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Abstract

The effect of alginic acid, extracted from the Lessonia trabeculata calcareous marine algae, was studied in the
electrocrystallization of calcium carbonate (CaCOs) on indium tin oxide (ITO) transparent electrodes. Scanning
electron microscopy, X-ray diffraction-collected data and microscopic observations show that the presence of Mg?* at
the electrolyte induces the magnesium calcite and aragonite phase formation along with the changes in morphology and
crystal orientation. Addition of alginic acid strongly inhibits the effect of Mg?* on the crystallization, receiving in favor
of the nucleation and growth of calcite phase of CaCOj;. These results suggest that the alginic acid acts as an organic
template in the electrocrystallization of CaCOs, controlling the crystallographic orientation of crystal growth, and as a
consequence, the crystal morphology.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction broadly distributed in nature [1]. Calcite and
Aragonite, the most stable phases of CaCOj at

Calcium carbonate (CaCO3) in its three differ- ambient conditions [2,3], are present in many
ent phases, calcite, aragonite and vaterite, is mineralized tissues in biologic systems. This
- presence is achieved through a biomineralization
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morphology and kinetics of crystal growth during
the mineralization [4—7]. Several mechanisms have
been proposed that are useful in describing the
Biomineralization process; among them is the
template-mediated mineralization that is a novel
and well-controlled way to grow oriented inor-
ganic phases [8]. This mechanism involves mineral
nucleation and growth onto a functionalized
organic structure. In many of these systems
nucleation can take place on biomineral matrices
[9], on 3-D structures [8] or on thin films [10,13].
Demineralization of biological tissues is a direct
way to isolate macromolecules that constitute the
water-insoluble component of organic matrix and
provides the organic template for biomineraliza-
tion. On the other hand, these water-insoluble
macromolecules need to be associated with acidic
water-soluble macromolecules (acidic glycopro-
teins and amino acids in general) obtained from
the demineralization process as well and that
would be controlling nucleation and orientation
of inorganic phases [8]. However, some studies
have shown that natural polysaccharides from the
marine environment can act as organic templates
under certain conditions of supersaturation, yield-
ing the remineralization of the matrix without
adding acidic water-soluble macromolecules [9,17].
For instance, Manoli et al. [9] reported the
crystallization of calcium carbonate on chitin, a
polysaccharide which is a major component of the
exoskeletons of arthropods. This polysaccharide
promoted the exclusive formation of the calcite
phase of CaCOs; and the rate of crystallization
depending on the supersaturation level of the
solution, and the amounts of chitin had no effect
on the kinetic parameters. The authors suggest
that calcite formation may be induced by the
interaction of Ca’" ions with hydroxyl groups of
chitin. Using a calcium-bonding acid polysacchar-
ide extracted from marine algae, Wada et al. [17]
showed that the organic macromolecule takes
control over which phase of CaCO; will be
expressed depending on the amount of polysac-
charide added to the solution under certain values
of supersaturation of Ca’* and carbonate ions. In
marine environments the calcium carbonate pre-
cipitation assisted by acid polysaccharide is a
common phenomenon. It can be found in the

formation of mollusk shell, in the invertebrate
skeletons, and in the cell wall of marine algae.

CaCO; can also be formed directly by the
organisms as surface structures of the cells [8]. The
alginates are polysaccharides exclusively extracted
from cell walls of algae and some bacteria, and can
form gels in the presence of divalent cations, such
as calcium. The alginic acid is a natural poly-
saccharide that is found in the cell walls of a large
number of species of brown seaweed, their
biological functions being to provide structural
support to the seaweed. It is a polysaccharide
polyuronide type composed of different propor-
tions of units of B-pD-mannuronic acid and o-L-
guluronic acid linked by bonds B-1 — 4 and a-
1 -4 (see Fig. 1) [2]. The proportions and
sequences of these units along the polysaccharide
chain vary according to the natural source, and the
physical properties of alginic acid depend on these
proportions and sequences, the o-L-guluronic unit
being mainly responsible for the structural func-
tion of alginate in marine algaes [14,15].

