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The preparation of biominerals based on CO, fixation and regulatory effect of organic
macromolecules has attracted more and more interests in recent years, inspired by the increase in

technological interests in bio-inspired materials science and fabrication of useful products via an
environmentally friendly process. In this paper, submicronic CaCOj; particles with ellipsoidal
morphology were synthesized using compressed or supercritical CO, with sodium salt of
carboxymethyl cellulose (NaCMC) as a template. By regulating some experimental parameters,
including the concentration and molecular weight of NaCMC, as well as the CO, pressure and
temperature, the morphology and size of the CaCO; particles could be effectively controlled.
Besides, in contrast to the effective results of another additive, Polyacrylic Acid (PAA), our
research suggested that the morphology of the synthesized particles was strongly related to the
flexibility of the polymer chains, namely, the relatively rigid chains induce the formation of
ellipsoidal particles while the more flexible chains would result in the spherical ones. In addition,
amorphous calcium carbonate was traced as an intermediate phase during the crystallization

process. Based on the experimental results, we discussed the formation mechanism of such
particles: the polymer chains serve as the skeletons, then the ions attach along the chains to grow.
The final morphology of CaCO; aggregates is tailored by the flexibility of the polymer chain,
while the size of the particles is related with the chain length of the polymer. In comparison with
the traditional mineralization methods, here we provide a highly efficient and versatile approach
to integrate the fixation of CO, and the regulating effect of different polymer chains, to produce
submicroscopic CaCO; particles and further control their morphology and size distribution. Such
an approach is facile and of potential importance as an environmentally benign industrial route to
synthesize biomaterials, and it may also serve to shed light on the study of the mechanism of

biomimetic mineralization.

Introduction

As an inorganic mineral, calcium carbonate is widely used by
mankind for industrial applications' and by living organisms
for important biological functions including protection and
structural support.”> In many industrial branches like paper-
making, plastics, paints and cosmetics efc. the application of
CaCO; particles has been growing fast,® in which control of the
size, morphology and polymorph of the particles is among the
most significant items,* due to the dependence of the involved
materials properties, such as hardness, optical or mechanical
properties on solid-state structure. It is widely accepted that
CaCO; has three different anhydrous phases: vaterite, aragonite
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and calcite, with an increasingly thermodynamic stability.? In
addition, the amorphous calcium carbonate (ACC), which plays
a key role in the early stage of biogenic CaCO; and as an
important precursor of the crystallized CaCOj;, has been greatly
studied recently.>’

Compared to the traditional fabrication methods of CaCO;
like carbonization and metathesis, the newly-developed syn-
thesis of CaCO; in compressed and supercritical CO, (scCO,)
provided an alternative technique which has recently attracted
more and more attention."***!° Such an approach is very
simple and highly efficient, because the properties of CO, could
be easily adjusted by altering the temperature and pressure,
which will facilitate the dissolution of CO,/HCO;", resulting
in the rapid production of CaCO, particles in several hours.
Furthermore, the new route shows great potential use in CO,
sequestrations, which may suggest contributions to settle the
problems of increased CO, emissions and global warming.®
In previous work, we have utilized the unique properties
of CO,, including relatively high density and low viscosity,
nearly no surface tension and high diffusivity, solubility and
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plasticizing actions in polymers,'"™® to propose a novel ap-
proach to prepare hybrids based on cellulose and titania,'
and to induce the fast transition of crystal phase of isotactic
Poly-1-butene.'

