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Nanosheets under 10 nm in thickness are obtained by exfoliating layered double hydroxide (LDH) in form-
amide. The LDH nanosheets are dispersed and stabilized in an alginate aqueous solution after removing
formamide by water washing and ultracentrifugation. During the water washing stage LDH nanosheets
can be prevented from restacking by electrostatic stabilization of the surface of LDH sheets through
the adsorption of alginate. Alginate/LDH nanocomposites can be prepared by drying the dispersion, and
sandwich-like structures in the nanocomposites are formed with two alginate layers contained between
two LDH sheets. LDH nanosheets in the dried alginate/LDH nanocomposites can be re-dispersed in water.
The thermal stability of alginate in the nanocomposite is increased by LDH. Alginate membranes con-
taining this layered nanocomposite can be prepared. The addition of LDH into the alginate matrix leads
to an increase in the mechanical properties of the nanocomposite.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Two-dimensional (2D) nanomaterials such as nanosheets or
nanoplates have attracted increasing interests in recent years
due to their potential applications in the fields of gas stor-
age and separation, catalysts, sensors, support membranes and
inert coatings (Mas-Balleste, Gomez-Navarro, Gomez-Herrero, &
Zamora, 2011). The origins of 2D nanomaterials include layered
hydroxides (Hibino, 2004), smectite clays (Lee & Kim, 2002; Sasaki
& Watanabe, 1998), graphite oxides (Knieke et al., 2010; Kuila
et al., 2011; Nethravathi & Rajamathi, 2008; Widenkvist et al.,
2009), dichalcogenides (Ayari, Cobas, Ogundadegbe, & Fuhrer,
2007; Gordon, Yang, Crozier, Jiang, & Frindt, 2002; Li, 2010), metal
phosphates (Takei, Yonesaki, Kumada, & Kinomura, 2008), and lay-
ered oxides (Masuda, Hamada, Seo, & Koumoto, 2006; Osada &
Sasaki, 2009; Xiao, Chen, Ji, Zhang, & Yang, 2007). Layered double
hydroxides (LDHs) are composed of a kind of positively charged
brucite-type layered inorganic material with the general formula
of My _xM!!L,(OH),(A"),-mH,0, where M!! and M are respec-
tively divalent and trivalent cations and A"~ is a n-valent anion.
They consist of a stack of positively charged metal hydroxide layers
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with counter anions and water molecules in the interlayers. LDHs
could be used in a wide range of applications including catalyst
supports (Ma, Chai, Evans, Li, & Feng, 2011; Parvulescu et al., 2011),
anion exchange units (Manohara, Prasanna, & Kamath, 2011), and
fire retardant additives (Jiao, Chen, & Zhang, 2010; Wang et al.,
2010).

Nanosheets are generally nanometer scale in thickness and
micrometer scale in width, and can be obtained by delaminating
the layered inorganic solids into single or multi-layered sheets. The
properties of the nanosheets, such as optical and electronic prop-
erties, are quite different from the original layered materials due
to the differences in the confined states of the electrons and the
absence of interlayer interactions (Ida, Ogata et al., 2008; Novoselov
et al,, 2004; Osada, Ebina, Takada, & Sasaki, 2006). The geometric
effect and the high specific surface area impart to the nanosheets
specific mechanical and chemical properties (Rabu & Drillon, 2003;
Ray & Okamoto, 2003).

Efforts toward the preparation of single layered nanosheets
in solutions have been reported. Micromechanical exfoliation in
solution has been reported as an effective preparation of graphite
(Sakamoto, van Heijst, Lukin, & Schluter, 2009), BN, MoS;, NbSe,
and BiySryCaCu,0x (Novoselov et al., 2005) nanosheets. But the
thickness of nanosheets prepared by micromechanical exfoliation
is generally large, which limits their applications. An alterna-
tive method has been developed to delaminate solids and form
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Scheme 1. Structure of alginate.