The alginates have a very interesting ion-
bonding property that has attracted a considerable
attention and many studies focused on this
property have been carried out [16]. These studies
conclude that the affinity of alginates for divalent
ions grows with increasing of L-guluronic residue
in the polysaccharide chain, thus promoting the
formation of GG-blocks in majority as compared
with the MM and MG blocks (see Fig. 1). These
studies also showed that when the presence of L-
guloronic units is more than the p-mannuronic
one, the affinity of alginates within the alkaline-
earth metal ions follows the  order,
Ba’t >Sr’t > Ca’t > Mg?".

Here we present a study of the effect of alginic
acid extracted and isolated from the Lessonia
trabeculata calcareous marine algae [19] on the
crystal morphology of calcium carbonate electro-
chemically deposited on ITO electrode. The
method used is based on previous works and the
original idea proposed by Lédion et al. [20]
described below. Our interest is to investigate
whether the alginate has the capacity to act as an
organic template in the -electrodeposition of
calcium carbonate, stimulating the orientation of
crystallization even in the presence of Mg?* which
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Fig. 1. Structure of alginic acid extracted from Lessonia trabeculata marine algae; (a) p-mannuronic residue: M, (b) L-guluronic
residue: G, (c) polysaccharide chain: three different possibilities of residue bonding.

is a strong inducer of magnesium calcite and
aragonite phase of calcium carbonate.

2. Materials and experimental procedure
2.1. Materials

All the electrolytes were reagent grade and were
used as received; CaCl, dihydrate, MgCI, hexahy-
drate and NaHCO;3; were from Aldrich and NaCl
and NaOH were from Merck. The alginic acid was
extracted and isolated from the L. trabeculata
calcareous marine algae [19]. Water used for
electrolytes solutions was deionized and purified
further by double distillation. Indium tin oxide

(ITO, 90% In, O3 and 10% SnO;) conductive glass
electrodes, (Delta Technologies, USA) were
cleaned with methanol and extensively rinsed with
ultra-pure Milli-Q water and sonicated for 5min
prior to use. A platinum (99.99, Aldrich) spiral
wire and a silver/silver—chloride (Ag/AgCl) elec-
trode were used as auxiliary and reference electro-
des, respectively. The potential values are given
versus Ag/AgCl. The linear sweep voltammetry
and chronoamperometric experiments were car-
ried out in a conventional three-compartment
electrochemical cell. The experiments were per-
formed with a potentiostat/galvanostat Autolab
Pgstat 30, Eco Chemie, NL. The AFM images
were obtained with a commercial microscope
(Nanoscope IIT1a Multimode, Digital Instruments,



J. Pavez et al. | Journal of Crystal Growth 282 (2005) 438447 441

USA) equipped with SizNy cantilevers (Digital
Instruments) with the triangular tip scanning in
contact mode at a scan rate of 1.5 Hz.

2.2. Procedures and apparatus

Prior to the electrodeposition of CaCOj; a linear
sweep voltammogram was performed scanning the
working electrode between 0 and —1.0V at a scan
rate of 5mV/s. This procedure was carried out in
order to determine the potential value where
oxygen reduction reaches the maximum activity,
i.e., the potential where the diffusional current is
achieved, this value is —0.86 V. Calcium carbonate
coating was generated by applying a constant
negative potential (this is related to the choice of
—0.86V) to the ITO working electrode for
two—three hours which was then submerged in
NaHCO; and CaCl, solution saturated with
molecular oxygen. The electrolyte solution con-
sisted of a mixture of CaCl, (2mM), NaHCO;
(6 mM) and NaCl (10mM). The pH was main-
tained at 8.25 by adding 0.1 mM NaOH. The
conductive glass electrodes with crystalline coating
were mounted on a scanning electron microscope
(SEM) sample holder with conductive carbon
paste and were sputter-coated with a thin layer
of gold. The samples were examined with a JEOL
(Japan) SEM model JSM 5410 and the images
were obtained by observing the angle normal to
the surface of the sample. The angles between
crystal edges in SEM images were determined with
measuring tools in SigmaScan Pro version 5
(Jandel Scientific, USA). Siemens X-ray diffract-
ometer model D 5000 (Siemens, Germany) was
used for XRD measurements in the 6-20 mode at
grazing angles.