There have been some reports focusing on the fabrication of
CaCO; with the utilization of compressed CO, or scCO,, in
order to explore an optimized route to improve the productivity
and modify the morphology and size of CaCO; without addition
of organic additives."*** However, reports on mineralization
of CaCO; in compressed or scCO, under control of organic
additives or templates are relatively few.*'*'¢ To determine
whether different additives cause diverse results in control of
CaCO; morphology, Han' et al. used three kinds of surfactants
to prepare CaCO; by carbonation route in compressed CO,
and scCO,, with a conclusion that the binding ability of the
surfactants to crystal faces of CaCO; was different, which
might induce unique effects on the growth of CaCO; crystals.
Wakayama®?¢ ez al. fabricated CaCO; thin films by biopolymers
(e.g. cellulose or chitosan) from aqueous solutions with calcium
acetate and polyacrylic acid (PAA) in scCO,, and different yields
and compositions of CaCO; was accounted to the different levels
of PAA adsorbed to the macromolecules. Recently Aymonier
and Cansell ef al.'™"® developed a novel approach to synthesize
functional organic-inorganic nanoparticles with polymer tem-
plates mediated by supercritical CO,, like palladium and silver
nanoparticles. Besides, the CO,-in-water emulsion template was
also used to synthesize hollow silica spheres,'*? silver halide
nanoparticles,> CdS and ZnS nanoparticles.

We have studied the influence of an ionic ether of cel-
lulose, carboxymethyl cellulose (CMC), on the morphology,
polymorph and size of CaCO; using the CO,-diffused method
and discussed the possible mechanism.”® Herein, we compare
the different formation process and mechanism between the
traditional mineralization method and the new method with
compressed and supercritical CO,. To our knowledge expand,
the final submicroscopic calcite particles in size of several
hundreds of nanometres have not been often reported yet. In our
opinion, the combination of the compressed and supercritical
CO, method and the control of organic additives may not
only provide a novel method to fabricate industrially refined
CaCO; particles, but also probably inspire a brand-new view
angle to the investigation of the mechanism of biomimetic
mineralization.

Experimental
Materials

Calcium hydroxide (Ca(OH),) and polyacrylic acid (PAA, M,, =
2000) were purchased from Sinopharm Chemical Reagent Co.
Ltd. The two kinds of sodium salts of carboxymethyl cellulose
(NaCMC) were both purchased from Acros with a molecular
weight (M,,) of 90000 and 700000, and degree of carboxyl
substitution (DS) of 0.7 and 0.9, respectively. All reagents were
of analytical grade and used without further purification. CO,
with a purity of 99.9% was purchased from Shanghai Jifu Gas
Co. Ltd. The water used in the experiments is deionized water
(DIW).

Synthesis of CaCQ; particles

All glassware (glass bottles and small pieces of glass substrates)
was cleaned and sonicated in ethanol for 15 minutes, then rinsed
with DIW, further soaked in a HNO;-H,0,-DIW(1 : 1 : 1)
solution, then rinsed with DIW, and finally dried with acetone.
For a typical experiment, 0.03 g Ca(OH), powder was dispersed
in 10 ml NaCMC aqueous solution (1 g/l), and a piece of
glass substrate was immersed in a 10 ml vessel with the above-
mentioned suspension. The vessel was placed into an autoclave
with a capacity of 40 ml. Afterwards, the autoclave was sealed,
into which CO, was charged until a certain pressure. Then the
autoclave was immediately put into the water bath to a certain
temperature. (For the compressed condition, the pressure is 5
MPa and the temperature is 20 °C; for supercritical condition,
the pressure is 8 MPa and the temperature is 45 °C.) After
different periods of reaction time, CO, was released slowly and
the glass piece was taken out and dried at ambient temperature
and in vacuum conditions for further examination.

Characterization

The Transmission Electron Microscope (TEM) images were
taken with a JEOL JEM 2011 at 200 KV equipped with electron
diffraction. Scanning Electron Microscope (SEM) observations
were performed on a TS5136 MM microscope with gold coated.
X-Ray powder diffraction (XRD) data were recorded on an
X’pert Pro with Cu K, radiation. Thermogravimetric analysis
of the powder was carried out on a Perkin-Elmer Pyris-1 TGA
to determine the contents of organic additives.

