct ion-exchange, reconstruction

0.42

Intensity / a.u.

(31) Wilson, O. C., Jr.; Olorunyolemi, T.; Jaworski, A.; Borum, L.; Young,
D.; Siriwat, A.; Dickens, E.; Oriakhi, C.; Lerner, M\ppl. Clay Sci. (32) Janaswamy, S.; ChandrasekararC&bohydr. Res2002 337, 523~
1999 15, 265-279. 535.
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Figure 3. IR spectra (4008350 cnt? region) of (a) [ZrAIICI LDH, (b)
alginate, (c) alginateLDH, (d) pectin, (e) pectinLDH, (f) «-carrageenan,
and (g):-carrageenanLDH.

in aqueous mediur¥, reconstruction in KO/glycerol me-
dium 22 and microwave-assisted rehydrafibwere followed
to intercalate the-carrageenan in the LDH. The aim is to

Chem. Mater., Vol. 17, No. 8, 20953

and 430 cm? (do-m-0). In the spectra of alginate and pectin
biopolymers (Figure 3b and d), a vibration band related to
the stretching vibrationt—o) of carboxylate groups appears
at 1743 and 1754 cm, respectively. When the biopolymers
are incorporated within the LDH lamellae (Figure 3c and
e), the band is shifted toward a lower wavenumber, 1604
and 1612 cm! in each case, indicating a strong interaction
of these negative groups with the positively charged LDH
sheets. These bands cannot be attributed to water molecules
due to their low intensity, but they could involve the band
related to the bending vibration of water. Peaks at 1422 and
1445 cmt for alginate and pectin biopolymers, respectively,
which are also related to the stretching vibration of carboxy-
late groups, are shifted to a lower frequency (1419 and 1420
cmY) in the corresponding nanocomposites spectra.

The spectrum ofi-carrageenan (Figure 3f) shows the
characteristic vibration bands of the biopolymer: 1237tm
(vs=o0 of SOy), 930 cnm! (3,6-anhydro--galactose), 849
cm ! (C—0O-S of SQ-4, secondary axial C-4), 805 crn
(C—0-S of 3,6-anhydra-galactose), and 902 crh at-
tributed to the glycosidic bond in the polysaccharide
structure®® These vibration bands are also observed in the
spectrum of the corresponding nanocomposite (Figure 3g),
but, in contrast to the alginateand pectir-LDHs, the bands
related to the sulfate group are not shifted toward a lower
wavenumber, indicating a weak interaction between the

check the efficiency of the reconstruction method and its ¢-carrageenan and the LDH sheets.

suitability in order to incorporate-carrageenan and xanthan.

The IR spectra of the nanocomposites exhibit in all the

-Carrageenan was chosen as a model due to the good resulg@ses a peak around 420 chwhich is attributed to the

obtained with the previously assayed method.
Rehydration in the presence ofcarrageenan in D/

glycerol medium failed to incorporate the biopolymer in the

LDH structure, with the inorganic host showing its unmodi-

fied characteristic XRD peaks (data not shown). The other

methods yielded a partial intercalationietarrageenan, and

do-m—-o deformation vibrations in the LDH sheéfdindicat-
ing that the LDH structure is truly formed when biopolymers
are incorporated between the layers, as confirmed previously
by XRD.

13C NMR Spectroscopygolid-state high-resolution NMR
spectroscopy was applied to study the incorporation of the

the XRD pattern of the samples showed the characteristicbiopolymer-carrageenan into the LDH structure. THE

diffraction peaks of the original LDH together with a peak
of very low intensity corresponding todag spacing of 1.73
nm (Ad. = 1.25 nm), which is attributed to the intercalated
biopolymer. This fact indicates that only a small amount of
biopolymer is intercalated in the LDH, being most likely
present at the border of the LDH microcrystéisand

NMR spectrum of the biopolymer (Figure 4) exhibits signals

at 102.4, 74.4, and 62.4 ppm that can be assigned to G1,
G4-G5, and G6, respectively, in the galactose residues, while
the signals at 90.9 and 81.0 ppm are attributed to A1 and
A3-A4 in the anhydrogalactose residues (carbon atoms are
labeled as G and A according to the residue, as shown in

points out that the coprecipitation method is here the best Figure 4). The signal at 77.3 ppm may be assigned to several
way to intercalate the studied polysaccharides into the LDH carbon nuclei in both residues, G3 and A5, whereas the signal

structure.