3. Results and discussion
3.1. Electrochemically induced crystallization

The crystallization of calcium carbonate was
electrochemically aided using a method proposed
in 1985 by Lédion et al. [20] for the study of scaling
rate. In this method, an adequate electrolyte
solution with molecular oxygen (O;) dissolved is
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Fig. 2. Linear sweep voltammogram of O, reduction on ITO
electrode. Oj-satured electrolyte solution: CaCl, (2mM),
NaHCO; (6mM) and NaCl (10mM). pH = 8.25, Scan rate
SmV/s.

used at alkaline pH and the -electrochemical
reduction of O, is promoted by applying a
sufficiently negative potential. The electroreduc-
tion of oxygen produces a local increment of pH
which in turn induces the bicarbonate ions present
at the interface to become carbonate; thus, the
precipitation of CaCOs is achieved.

Fig. 2 shows the linear sweep voltammogram
obtained for the reduction of O, on an ITO
electrode at pH 8.25 recorded at SmV/s. The
voltammetric response shows an irreversible
cathodic wave at negative potential, which corre-
sponds to the reduction of O, to peroxide by two-
electron transfer [21,22]. The voltammogram of
Fig. 2 shows that the value of the diffusion-limit
current for the oxygen reduction is achieved at
—0.86V of applied potential. Based on this
voltammetric profile, the value of —0.86V was
chosen to be applied to the ITO working electrode
to promote the electrodeposition of CaCOs.

3.2. Morphological analysis of crystalline coating

The crystalline coatings, once obtained, were
analyzed using optical and scanning electron
microscopy and, X-ray diffraction in the 6-20
scan mode. From the data collected the predomi-
nant crystallographic orientations were deter-
mined. Figs. 3 and 4 show representative
scanning electron micrographs and XRD patterns
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Fig. 3. Scanning electron micrograph of calcium carbonate
crystals electrodeposited onto ITO electrode from the O,-
satured electrolyte containing: (a) (CaCl,) 2mM, (NaHCOs3)
6 mM and (NaCl) 10 mM. (b) (CaCly) 2mM, (NaHCO3;) 6 mM,
(NaCl) 10mM and (MgCl,) 1mM. (c¢) (CaCl,) 2mM,
(NaHCO3) 6 mM, (NaCl) 10mM, (MgCl,) 1mM and alginic
acid 10mg/L. Scale bar = 10 pm.
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Fig. 4. X-ray diffraction data of calcium carbonate electro-
crystallized on an ITO electrode for 3h at —0.86V, from the
O,-satured electrolyte containing: (a) (CaCl) 2mM,
(NaHCO3) 6mM and (NaCl) 10mM. (b) (CaCl,) 2mM,
(NaHCO3) 6mM, (NaCl) 10mM and (MgCl,) 1mM. (c)
(CaCly) 2mM, (NaHCO;) 6mM, (NaCl) 10mM, (MgCl,)
ImM and alginic acid 10mg/L. Subindexes a, ¢ and, mc
indicate aragonite, calcite and magnesium calcite peaks,
respectively.