Results and discussion

Effect of NaCMC concentration on the morphology of CaCO,
particles

Crystallization process of CaCO; was performed in the presence
of NaCMC firstly with a molecular weight of 90000 as the
organic additive in compressed CO, to study the effect of poly-
mer concentration. The SEM images of the particles obtained
under different polymer concentrations were presented in Fig. 1.
We can see from Fig. la that after 10 min reaction under the
0.1 g/1 polymer concentration nearly ellipsoidal particles were
obtained, with a size of approximately 300-500 nm but the size
distribution was not quite uniform. Fig. 1b shows the products
obtained after 60 min reaction under the same concentration,
most of which revealed an ellipsoidal morphology and a size of
300-600 nm, similar to those produced in 10 min reaction, which
suggested, to some extent, that the reaction in the autoclave is so
fast that it is not easy to tell the difference between the particles
yielding in 10 min and 60 min, that is to say, the rate of the
reaction is so fast that it is nearly completed in a 10 min interval.

Fig. 1c shows the SEM image of CaCO; particles under
1 g/1 polymer concentration after 10 min reaction. The particles
depict ellipsoidal shape with a size about 300 nm. After 60 min
reaction, both the size and the morphology of the particles
(Fig. 1d) are almost unchanged while the size distribution is
nearly mono-dispersed. In the enlarged picture (Fig. le), we can
estimate that the aspect ratio of the ellipsoid is about 2 : 1. When
the polymer concentration was increased to 10 g/1, as showed in
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Fig. 1 SEM images of CaCO; particles obtained in 0.1 g/l(a), 1 g/1(c), 10 g/1(f) NaCMC and Ca(OH), suspension after 10 min reaction and
particles obtained in 0.1 g/1(b), 1 g/1(d, e), 10 g/1 (g, h) NaCMC and Ca(OH), suspension after 60 min reaction.
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Fig. 1f, it is revealed that the ellipsoidal particles could be still
obtained, but there are two significant points worth noting: first,
the size of the particles increased to 1-2um compared with the
size of Fig. 1a and 1b (several hundreds of nanometres); second,
the end of the ellipsoidal particles is more rounded, not so sharp
as those obtained under 1 g/1 concentration.

We further used TEM to investigate the structure of the
particles we have obtained. Fig. 2a and Fig. 2b show the TEM
images of CaCO; particles obtained under 1 g/1 concentration
after 10 min reaction. Interestingly, although we can just find el-
lipsoidal particles in the SEM images, we observe in the TEM im-
ages ellipsoidal or rounded particles with a size of 100-150 nm,
in spite of the low numbers. The electron diffraction (ED)
patterns performed on the particles show that the particles is
amorphous calcium carbonate (ACC), which suggests that the
final particles may go through an ACC intermediate phase.
According to Addadi et al.” and Xu et al.,** ACC plays a key
role as an important precursor in the biomineralization process
and can transform into anhydrous crystalline phases quickly via
a dissolution-recrystallization way. Moreover, in Fig. 2a and 2b,
most of the ACC particles depict a depression in the center, as
the red arrow indicates, which are probably due to the existing
of skeletons of polymer chains in the center.

Fig. 2¢ shows the TEM image of CaCO; particles obtained
under 1 g/1 concentration after 60 min reaction, which depicts
that the particle is ellipsoidal with a size of about 300 nm,
consistent well with the SEM results. It is worth noting that
there is no obvious depression in the center of the particle,
suggesting that ACC has transited into crystalline phase and the
inner part was getting dense with the growth process continuing.
Fig. 2d is the high resolution TEM image of Fig. 2c and the d-
spacing is 3.02 A, corresponding to the (104) face of calcite,
which is confirmed by the ED patterns (the inset of Fig. 2d).*
Fig. 2e is a typical TEM image of the particle obtained under
10 g/1 concentration after 60 min reaction. The particle is
ellipsoidal with a more rounded end and the size is about 2 um,
in accordance with the SEM results.

The X-ray diffraction patterns (Fig. 3a—d) reveal that the
polymorph of the particles obtained under different polymer
concentrations and in different time intervals in compressed CO,
is principally calcite, which is in agreement with the ED results.
There are little amounts of vaterite, maybe controlled by the
kinetic factors. The involvement of polymer chains is confirmed
by TGA analysis (see Fig. S1-S3, ESIT). The content of organic
additives in the CaCO; particles obtained under control of
0.1 g/1 NaCMC is about 2.5% after both 10 min and 60 min
reaction, further indicating that the rate of the reaction is so fast
that the reaction is nearly completed within 10 min. The content
of organic additives in the particles obtained under control of
1 g/1 NaCMC is 6%, higher than the 0.1 g/l sample, which is
reasonable due to the high polymer concentration.