colloidal solutions of single-layered nanosheets; this method is
based on chemical modification of the layers to increase the inter-
layer repulsive forces. Typical examples include the exfoliation of
the manganese (Omomo, Sasaki, Wang, & Watanabe, 2003), cobalt
(Kim et al., 2009), and titanium oxides (Tanaka, Ebina, Takada,
Kurashima, & Sasaki, 2003) into colloidal solutions after protona-
tion and the exfoliation of a nickel layered hydroxide in formamide
by intercalation with dodecyl sulfate ions (Ida, Shiga, Koinuma, &
Matsumoto, 2008). Much research into the delamination of LDHs
into nanosheets (Adachi-Pagano, Forano, & Besse, 2000; Hibino &
Jones, 2001; Hibino & Kobayashi, 2005; Li, Ma, Ebina, lyi, & Sasaki,
2005; Liu et al., 2006) has been carried out and it was found that
formamide was an excellent delaminating agent for highly crys-
talline LDHs after intercalation with NO3~ groups in the interlayers
(Hibino & Jones, 2001; Li et al., 2005; Liu et al., 2006). However,
the exfoliated nanosheets are unstable and will reassemble into
thick layered structures after removing the delamination media.
Stabilization of the exfoliated nanosheets is one of the key points
necessary for further development of applications. Stabilization
of the exfoliated nanosheets has been tried, e.g. the stabilization
of graphene oxide sheets by covalently bonded amine-modified
polyethylene glycol dendrimers (Liu, Robinson, Sun, & Dai, 2008) or
by the steric stabilizer Pluronic F127 (Hong, Compton, An, Eryazici,
& Nguyen, 2012). In the case of LDHs with a positively charged sur-
face of each layer, polymers with functional groups that can interact
with the nanosheets could be used as the stabilizers of the LDH
nanosheets. In previous works, carboxymethyl cellulose (CMC) has
been successfully used for the stabilization of LDH nanosheets. The
LDH nanosheets can be stabilized in their colloidal state even after
replacing the delamination media formamide with water (Kang
etal., 2009). Also, LDH nanosheets stabilized with CMC will restack
into a layered structure after evaporating water.

Alginate is an anionic polysaccharide and consists of B-D-
mannuronate (M) and a-L-guluronate (G) units with different M/G
ratios depending on origin (Scheme 1). The abundant hydroxyl and
carboxyl groups along alginate chains could lead to strong inter-
actions with the positively charged surface of LDH nanosheets.
Alginate/LDH composites have been prepared by the incorporation
of alginate chains into the interlayers of LDHs via direct coprecipi-
tation (Darder, Lopez-Blanco, Aranda, Leroux, & Ruiz-Hitzky, 2005;
Leroux, Gachon, & Besse, 2004). Mesoporous alginate/LDH com-
posite beads, with high specific surface area and high activity, have
the potential for controlled drug release applications (Alcantara,
Aranda, Darder, & Ruiz-Hitzky, 2010; Zhang, Wang, Xie, Li, & Wang,
2010). However, the interactions between the alginate molecules
and LDH, as well as the stabilization of LDH with alginate, have been
somewhat overlooked in the literature.

In this paper, stabilization of LDH nanosheets by alginate in
aqueous media and distribution of the LDH nanosheets in the algi-
nate/LDH nanocomposites were investigated. Thermal stability and
mechanical properties of alginate/LDH nanocomposites were also

investigated. It was found that the LDH nanosheets can be stabilized
by alginate molecules in aqueous media and the LDH nanosheets
in the nanocomposites can be re-dispersed in aqueous media.

2. Experimental
2.1. Materials

Sodium alginate (Acros, from brown algae, viscosity of ~250 cps
of 2wt.% solution at 25°C) with M/G ratio about 1.09 (estimated
by the intensity of IR absorption bands of —OH and C—0—C on the
FTIR spectrum (Sakugawa, Ikeda, Takemura, & Ono, 2004)) was used
as received. All other chemicals (AR grade) were supplied by local
chemical suppliers and used as received.

2.2. Synthesis of the NO3~-LDH and exfoliation

Highly crystallized MgAl-CO32- LDH was synthesized through
a hydrothermal process (Ogawa & Kaiho, 2002). A mixed solu-
tion containing Mg(NO3), (0.1 mol/L), Al(NO3); (0.05mol/L) and
urea (0.5 mol/L) was hydrothermally treated at 100°C for 34h in
a Teflon-autoclave. The precipitate was filtered, washed, and then
dried at 30°C in vacuum resulting in the CO32--LDH. The CO32-
groups in the CO32"-LDH were replaced with NO3~ groups by
treating the CO32--LDH with HNO3-NaNOj3 aqueous solution (lyi,
Okamoto, Kaneko, & Matsumoto, 2005) to result in NO3~-LDH. The
delamination of NO3~-LDH was achieved in formamide. Typically,
0.15g of NO3~-LDH was dispersed in 150 mL of formamide. The
mixture was sealed after purging with nitrogen, and then vigor-
ously stirred for 24 h to result in a colloidal solution, in which the
LDH was exfoliated into nanosheets.