respectively, of ITO electrodes after the electrodes
position of calcium carbonate under the described
conditions. The crystalline coating in Fig. 3a and
its XRD spectra in Fig. 4a correspond to the
control experiment, i.e. crystallization conditions
without the additives used in this study: Mg>* and
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alginate. Thus, the crystalline deposit obtained is
constituted by crystals of calcite with very well-
established rhombohedral equilibrium morphol-
ogy with {104} faces and about 8 pm in average
size. The rhombohedral calcite crystals grew with a
certain degree of homogeneous distribution upon
the surface electrode and with preferred orienta-
tions. The angles o and B of the zoomed SEM view
in the inset of Fig. 3a (corresponding to the crystal
located at the right bottom of the image) define the
crystallographic orientation of the rhombohedral
crystal [10,12]. Thus, the angles’ values, o = 102°
and B =78 of the flat rhombohedral crystal
unequivocally identify the (104) crystallographic
plane according to the known structural data of
the calcite unit cell [10,12]. The XRD spectra
displayed in Fig. 4a confirm that rhombohedral
crystals predominantly grow from (104) crystal-
lographic planes, as is evidenced by the strong
diffraction peak at 20 equal to 29.4°, and there are
four other weaker diffraction peaks at36.0°, 39.4°,
43.3°, 47.4° 20 values which are produced by
(110), (113), (202) and (118) crystallographic
nucleation planes of calcite phase of calcium
carbonate, respectively [10,12]. The SEM and X-
ray information indicate that there is no face-
selective nucleation for the electrocrystallization
on ITO electrode, i.e., this kind of oxide mixture
surface does not induce a preferred orientation for
calcite nucleation. The peaks labelled “*”” in XRD
spectra correspond to signals due to the ITO
substrate [23,24].

When the Mg?* is added to the electrolyte (in a
Mg** / Ca’™ = 0.5 molar ratio) the crystalline
deposit evidences a drastic change in its morphol-
ogy and size as can be seen in Fig. 3b. The deposit
showed individual and star-shaped crystals as
aggregated. The influence of magnesium on
crystal morphology is clearly seen and the
crystals elongate in the direction of the c-axis
and truncated rhombohedra crystals. The presence
of Mg?* within the crystallization media of
calcium carbonate exerts a strong influence on
the nucleation and growth, and induces the
appearance of magnesium-calcite (Mg-calcite) in
addition to the aragonite phase depending on the
Mgt /Ca®* molar ratio [8,12]. Low Mg-calcite
(<4mol% of magnesium) precipitates when the

ratio is <1, whereas at ratio values >1 high
Mg-calcite (>4 mol% of magnesium) will precipi-
tate, which is less stable than low Mg-calcite. In
the literature, there are two principal reported
mechanisms by which magnesium modifies the
crystal growth of calcium carbonate, and they are
still being researched. One of the mechanisms
suggests that the magnesium contaminate the
calcite nuclei by Mg>* adsorption at the active
growth sites on specific faces [25,26], and in the
other one Mg?t retards the crystallization of
calcium carbonate by incorporating itself into
the calcite crystal and replacing the Ca’" in the
lattice [27,28].