To explore the general factors that determined the formation
of such ellipsoidal particles, we go back to the conformation
of the NaCMC chains in aqueous solution. According to
Kamburova and Radeva,* the conformation of NaCMC chains
is extent, which is like a rod and we listed some parameters
of NaCMC solution in Table 1. We infer that the rigidity of
the NaCMC chain is the origin of the formation of ellipsoidal
particles. Simply, the NaCMC chains were taken as the skeletons,

Table 1 Some parameters in the NaCMC aqueous solution

Degree of Root-mean- Overlap con-
Molar  substitu- Counter square end-to- centration
mass tion length(nm) end distance C*(g/1)
90,000 0.7 206 ~160 0.71
700,000 0.9 ~1000 >500 <0.1

then calcium ions and CO;* originated from CO, bubbles
attached along the chain, followed by the formation of CaCO;,
grains. Because of the rigidity of the rod-like chains, the final
products depicted ellipsoidal morphology.

The root-mean-square end-to-end distance of NaCMC chain
with M,, of 90000 is about 160 nm, which is consistent with
the size of the particles obtained under 0.1 and 1 g/1 (low
concentration region) concentration. Besides, the overlapped
concentration (C*) is ca. 0.71 g/1, so it is reasonable that when
the polymer concentration is lower or close to the overlapped
concentration, the skeletons of NaCMC exist mainly as rod-
like single chains and thus induce the formation of ellipsoidal
CaCO; particles in size of about 300 nm. While the polymer
concentration is much higher than the overlapped concentration,
the polymer chains overlapped severely. The intersected chains
serve as templates for ions to attach and grow, thus the final
particles embrace not a single chain but several chains so that
their size increased to 1-2 um and the end of particles became
more rounded.

To the best of our knowledge, it is the first time to obtain such
submicroscopic CaCO; particles with ellipsoidal morphology.
Due to the convenience, low cost and high efficiency, this method
may find great use in a lot of industrial aspects. In all, the polymer
concentration has a significant effect on the morphology and
the size of the CaCO; particles. Particles in small size of 300 nm
yield at low concentrations and those in larger size of 1-2 um
yield at relatively high concentration. In the simple time-
resolved experiment, we seize very little of intermediate ACC
phase by TEM, which indicates that the formation of the final
ellipsoidal calcite particles probably go through a dissolution—
recrystallization process originated from ACC.

Effect of chain length of NaCMC

We used NaCMC with a larger molecular weight (700 000) to
perform a comparison of the additive polymers with different
chain length on the formation of CaCO; particles. Fig. 4a and 4b
exhibit the SEM images of CaCO; particles obtained under
1 g/1 NaCMC concentration. The particles are similar to those
obtained under lower M,, except that the size of the particles is
much larger (ca. 1.5 um). According to our previous analysis,
there are two causes: first, the overlapped concentration is much
lower for the NaCMC solution with higher M,, (lower than
0.1 g/1, as Table 1 depicts), so even at 0.1 g/1, the chains have
already overlapped, so it is several chains not a single chain
that serve as templates, thus the final particles embrace several
chains; second, the chain length of NaCMC with higher M,, is
larger, thus, as the skeleton of the final particles, the polymer
chains with larger size induces CaCO; particles with larger
size. Fig. 4c and 4d depicts the particles obtained under 5 g/1
NaCMC concentration. The morphology is also ellipsoidal
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Fig.2 TEM images of CaCO; particles obtained under 1 g/1 NaCMC and Ca(OH), suspension after 10 min reaction (a, b) and after 60 min reaction
(c, d), respectively, the red arrows (a) indicates the depression of the particle and the inset of (b)(d) is the ED pattern of the corresponding particle
on the image. TEM images of CaCO; particles obtained under 10 g/1 after 60 min reaction (e).

and the size is a little larger than those obtained with 1 g/l
NaCMC. The concentration of NaCMC with a larger molecular
weight between 1 g/l and 5 g/1 in the starting solution had no
obvious effect on the size of the CaCO; particles, suggesting that
the concentration is not decisive of the size of particles because
the two concentrations are all much larger than the overlapped
concentration.