IR SpectroscopyFTIR spectra, in the 4068850 cnt?
wavenumber range, of the pristine [24]CI LDH, the pure
biopolymers, and the corresponding biopolymgtn,Al]

at 69.2 ppm corresponds to G2, A2, and A6. Signals at 104.9
and 98.8 ppm may be due to small fractiong-afarrageenan,
the precursor of-carrageenan, present in the commercial
preparation of the biopolymé&?.The :3C NMR spectrum of

nanocomposites are shown in Figure 3. A strong vibration the intercalated biopolymer (Figure 4b) shows a slight shift
band around 3451 cmis observed in all the spectra and is  ©f the signals attributed to A2 and G4 (at 69.2 and 74.4 ppm),

attributed to the stretching vibratioryy of water molecules
and hydroxyl groups belonging to brucite layers. The
spectrum of [ZpAI]CI LDH (Figure 3a) shows vibration
bands at 1619 cm (dnon), 1359 cnT! (V3 asym c-o Stretching

which correspond to the carbon atoms linked to the sulfate
groups. The minor shift of both signals may indicate a weak
interaction between the negatively charged sulfate groups
in the biopolymer and the positively charged LDH layers,

which is in good agreement with the results obtained from

mode of the carbonate anion), 776 and 625 tifvm—o), e :
FTIR. The current results are similar to what is usually

(33) Dimotakis, E. D.; Pinnavaia, T. Inorg. Chem.199Q 29, 2393—
2394.

(34) Hussein, M. Z.; Zainal, Z.; Yahaya, A. H.; Foo, D. W. ¥. Mater.
Synth. Proces2002 10, 89—-95.

(35) (a) Bellion, C.; Brigand, G.; Prome, J.-C.; Welti, D.; Bociek, S.
Carbohydr. Res1983 119 31-48. (b) Greer, C. W.; Shomer, |;
Goldstein, M. E.; Yaphe, WCarbohydr. Res1984 129, 189-196.
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Figure 4. 13C NMR spectra of (a) the biopolymercarrageenan, (b) the
-carrageenanLDH nanocomposite and (c) the biopolymetarrageenan
after alkaline treatment.

observed in the case of the incorporation of large guest
species such as polymeéts! more precisely, the case of
carrageenan is close to algir&tevhere the cumbersome
biopolymer was found to strongly orient the morphology of
the hybrid phase (next section). In Figure 4b, can be also
observed a signal at 32.2 ppm that does not appear in the
spectrum of the pristine biopolymer. This signal is ascribed
to some changes in the biopolymer structure after the alkaline
treatment applied during the “coprecipitation” procedure :
rather than to the intercalation. Figure 4c shows the spectrumrigyre 5. SEM images of the [Z#Al|CI material (a) and the-carrageenan
of the biopolymer after treatment in 1 M NaOH overnight. [Zn2Al] nanocomposite (b).
Since the 6-sulfated galactose units in the fraction of the
precursory-carrageenan, are vulnerable to alkali, they may related to the nature and the amount of the biopolymer. The
undergo a cyclization to 3,6-anhydrogalactose under suchimage of that complex system includes the presence of the
alkaline treatment® LDH-nanocomposite associated to a biopolymer excess
SEM-EDX Study.The SEM image of the [ZAI|CI whose charge is equilibrated by positive Al-polycations.
material (Figure 5a) shows the usual “sand-rose” morphology According to the scarce content in chloride ions it could be
of the LDHs, which is quite different from that observed in @lso proposed that AlO species act as counterions com-
the SEM image of thecarrageenan[Zn,Al] nanocomposite ~ Pensating the positive LDH charge which is not balanced
(Figure 5b). The intercalated biopolymer seems to facilitate Py the biopolymer due to steric hindrance. We have
the aggregation of the [2Al] particles, providing compact- unsuccessfully tried to confirm the nature of the components
ness to the resulting material. The morphology offering such related to Al species froffAl NMR spectra but only a single
orientation of the LDH platelets by the incorporation of Signal around 13.7 ppm, which corresponds to Al(lll) in
polymers has been evidenced for other relative nanocom-octahedral environments, appears in all the studied samples.
posite systemg!! The same type of signal is also observed in the LDH without
In agreement with ICP/AES results, the EDX data indicate Polymer (i-e., [ZnAl1 {OH)e|Cl161.1H0).
that the Zn/Al= 2 theoretical ratio in the nanocomposites ~ Thermal Stability. A TG curve corresponding to the
diminishes, showing an increase in the Al content that may [Zn2Al]Cl starting LDH (Figure 6a) shows a mass loss with
rise till 30% in weight. As above-discussed, extra-Al content an endothermic peak at 13€, attributed to the loss of
incorporated during the coprecipitation synthesis could be physically adsorbed water molecules located at the exterior
attributed to the presence of oxyhydroxide polymeric Al of the LDH particles and in the interlayer space (16%
species, including Al(13) Keggin cages, and probably alu- between 25 and 208C). A second mass loss with also an
minate species according to the high pH of the meditm. endothermic effect centered at 228 is related to a partial
The extent of such species in the complex system must bedehydroxylation of the brucite-type layers (10% between 200