The X-ray diffraction data of Fig. 4b, which
correspond to the crystalline coating obtained in
the presence of magnesium in the electrolyte,
indicate that two phases of CaCOj are present at
coating; magnesium calcite and aragonite, the first
being the major one as the strongest peaks are
from the magnesium calcite phase. The diffraction
lines at 20 equal to 26.5°, 27.2° and 33.1°
correspond to (111), (021) and (012) aragonite
peaks, respectively. Moreover, the signals at 20
equal to 29.7°, 39.8°, 43.5° and, 48.3° those
corresponding to (104), (113), (202) and (018)
crystallographic planes, respectively, are generated
from magnesium calcite phase [10,12]. Energy-
dispersive X-ray scattering analysis (EDXS)
showed that there is a direct relationship between
the crystal morphology changes and the magne-
sium content when this element was added to
electrolyte. The magnesium contents of crystals 1,
2, and 3 in Fig. 3b are 3.01mol% 2.38 and
2.59mol%, respectively. The rounded shapes of
the crystals seen (numbers 1 and 3) results from a
higher Mg content than the striated facets and
elongated crystals (number 2), the former prob-
ably corresponding to the magnesium calcite phase
[8,10-12]. Although the Mg contents did not show
very significant differences, the X-ray diffraction
data along with the SEM and EDXS information
strongly suggest that Mg®t is adsorbed onto
specific faces of calcite crystal and, in parallel
and in a more important manner magnesium is
incorporated into the CaCO; crystal lattice,
inducing the expression of the magnesium calcite
phase [28-30].
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A drastic change in the situation described
above takes place when the electrocrystallization
is performed when alginic acid is present in the
electrolyte besides Mg>* ion, as shown in the SEM
image of Fig. 3c and the X-ray spectra in Fig. 4c.
The size, morphology, and shape of crystals
showed a large variation and button-like char-
acteristics of the surface electrode. Despite the
presence of Mg?t ion, the crystalline structures
displayed in Fig. 3c show a rhombohedral
equilibrium morphology with a predominant
expression of {104} faces with about 10pum in
average size. According to these experimental
conditions, the alginic acid is responsible for these
changes. The orientations of crystals were esti-
mated in using both X-ray data and SEM
micrographs. The group of {104} rhombohedral
faces is confirmed by a very strong (104) peak at
20 equal to 29.4° along with three weaker peaks at
20 equal to 23.03°, 36.0° and, 39.4° that corre-
spond to (012), (110) and (11 3) crystallographic
planes, respectively which were generated from
calcite phase. For action of alginic acid, the signals
at X-ray spectra corresponding to the other
CaCOj; phases generated in the presence of Mg>*
ion, almost completely disappeared, with just one
weak signal remaining for aragonite (012). The
EDXS analysis for magnesium contents indicated
that crystals 1, 2, and 3 in Fig. 3¢ have 0.0, 0.0 and
5.37mol%, respectively. These results match with
X-ray data and SEM micrographs showing that
there was no incorporation of Mg?* ion within the
crystal lattice of calcite nuclei. Thereby, the
alginate would be protecting calcite nuclei from
two adverse events: Mg>* adsorption onto the
specific faces of calcite, and the substitution of
calcium by magnesium within the crystal lattice
that promotes the magnesian calcite phase. This
experimental information strongly suggests that
alginic acid plays an important role during the
electrocrystallization of CaCOj;, which would
correspond to an organic template. This role is
accomplished thanks to ion-bonding property
specifically directed Ca’*.

The naturally extracted alginic acid used in this
study corresponds to a mixture of units of B-p-
mannuronic acid and a-L-guluronic (G) acid with a
ratio M/G = 0.46. This means that in a solution of

this biopolymer the probability of finding GG-
block residues bonding is greater than the MM-
block or MG-block. In agreement with data found
in the literature the homopolymer GG-block is the
best structure of alginic acid for the calcium ion-
bonding property. This organic architecture con-
fers the polysaccharide into a specially ordered
and charged structure for bonding calcium ion
selectively instead of magnesium during the first
stages of nucleation. This special interfacial
property is achieved on the basis of a sterco-
chemical arrangement of the carboxylate and
hydroxyl functional groups of the G units in the
GG-blocks, allowing a certain level of molecular
recognition at the organic template—mineral inter-
face. The negative charged zone and the spatial
dimensions within the compartment confirmed by
GG-blocks induces the nucleation of calcium by a
phenomenon called Ionotropic nucleation. Once
the first layers of calcium ion are confined within
the polysaccharide blocks specifically linked to
carboxylate groups, carbonate ions are linked to
calcium and therefore the nucleation processes
take place aided by alginate. Thereby, there is a
face-selective nucleation process on the (104)
plane of calcite.

As mentioned above, it can be noticed from
image 3c that after the electrochemical deposition
was performed in the electrolyte containing
calcium, magnesium and bicarbonate ions along
with alginic acid, the base of the surface electrode
shows a particular morphology. In Fig. 3c a layer-
structured material is observed that lies on the
base of the eclectrode surface where the crystals
recide. Later, an experiment was conducted to
know whether this material that reaches at the
base of the electrode corresponds to an insoluble
species precipitated along with calcium ion during
the electrodeposition process but prior to the
nucleation. The microscope image in Fig. 5a
shows the surface of ITO’s pristine electrode
captured after performing a chronoamperometric
experiment on the electrolyte support, i.e., without
the calcium and magnesium ions. No coating was
observed on the surface in those conditions. This
situation is also observed when the magnesium ion
and alginic acid are added into the electrolyte (see
image 5b). This is confirmed by the X-ray data
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Fig. 5. Microscope images of coating electrodeposited onto an
ITO electrode from a O, satured electrolyte containing: (a)
(NaHCO3) 6mM and (NaCl) 10mM. (b) (NaHCO3) 6 mM,
(NaCl) 10mM, (MgCl,) 1mM and alginic acid 10mg/L. (c)
(NaHCO3) 6mM, (NaCl) 10mM, (CaCl,) 2mM and, alginic
acid 10mg/L.