2.3. Stabilization of LDH nanosheets with alginate and
preparation alginate/LDH nanocomposites

An aqueous solution of alginate (6.7 g/L) was added dropwise
into a LDH colloidal solution (1.0 g/L) with continuous stirring and
purging with nitrogen. The mixture of the two solutions compris-
ing of the alginate aqueous solution and the LDH colloidal solution
gave the volume ratios of 0.8:1 and 0.6:1 (corresponding to the algi-
nate/LDH weight ratios of 8.6:1 and 6.5:1, respectively). The mixed
solution was then centrifuged at 10,000 rpm. The supernatant lig-
uid was removed and the lower colloidal layer was washed several
times with degassed water, resulting in a colloidal mixture.

Alginate/LDH nanocomposites were prepared by evaporating
the water of the resultant colloidal mixture through freeze-drying
or by drying at 40°C in vacuo. The alginate content in the resultant
composites was about 37% (estimated by carbon content) and was
independent of the initial ratio of alginate to LDH.

Alginate/LDH nanocomposite films were prepared by mixing
solutions of the alginate aqueous solution (6.7 g/L) and the LDH
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Table 1

Results of chemical analysis of LDH and alginate/LDH nanocomposites.
Samples Content, Found (Calcd)/wt.% Formula

Mg Al c H N Na
CO;3% -LDH 16.46 (16.68) 12.77 (12.94) 2.86(2.90) 4.07(413) - - Mgo.59Al.41(OH)2(C03)0.21-0.76H,0
NO;~-LDH 16.10 (15.65) 11.73 (11.40) 0.88 (0.85) 3.50(3.38) 5.07(4.93) - Mgo.62Al0.41(OH)2
(NO3)0.34(C03)0.07-0.64H20
Alginate/LDH 7.42 (7.82) 10.16 (10.71) 14.50 (15.24) 468(493) 0.06(0.11) 0.11(0.11) Mgo.40Alg.49 (OH),
nanocomposite-1* (C6H706)0.26-1.11H2 0 (NaNOs )o 006

Alginate/LDH 8.49 (9.29) 10.31(11.28) 14.21 (15.54) 406 (4.44) 0.11(0.13) 0.22(0.23) Mgo.43Alg.46 (OH),

nanocomposite-II»

(CsH706)0.24-0.62H,0 (NaNO3 )o,011

2 The volume ratio of alginate aqueous solution and LDH formamide solution is 0.8/1.
b The volume ratio of alginate aqueous solution and LDH formamide solution is 0.6/1.

colloidal solution (1.0 g/L), at the volume ratios of 0.8:1 and 0.6:1,
and directly dialyzing against water to remove the formamide. The
resulting solutions had weight ratios of alginate and LDH of 8.6:1
and 6.5:1, respectively. The solutions were then poured into a circu-
lar Teflon mold and vacuum dried at 40 °C to generate alginate/LDH
nanocomposite films.

2.4. Characterizations

The carbon, hydrogen and nitrogen contents of the MgAI-NO3~
LDH and alginate/LDH nanocomposites were determined by the
CHN analysis and the magnesium and aluminum contents were
determined by inductively coupled plasma (ICP) atomic emission
spectroscopy (Varian 710-ES, USA) after nitric acid decomposition.
FT-IR transmittance spectra were recorded on a Bruker-Equinox
55 FT-IR spectrometer at room temperature. Powder X-ray diffrac-
tion (XRD) patterns of the samples were collected using a Philips
X'Pert diffractometer with Cu Ko radiation. Powder discs of the
LDHs and films of the alginate/LDH nanocomposites were used for
the XRD measurements. The alginate/LDH nanocomposites were
embedded in an epoxy resin then microtomed using a diamond
knife to prepare sections for TEM observations. TEM observations
were conducted on a JEM-2011. Thermogravimetry (TGA) (Pyris
1 TGA, Perkin Elmer) was carried out in the temperature range
20-700°Cin flowing N, at a heating rate of 10 °C/min. Stress-strain
measurements were carried out on a universal material test-
ing machine (INSTRON 5699, USA). Zeta potential and particle
size measurements were carried out with a Brookhaven Zetaplus
analyzer (Brookhaven Instruments Corp.) Atom force microscopy
(AFM) images were collected with a Multimode 8 scanning probe
microscopy (BRUKE Vecoo) in the tapping mode. Silicon tips on can-
tilevers (resonance frequency 300 kHz) with a spring constant of
32Nm~! were used. The scanning rate was in the range 0.5-1.0 Hz.
Samples for AFM measurements were prepared by spin-coating
10 L of the solution onto a freshly cleaved mica surface and evap-
orating the solvent at room temperature.