(36) (a) Rees, D. AJ. Chem. Socl961, 5168-5171. (b) Navarro, D. A,; (37) Bottero, J. |.; Axelos, M.; Tchoubar, D.; Cases, J. M.; Fripiat, J. J.;
Stortz, C. A.Carbohydr. Res2003 338 2111-2118. Fiessinger, FJ. Colloid Interface Scil987 117, 47-57.
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Figure 6. TG and DTA curves obtained for the [ZAl]Cl material (a) and the biopolymef{Zn,Al] nanocomposites with alginate (b), pectin (c), and
-carrageenan (d). In all graphs, dashed lines correspond to both the TG and the DTA curves of the pure biopolymers and solid lines correspond to TG and
DTA curves of the biopolymer[Zn,Al] nanocomposites.

and 450°C). A third weight loss of 8% associated with an the pectin-LDH nanocomposite (Figure 6c), exhibiting a
exothermic peak at 506C could be attributed to the decrease of 310C in the decomposition temperature of the
carbonate decomposition and to the elimination of chloride intercalated biopolymer with respect to the nonintercalated
species? pectin. Previous studies have revealed a high-temperature
Figure 6b, ¢, and d show the TG and DTA curves of the oxidation reaction of pectins and related carbohydrates above
biopolymer-LDH nanocomposites containing alginate, pec- 600 °C.2° In this case, the higher thermal stability of the
tin, and(-carrageenan, respectively. In all cases, a weight pristine polysaccharide could be attributed to its complex
loss is observed when heating between 25 and°20(12% structure consisting of blocks of “smooth” and “hairy”
for alginate and pectin, and 15% fercarrageenan), and it regions, with helical conformations that may contribute to
is related to water molecules physically adsorbed. Heating the enhanced thermal stability of the native biopolyfier.
at temperatures higher than 280 produces two mass loss In contrast, the conformation of the intercalated pectin must
events for all the biopolymers. The weight loss between 200 be quite similar to that of the intercalated alginate, both
and 350°C is attributed to the dehydroxylation of the LDH exhibiting comparable decomposition temperatures close to
layers and also to a partial decomposition of the biopolymer 400 °C.
(19% for alginate, and 26% for pectin). In thearrageenan- Potentiometric Sensors Based on the Biopolymer
LDH nanocomposite a weight loss of 20% is observed [zn,Al] Nanocomposites. LDHs have been applied as
between 200 and 40TC. The second weight loss at heating jonophores in potentiometric sensors for the determination
temperatures higher than 35800°C is related to combus-  of anionic species due to their behavior as anionic ex-
tion of the intercalated biopolymer (28% for alginate, 27% changerd®2° In this work, a CPE based on the [Zi]CI
for pectin, and 28% for-carrageenan). material has been tested by direct potentiometry for the
The biopolymer-LDH intercalation materials based on determination of CaGlin aqueous solution. The resulting
alginate and-carrageenan show decomposition temperatures crye (Figure 7) shows the negative slope expected for a
of the organic matter at almost the same temperature (in the
case of alginate), or even at hlgh_er temperature (in th.e Case(38) Leroux, F.; Adachi-Pagano, M.; Intissar, M.; ChaugieS.; Forano,
of «-carrageenan), than the pristine biopolymers. This be- C.: Besse, J.-Rl. Mater. Chem2001, 11, 105-112.
havior is consistent with a protecting effect increasing the (39) Waymack, B. E.; Belote, J. L.; Baliga, V. L.; Hajaligol, M. Ruel
thermal stability, which is particularly enhanced in the case (40) ,252,%‘;,8831;16;225;;3’1&:; Hefvdu Penhoat, GPlant Physiol. Biochem.
of the (-carrageenan. A different behavior is observed for 200Q 38, 37-55.
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Figure 7. Potentiometric responses of the CPEs prepared with the Figure 8. Potentiometric responses of the PVC membrane-based electrodes
[Zn.AlICI material @) and the-carrageenan-LDH nanocomposil)(in prepared with the alginatd.DH (@), (-carrageenanLDH (M), pectin-
CacCl solutions of increasing activity. LDH (), andk-carrageenanlLDH (a) nanocomposites in Cagdolutions

of increasing activity.

sensor that responds to the Ginions. In contrast, when
the studied biopolymers are intercalated in the LDH and the
resulting biopolymerLDH nanocomposite-based CPEs are
employed in the potentiometric measurements of the same
CaCl solutions, a positive slope is obtained indicating the
sensor response toward Laions. Figure 7 shows the
potentiometric response for thecarrageenanLDH nano-
composite. Similar behaviors have been found for all the
tested polysaccharides, pointing out the resulting behavior
of the biopolymer-[Zn,Al] nanocomposites as cationic
exchangers.