shown in Fig. 6 in the spectra labelled a and b. The
X-ray pattern is similar for both surfaces, and
therefore there is no evidence of any deposit on the
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Fig. 6. X-ray diffraction data of coatings electrodeposited onto
an ITO electrode from the O,-satured electrolyte containing: (a)
(NaHCO3) 6mM and (NaCl) 10mM. (b) (NaHCO3) 6 mM,
(NaCl) 10mM, (MgCl,) I mM and alginic acid 10mg/L. (c)
(CaClp) 2mM, (NaHCO;3;) 6 mM, (NaCl) 10mM, and alginic
acid 10mg/L. Peaks labelled “*” correspond to ITO substrate
signals.

electrode surface. The situation is very different
when the experiments are carried out with calcium
ion and alginic acid incorporated into the electro-
Iyte support. The image in Fig. 5¢c and the X-ray
spectrum displayed in Fig. 6¢ clearly show that
crystalline coating is only achieved when the
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electrodeposition is achieved in the presence of
calcium ion in the electrolyte, and the crystalline
phase of the CaCOj; deposited corresponds to
calcite. At the surface sector labelled as the
number 4 in Fig. 3c the content of magnesium is
0.0% and the calcium content is 28.68%.
Imaging the electrode surface before and after
electrocrystallization of CaCOs; in the presence
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0 2.00 4.00 6.00 8.00

Fig. 7. (a) AFM image of bare a ITO electrode. The inset image
is 5 x Spm. (b) Bottom ITO AFM image of the electrode after
the electrodeposition of calcium carbonate from the O,-satured
electrolyte containing (CaCl,) 2mM, (NaHCO3) 6 mM, (NaCl)
10mM and (MgCl,) I mM and alginic acid 10 mg/L.

of the additives used in this study can aid in
the visualization of the material layer-structured
film that lies at the base of the electrode surface in
more detail. The AFM image (displaying deflec-
tion signal) in Fig. 7a represents the surface of
a pristine electrode captured in the electro-
lyte prior to electrocrystallization. The principal
feature of this surface is its granular and homo-
geneous conformation with a surface roughness of
about 3nm (root mean square surface roughness
(RMS)) [31,32]. The AFM image in Fig. 7b
represents the morphology of the layer-structured
material around the surface sector labelled no. 4
in Fig. 3c, after the electrochemical deposition
of calcium carbonate in the presence of the
additives. This image shows a porous and fibrous
structure that grew, developing an array like
a network. This structure likely corresponds to
the insoluble calcium—alginate layer of the organic
template. Finally, we wish to emphasize that
this film structure is formed only when the calcium
ion and the alginic acid are present in the
electrolyte. However, more experimental tests are
required to fully characterize the mechanical and
chemical properties of the film, especially the
existence of the calcium Il-alginate complex
coordination.

4. Conclusion

The experimental results show that the alginic
acid extracted and isolated from the Lessonia
trabeculata calcareous marine algae template
indicates nucleation and growth of an electro-
deposit of calcium through a highly controlled
preferred crystalline orientation. This role would
likely corresponds to an organic template that
orients the nucleation of CaCO; towards the
formation of the calcite phase. This role can be
accomplished thanks to the ion-bonding property
of the alginate class used here specifically with
Ca?t ions, which allow an Ionotropic nucleation
to take place. This template effect is maintained
even in the presence of a strong inductor of
magnesian calcite and aragonite phase such as the
Mg”>* jon.
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