3. Results and discussion
3.1. LDH nanosheets

The MgAl-CO32- LDH crystals synthesized in the present
work are of uniform hexagonal shape with an average lateral
size of 1.5um, thickness of 0.3 pm (Fig. 1A) and composi-
tion of Mg0.59A10.4](OH)z(CO3)0.21'0.76H20 (Table ]) After the
C032- groups are replaced with NO3~ groups the basal spac-
ing of the resultant MgAl-NO3~ LDH is 0.89nm, changing
from 0.76 nm in the carbonate form (Fig. 1C). The MgAI-NO3~
LDH crystals retain hexagonal symmetry with lattice param-
eters of a=3.0362nm and c=26.714nm and composition of
Mg0_62A10_41(OH)2 (NO3 )0.34(CO3 )0.07~0.64H20 (Fig. 1Band Table 1 )
The absorption bands at 1353cm~! (Fig. 1D-a) and 1384cm™!

(Fig. 1D-b) on the FTIR spectra confirm the presence of CO32~ and
NO5~, respectively. The NO3~-LDH was treated in formamide at a
concentration of 1g/L at room temperature resulting in exfoliated
2-dimensional nanosheets.

The Tyndall effect of the exfoliated nanosheets of MgAl-NO32~
LDH can be seen (Fig. 2A’), the average particle size of the LDH
nanosheets in formamide is 507 nm and the size distribution is
shown in Fig. 2A. The TEM image of the exfoliated nanosheets
of MgAl-NO32- LDH (Fig. 2B) shows irregular micron-sized thin
plates, indicating that LDH nanosheets are cracked after exfoliating
in formamide. The AFM image (Fig. 2C) also shows irregular shape
sheets under 10 nm in thickness. Colloidal LDH nanosheets were
obtained through centrifugation and removal of the supernatant
liquid. Fig. 2D-a shows the powder XRD pattern of colloidal LDH
nanosheets. A halo and a small peak (20=61°, d=0.15nm) of the
(110) plane of LDH layer can be observed. These results indicate
that the crystalline LDH is exfoliated to nanosheets in formamide.

3.2. Stabilization of LDH nanosheets by alginate in aqueous
solution

The LDH nanosheets are sensitive to water and they will restack
into a lamellar form immediately (Kang et al., 2009). In this work,
an alginate aqueous solution was added to a colloidal suspension
of LDH nanosheets in formamide, keeping the volume of formam-
ide greater than that of the aqueous solution. No precipitation was
observed in the resultant mixed solutions and Tyndall light scatter-
ing phenomenon could be observed suggesting that the exfoliated
LDH nanosheets did not restack during the addition of alginate
aqueous solution.

The mixture was concentrated by centrifugation to form a
transparent colloidal substance which separated from the formam-
ide/water solution. Powder XRD results of resultant alginate/LDH
colloidal mixture indicated that it had a similar diffraction pattern
(Fig. 2D-b) to that of the colloid of LDH (Fig. 2D-a), indicating that
neither the alginate nor the water had an effect on the colloidal
state of LDH nanosheets. The mixed solution was then washed
with large volumes of water and centrifuged. A typical XRD curve
of the washed mixed colloidal solution showed that there were
no new diffraction peaks (Fig. 2D-c) compared with the unwashed
mixed colloid solution (Fig. 2D-b), with only a halo and a small
peak (26=61°, d=0.15nm) of the (110) plane of LDH layer, sug-
gesting that the nanosheets had not restacked. The halo of the
washed sample had shifted to a higher 26 than that of the unwashed
sample (Fig. 2D-b), in the 26 range 20-55°, which is due to the
removal of formamide. The characteristic FTIR absorption bands
of formamide at 1690 and 1311cm™! (Fig. 3a) disappear from
the FTIR spectra after the mixture is washed with excess water
(Fig. 3b), which confirms the removal of formamide. Moreover,
the existence of the characteristic absorbance bands of alginate on
the FTIR spectra is indicative of alginate absorption on the LDH
nanosheets; for example, the 1411 and 1633 cm~! bands for the
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Fig. 3. FTIR spectra of (a) colloid suspension of alginate and LDH nanosheets (0.8:1,
V/V), (b) the sample after the suspension (a) was washed with water, (c) alginate,
(d) dried alginate/LDH nanocomposite.