The modification of carbon paste is a simple and fast
procedure for the development of ion-selective electrodes
(ISEs), but such sensors usually lack good mechanical
propertiesi! Due to the low reproducibility and the instability
of the biopolymer-LDH modified CPEs, a different design
of sensor with internal reference electrolyte and based on
modified PVC membranes was usually preferred. The
resulting sensors were tested in solutions of Gadfl ) "
increasing activity and in all cases the expected positive Slope@-carrageenaﬁLDH nanocomp(_)s_lt_es present a low s_ensmv-
was obtained (Figure 8). The best potentiometric responseéty as well as a small reprodumt_)lllty toward Gjast_)lutlons_.
were observed for the nanocomposites based on alginate anéf' the case of.c-carrageenan, this fact. agrees W!th previous
i-carrageenan biopolymers. Both sensors show also a glc)c)({)esults |nd|cayng that. the biopolymer is not well intercalated
reproducibility and stability, providing average slopes of 21.6 °€tWeen the inorganic layers. The low amount of adsorbed
+2.3mV decade (n = 5) and 23.1+ 1.5 mV decade* (n K-carrageenan may leave available pos_ltlvely.charged sites
= 4) for alginate and-carrageenan, respectively. A linear in the LDH s:tructure, compensatgd \.N'th Otons, and
response range between#Gnd 10° M and a detection probably AIQ,~ that are acting as anionic exc.hangers. Thus,
limit of 10-5 M were obtained for the alginatd DH-based the global response of the sensor to Gasolutions may be

sensor, while these parameters were*6 102 M and 3.5 an intermediate response to both*Cand CI ions.

x 1075 M, respectively, for the-carrageenanLDH-based In the case of the pectin-based nanocomposite, it is difficult
sensor. Even if chemical analysis confirmed the intercalation to €xplain the achieved subnernstian response, since chemical
of alginate and-carrageenan in an amount equivalent to the analysis confirms the adsorption of a high amount of
anion exchange capacity (AEC) of the LDH, the positive Piopolymer that could turn the anionic exchange capacity
site charges in the LDH layers are not totally compensated Of the LDH into a cationic exchange capacity. This behavior
by the biopolymer negative charges due to the relatively high could be attributed to the complex structure of pe€tiand

molecular size and thus the stiffness of the monosaccharideProbably also to its interaction with the LDH layers, varying
the balance between the available anionic and cationic

(41) Kalcher, K.; Kauffmann, J.-M.; Wang, J.; Svancara, |.; Vytras, K.; exchange sites and giving an intermediate response similar
Neuhold, C.; Yang, ZElectroanalysis1995 7, 5—22. to that obtained for the-carrageenanLDH nanocomposite.

units. Since the charge density of the biopolymer structure
can be supposed to be much lower than the charge density
present in the LDH layers, it is assumed that a part of the
positive charge of the inorganic host is compensated by
counteranions. Among these anions, apart from hydroxyls
and a low amount of chloride ions, can also be considered
the presence of AlQ species as above-discussed. At the
same time, an important number of negative groups (car-
boxylate or sulfate) in the biopolymer structure may remain
available to interact with cationic species in solution. The
potentiometric responses obtained for sensors based on
alginate-LDH and (-carrageenanLDH nanocomposites
point out the predominant cationic exchange behavior of both
nanocomposites, but they also indicate a small contribution
of the LDH anionic exchange sites, giving rise to slopes
slightly lower than the nernstian value expected for divalent
cations.

In contrast, sensors based on the peetibH and
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Conclusions As above-indicated, an important feature of the prepared
biopolymer-[Zn,Al] nanocomposites is that the anionic
The chemistry of functional hybrid nanostructured ma- exchange behavior of the pristine LDH is turned into a
terials is now enriched with new biopolymer nanocomposites, ¢ationic exchange capacity due to the presence of free
in this case deriving from a ZAl LDH. These hydroxides  negatively charged groups in the polysaccharide structure
acquire the behaviors characteristic of the guest molecule,that do not interact strongly with the positively charged LDH
that is to say of the biopolymers, such as the ability to |ayers. The biopolymet[Zn,Al] nanocomposites have been
specifically complex C& ions, that could be applied for jncorporated in carbon paste or PVC matrixes for the
the development of electrochemical sensors useful for gevelopment of potentiometric sensors, being tested as active
determining such species. phases of such devices for the recognition of calcium ions.
The “coprecipitation” vs the “reconstruction” method, is The determination of CGa was carried out by direct
confirmed as the best method for the intercalation of anionic potentiometry and the best responses were obtained for the
biopolysaccharides of high molecular weight, such as alginic sensors based on alginateDH and «-carrageenanlL DH
acid, pecting-carrageenan;carrageenan, and xanthan gum, nanocomposites.
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