Effect of CO, pressure and temperature

We also compared the effects of different pressure and tem-
perature of CO,.CaCO; particles were synthesized in § MPa
and 45 °C CO, (supercritical CO,) under the otherwise same
conditions. Fig. 4e—g show the SEM images of particles obtained
in scCO, at 0.1, 1 and 10 g/1 NaCMC concentration (M,, of
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Fig.3 X-ray diffraction patterns of products obtained under 0.1 g/1(a),
10 g/1(b), 1 g/I(d) NaCMC and Ca(OH), suspension after 60 min
reaction and products obtained under 1 g/I(c) NaCMC and Ca(OH),
suspension after 10 min reaction in compressed CO,; X-ray diffraction
patterns of products obtained under 1 g/l(¢) NaCMC and Ca(OH),
suspension after 60 min reaction in scCO,. “C” denotes for the calcite
phase (JCPDS86-2334), “V” denotes for the vaterite phase (JCPDS33-
0268) and “A” denotes for the aragonite phase (JCPDS71-2392).

90000), respectively. We find that the morphology and size of
the particles is almost the same as those synthesized under
compressed CO,, also the trend of variation of the particles
with the varied concentration. That is, the morphology is also
ellipsoidal and the size is several hundreds of nanometres. In
our reaction system, the decisive factor affecting the reaction
is the solubility of CO, in water rather than whether the
CO, condition is compressed or supercritical. According to
Diamond and Akinfiev,” the solubility of CO, in water under
our two conditions (20 °C, 5 MPa and 45 °C, 8 MPa) is
close. So it is understandable that the particles obtained under
two conditions showed little difference. In Han’s work,!° little
difference exhibited within the products yielding under the
different CO, pressures. The XRD patterns depict mainly calcite
diffraction peaks and a little fraction of vaterite and aragonite
ones, which we suppose is mainly due to the influence of
temperature.”® The content of organic additives is about 6% (see
supporting information, Fig. S4, ESIt), which is equal to that
obtained under the corresponding conditions in the compressed
CO,. In summary, the effect of CO, pressure and temperature
was not so obvious.

Verification of the formation mechanism with flexible chain-PAA

To verify the mechanism we suggested that the morphology is
determined by the flexibility of the polymer chain, we picked
polyacrylic acid (PAA) to perform the contrast experiments.
PAA was intensively studied as a model compound about
the effect on CaCO; crystallization.?*> Compared to NaCMC
chains, the conformation of PAA chain in aqueous solution is
much more flexible.**

The electron microscope pictures are presented in Fig. 5.
Fig. Sa and 5b show the CaCQ; particles obtained under 0.1 g/1
PAA and 3 g/1 Ca(OH), suspension. The particles are spherical
with a size of 300-500 nm, and the size distribution is not well
dispersed. The rough surfaces of the spheres are due to the coated
gold grains when SEM is performed. When the concentration
of PAA increased to 1 g/l, the morphology and size of the

CaCO; particles undergoes little change, which are still spherical
in size of 300-500 nm (Fig. 5c). The TEM images in Fig. 5d
confirmed the morphology and size observed in SEM images
and the ED patterns show that the particles are vaterite. As we
have mentioned above, the conformation of the PAA chain in
aqueous solution is flexible. According to the mechanism we
proposed above, it is the flexibility of the polymer chain that
determines the final morphology of the particles. So it is easy
to understand that CaCO; grains grew along the PAA coils
and thus formed the spherical particles. The results of PAA
experiments suggested that the mechanism is efficient.