symmetric stretching vibration of —COO~ and the stacking band
of the typical antisymmetic vibration of —COO~ in alginate and the
stretching vibration of H, O molecule, respectively (Fig. 3b), suggest
that alginate molecules are still adsorbed on the LDH nanosheets
after water washing and centrifugation. The zeta potential of
the alginate/LDH complex in an aqueous solution (0.112 mg/mL)
(=32.2mV) is higher than that of a pure alginate aqueous solu-
tion (0.154 mg/mL) (—76.2mV), which indicates that there is an
interaction between the alginate molecules and LDH nanosheets.

3.3. Layered alginate/LDH nanocomposites by restacking of the
LDH nanosheets adsorbed on alginate in the dried state

Water washing and separation of the alginate/LDH mixture
by ultracentrifugation removes the formamide as well as any
alginate molecules that are not adsorbed on the surfaces of the
LDH nanosheets. The LDH nanosheets with adsorbed alginate
molecules, isolated by ultracentrifugation, were dried to obtain
nanocomposites. The elemental contents in the dried alginate/LDH
nanocomposites are listed in Table 1. Traces of Na and N elements
in the nanocomposites are detected (Table 1), which are from
the original materials of alginate and NOs; -LDH. The band at
1384 cm~! in Fig. 3d and the basal spacing of 0.89 nm of the nitrate
form in Fig. 4a-d all disappear, which suggests that a nitrate type
phase does not exist in the alginate/LDH nanocomposites. The
two alginate/LDH nanocomposites prepared resulted in the same
alginate content, about 37 wt.% of alginate (estimated by carbon
content), which was far less than the initial alginate ratio in the
feedstock, and this alginate content was independent of the initial
feedstock ratio of alginate to LDH. The results noted above suggest
that only alginate molecules adsorbed on the LDH nanosheets
were left after the water washing and centrifuging purification.
The average area per unit charge (Scharge) Of LDH nanosheets,
calculated from the crystal parameter a of MgAI-NO3~ LDH, is
3a2 sin60° =0.239 nm?/charge (Kang et al., 2009). Alginate macro-
molecules contain 8-pD-mannuronate (M) and «-L-guluronate (G)
blocks. The diffraction signals of polymannuronic acid (M) and
polyguluronic acid (G) were indexed on a two-chain orthorhombic
unit cell with dimensions of a=0.76 nm, b=0.86 nm, c=1.04nm
and a=0.86nm, b=1.07 nm, c=0.87 nm (chain direction), respec-
tively (Fabia et al., 2005). We have estimated the values of S¢prge
for M and G respectively to be 0.327 and 0.460 nm?2/charge. The
M/G ratio of alginate in this work is about 1.09 (Sakugawa et al.,
2004), and the Scpage of alginate is about 0.391 nm?/charge,
which is larger than that of LDH nanosheets. Therefore, it can be
concluded that the LDH nanosheets adsorbed alginate chains on

two surfaces (Costantino, Coletti, Nocchetti, Aloisi, & Elisei, 1999;
Williams, Norquist, & O’Hare, 2004).

Through different drying methods, we can obtain many lay-
ered alginate/LDH nanocomposites, as shown in Fig. 4a-d. Clearly,
the typical LDH diffraction peak of (110) reflection at 20=61°
can be observed on the XRD curves of the resultant nanocom-
posites (Fig. 4a-d). The pattern contains a set of basal reflections
(001), confirming the layered structure. The broad diffraction peaks
suggest that the interlayer distances are not uniform. The basal
spacing varies from 0.82 to 0.67 nm (Fig. 4a-d) and is indepen-
dent of the drying methods. Taking into account the thickness of
the LDH layer (about 0.48 nm (Khan & O’Hare, 2002)), the increase
of the interlayer distance (Ad) in the alginate/LDH nanocomposite
is about 0.19-0.34 nm. Given that the LDH nanosheets adsorbed
the alginate chains, the alginate chains envelop the nanosheet
into a sandwich-like layered structure, a bilayer arrangement of
the alginate molecules should be formed in the interlayer of the
dried nanocomposites after evaporating water (Costantino et al.,
1999; lyi, Kurashima, & Fujita, 2002). Alginate/LDH composites,
prepared by coprecipitation, have been reported to have d-spacings
of 1.304 and 1.320 nm with interlayer distances of 0.82-0.84 nm;
these spacings indicate the alginate units were arranged in a
stretched monolayer in the interlayer of LDH (Darder et al., 2005;
Leroux et al., 2004). In the present work, the alginate units occupy
double layers with an interlayer distance of 0.19-0.34 nm, sug-
gesting that the alginate molecules are in a more confined state.
In the TEM image a layered structure in alginate/LDH nanocom-
posite can be clearly observed (Fig. 5A), agreeing with the XRD
result.

On the FTIR spectrum of the dried alginate/LDH nanocompos-
ite, the characteristic absorbance band of metal-oxygen bonds in
LDH layers is clearly shown at 446 cm~! (Fig. 3d). The absorbance
bands of the antisymmetric and symmetric stretching vibrations
of —COO~ at 1615 and 1417 cm~! for alginate (Fig. 3c) shift to
lower wavenumbers of 1609 and 1411 cm~"! (Fig. 3d), respectively.
The shift of the absorbance bands of —COO~ indicates the inter-
action between the carboxyl groups of alginate and LDH. Similar
results have been found during the intercalation of alginate into
LDH (Darder et al., 2005).

An alginate/LDH nanocomposite, prepared from a ratio of
aqueous alginate:LDH in formamide of 0.8:1, and referred to as algi-
nate/LDH nanocomposite-I (Table 1), was re-dispersed in water.
The LDH nanosheets were stabilized by the alginate adsorbed
to the sheets. The LDH nanosheets with the adsorbed alginate
were then concentrated by centrifugation and the resultant algi-
nate/LDH colloidal suspension remained in an amorphous state,
showing no signs of LDH aggregation (Fig. 4e). In previous work,
carboxymethyl cellulose was also found to have a stabilizing effect
onLDH (Kang et al.,2009). Considering the similarity of alginate and
carboxymethyl cellulose, it should be expected that other polysac-
charide derivatives, with the similar structures and charges, could
also have a stabilizing effect on LDH nanosheets.

TGA curves of pure alginate, NO3~-LDH, and the alginate/LDH
nanocomposite-I are shown in Fig. 6. For pure alginate (Fig. 6a),
the observed weight loss of 8% below 200°C is attributed to the
evaporation of physically adsorbed water. From 200°C to 586 °C,
the weight loss of 52% is attributed to thermal degradation and
combustion, and beyond 586°C weight loss may be attributed
to the decomposition of resultant sodium salts. However, for the
NO5;~-LDH (Fig. 6b), the observed weight loss of about 8% due to
water evaporation is observed in the temperature range 20-174°C.
About40% weight loss is observed between 174 °Cand 568 °C which
is due to the removal of the NO3~ anions in the interlayer and the
dehydroxylation of the layers. Fig. 6¢ represents the thermogravi-
metric curve for the alginate/LDH nanocomposite-1. The observed
weight loss of about 13% between 20°C and 195°C is related to
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Fig. 5. TEM photos of (A) alginate/LDH nanocomposite and (B) alginate/LDH nanocomposite membrane.
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Fig.6. TGA curves of(a)alginate,(b)NO3;~-LDH and (c) alginate/LDH nanocomposite
(alginate/LDH nanocomposite-I).

the loss of water. In the temperature range 195-672 °C, the weight
loss (40%) is attributed to the dehydroxylation of the LDH layers as
well as to the degradation and combustion of alginate. Upon com-
paring the thermogravimetry of alginate (Fig. 6a) and alginate/LDH
nanocomposite-I (Fig. 6¢), it can be seen that the thermal stability
of alginate in the nanocomposite has increased.