Overall scheme

Based on the above results, we pictured the formation process
of CaCO; particles in compressed and supercritical CO,, as
the Scheme 1 depicts. The flexibility of polymers determines
the final morphology of the particles. For rigid polymer chains
(like NaCMC), when the concentration is relatively low, the
submicroscopic ellipsoidal particles yield, with a probable ACC
intermediate phase during the formation process of the particles;
when the concentration is high, the polymer chains overlapped
severely, inducing particles with larger size and slightly different
morphologies. For flexible polymer chains (like PAA), spherical
particles yield. According to such mechanisms, the polymer
chains act as the skeletons of the particles, followed by the
attachment of ions and growth of CaCO; grains and the whole
organic-inorganic aggregates are constructed.

— ngnd Chain(NaCMC)
© Ca®* o CO,Bubble { ) CaCO;Nanoparticle

el W@ Flexible Chain(PAA)

& 040 o%0 Q,mo“‘ﬁe 50,
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Scheme 1 Schematic illustration of the mineralization mechanism. The
relative size of the different species present in solution is not drawn to
scale. The polymer chains are the skeletons of the particles and the
species attach and grow along the chains, thus the whole organic—
inorganic aggregates are constructed. The flexibility of polymers de-
termines the final morphology of the particles. See the text for more
details.

Flexible Chain

We have obtained rosette-like CaCO; particles with the tradi-
tional CO,-dispersed method.”® In comparison to the previous
results, we find that there is an obvious difference in the miner-
alization mechanism between the two mineralization methods.
There are two features resulted from the high concentration
of CO, in the present system: fast reaction and homogeneous
distribution in the reaction system. The former factor implies
that the reaction could be near to completion within short
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Fig.4 SEM images of CaCO; particles obtained under control of NaCMC with a molecular weight of 700 000 in compressed CO, at a concentration
of 1 g/l (a,b) and 5 g/1 (c,d), respectively. SEM images of CaCO; particles obtained under control of NaCMC with a molecular weight of 90 000 in
scCO, at a concentration of 0.1 g/1 (e), 1 g/1(f) and 10 g/1(g).

This journal is © The Royal Society of Chemistry 2009 Green Chem., 2009, 11, 1541-1549 | 1547


http://dx.doi.org/10.1039/B914787J

Downloaded by City College of New Y ork on 22 November 2010
Published on 06 August 2009 on http://pubs.rsc.org | doi:10.1039/B914787J

View Online

Fig. 5 SEM images of CaCO; particles under control of 0.1 g/1(a, b), 1 g/l(c) PAA and Ca(OH), suspension in compressed CO,. TEM images of
CaCO; particles under control of 1 g/1(d) PAA and Ca(OH), suspension and the inset is ED patterns corresponded to the area the red pane indicates.

interval, the latter one implies that the reaction in any position
of the system is the same. In contrast, with the CO,-dispersed
method, the slow diffusion of CO, ensures slow nucleation and
growth rate of CaCO; particles and the regularity and size of the
particles can be increased in a longer interval. The consequence
is that the particles obtained in two conditions show obvious
difference in morphology and size.

Conclusions

We have successfully synthesized submicroscopic ellipsoidal
calcite particles with a size of several hundreds of nanometres
by the use of compressed and supercritical CO,. By altering
the experimental parameters including polymer concentration
and chain length of polymer, we can effectively control the
morphology and size of the particles. The crystallization mech-

anism suggested that the polymer chains act as the skeletons,
followed by the attachment of ions and growth of CaCO; grains
and the whole organic-inorganic aggregates are constructed.
The flexibility of polymers determines the final morphology
of the particles. Besides, during the experiment, we seize ACC
intermediate, probably as the precursor of the final crystalline
phase. Finally, we compare the present method to the traditional
CO,-diffused method, finding that the two features (fast reaction
and homogeneous distribution in the system) of the present
method yields small-size and relatively irregular particles. Due
to the convenience, low-cost and rapid reaction of the present
method, we demonstrate here principally a new method to
fabricate submicroscopic calcite particles that may be utilized
in many industrial aspects. Furthermore, it is also probably
an inspiration to the study of the mechanism of biomimetic
mineralization.
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