Alginate/LDH nanocomposite membranes were prepared, as
mentioned earlier, by dialyzing the mixture of aqueous alginate
and LDH in formamide against water to remove the formamide,
and then evaporating the water. Two membranes were prepared,
one (alginate/LDH nanocomposite membrane-I) with LDH con-
tent of 20wt.%, and the second (alginate/LDH nanocomposite
membrane-II) with LDH content of 15.8 wt.%. These membranes
were found to contain 80 and 84.2 wt.% alginate which is signif-
icantly more alginate than was found in the original preparation
of an alginate/LDH nanocomposites (37 wt.%). The powder XRD
patterns for both of these nanocomposite membranes are typical
amorphous diffraction patterns in the range 16°-38° (Fig. 4g and
f). However, TEM images (Fig. 5B) show isolated areas containing
layered structures in the membranes. Perhaps, the small numbers
of these assemblies of LDH/alginate nanosheets are swamped
by the bulk alginate matrix. The mechanical properties of the
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Table 2
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Mechanical properties of alginate and alginate/LDH nanocomposite membranes.

Samples Content of LDH (wt.%) Young’s modulus (MPa) Tensile strength at break (MPa) Tensile elongation at break (%)
Alginate membrane 0 2426 +£ 178 28+ 4 2+04
Alginate/LDH membrane-I 15.8 3047 + 275 46 + 2 2+06
Alginate/LDH membrane-II 20 5331 + 46 68 £ 5 42 +1.0
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Scheme 2. A schematic of the control process for converting LDH nanosheets dispersions into alginate/LDH nanocomposites.

alginate/LDH nanocomposite membrane and alginate membrane
were evaluated; the results are listed in Table 2. At an LDH con-
tent of up to 20 wt.% the nanocomposite membrane remains in
a homogeneously dispersed state. The addition of LDH into the
alginate matrix leads to an increase in the Young’s modulus, tensile
strength at break and tensile elongation at break.

3.4. The formation of the structure of LDH nanosheets in an
alginate matrix

The structure formation of LDH nanosheets in an alginate matrix
is shown in Scheme 2. LDH nanosheet surfaces are coated on
both sides with alginate when those nanosheets are dispersed in
formamide and mixed with aqueous alginate solution. This arises
through electrostatic interactions that form between the positive
and negative charges of the alginate chains and the LDH surface.
The alginate coating prevents restacking of LDH nanosheets after
removal of the formamide. Therefore, the LDH nanosheets coated
by the alginate chains are kinetically stable in water. When both
the formamide solvent and the free alginate chains are removed
by water washing and centrifugation, the colloidal nanosheets
with adsorbed alginate chains flocculate and restack into layered
nanocomposites after the water has been evaporated. Moreover,
when excess alginate molecules remain in solution, as is the case of
a dialyzed alginate/formamide mixture which removes only form-
amide leaving free alginate molecules in solution in addition to

those adsorbed onto LDH nanosheets, only localized restacking of
alginate-LDH nanosheets can occur within the alginate matrix.

4. Conclusions

NO3~-LDH was exfoliated in formamide into nanosheets with
positive charges. These positively charged nanosheets could be sta-
bilized in an aqueous solution through complexation with alginate
molecules that possess negative charges. Here, alginate chains were
adsorbed on the LDH nanosheets to form a “sandwich” structure by
static interaction. When formamide and free alginate in the mixed
solution of LDH and alginate were removed by water washing and
ultracentrifugation, a colloidal alginate/LDH mixture was obtained.
After evaporating water from the sample, the colloid restacked
into a layered structure nanocomposite with intercalcation of algi-
nate chains in the interlayers of LDH, having the basal spacing
from 0.82 to 0.67 nm. In contrast, if a significant quantity of free
alginate chains remained in solution, in excess of those adsorbed
onto LDH nanosheets, after drying the alginate/LDH nanocompos-
ite into a membrane the membrane contained localized areas of
stacked alginate/LDH nanosheets dispersed within the alginate
matrix. After the alginate/LDH nanocomposites were redissolved
in water, the LDH nanosheets could be re-dispersed and stabilized
by the absorbed alginate in water. The thermal stability of alginate
in a nanocomposite was increased by LDH. The addition of LDH into
the alginate matrix led to an increase in mechanical properties.
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