#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Formation of calcium carbonate nanoparticles
through the assembling effect of glucose and the
influence on the properties of PDMS

i ") Check for updates ‘

Cite this: RSC Adv., 2022, 12, 13600

Dengkui Shang,? Nifan Zhou,? Zhengguan Dai,® Nengyu Song,? Zongrong Wang @ *
and Piyi Du®

In order to prepare calcium carbonate nanoparticles in a green and environmentally friendly way, the
concept of bio-mineralization has been proposed. Glucose, as a common small molecular organic
substance found in organisms, participates in the mineralization process in cells. By adding glucose as
a chemical additive, long chains of calcium carbonate form at the initial stage and then break granularly
via over-carbonation. The average size of the calcium carbonate nanoparticles is about 40 nm based on

the statistical analyses of three hundred particles. The growth mechanism of calcium carbonate under
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Accepted 11th April 2022 the influence of glucose is obtained. After the calcium carbonate nanoparticles are modified by sodium

stearate, they are introduced to the PDMS matrix to achieve the composite material. Compared with

DOI: 10.1039/d2ra02025d pure PDMS, the composite with additional 3% calcium carbonate has its elongation at break and tensile
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1. Introduction

Calcium carbonate is widely used because of its excellent
properties at the nanometer scale as a building filler'* and
a drug carrier.*® In recent years, an increasing number of
researchers have adopted bio-mineralization methods to
synthesize calcium carbonate.'®" This process mainly relies on
various organic molecules in the organisms used.'>** Carbon-
ation is the main method for the large-scale industrial
production of calcium carbonate,'*'* and organic molecules can
also be used as additives to control the synthesis of calcium
carbonate.' In order to analyze and study the effect of additives
on the growth of calcium carbonate, we chose a common and
simple molecule, glucose, as a research subject. The oxygen in
glucose can interact with calcium to influence the growth of
calcium carbonate.”*®* PDMS has excellent properties such as
high transparency, air permeability, and low toxicity.'**"
However, its mechanical properties are poor, and fillers need to
be added for reinforcement.**

In this study, glucose was adopted as an additive and the
reaction mechanism of the calcium carbonate formation
process was also investigated in detail. The calcium carbonate
nanoparticles (CCNPs) were modified with sodium stearate, and
the modified calcium carbonate was added to the PDMS matrix
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strength increased by 23.96% and 48.15%, respectively.

to effectively improve the elongation at break, tensile strength
and stability of the composite.

2. Experiment
2.1 Raw material

Calcined lime (91 wt%, purchased from Zhejiang AL Mine Co.,
Ltd), carbon dioxide (99.995 vol%, purchased from Hangzhou
Jingong Special Gas Co., Ltd), polydimethylsiloxane (PDMS,
SYLGARD 184, purchased from Dow Corning), glucose (AR,
purchased from Shanghai Hutri Laboratory Equipment Co.,
Ltd) and sodium stearate (AR, purchased from Shanghai Hutri
Laboratory Equipment Co., Ltd) were used.

2.2 Synthetic procedure of calcium carbonate nanoparticles
and composite

Firstly, calcium oxide was added to deionized water for 3 hours
in a 70 °C water bath. By fully slaking the calcium hydroxide, the
undissolved particles were made uniform and small, which
helped dissolve the excess calcium hydroxide immediately after
the subsequent reaction was completed. Secondly, after the
solution cooled, glucose was added to the calcium hydroxide
slurry. Then, the solution was put in a 25 °C water bath and
carbon dioxide was introduced into the solution with porous
quartz stone. When the pH of the solution was close to 6, the
ventilation was stopped. Sodium stearate was added to the
solution as a modifier, and reacted in a water bath at 70 °C for 1
hour. Then, the solution was filtered and washed to obtain the
calcium carbonate nanoparticles. The modified CCNPs (1-25%

© 2022 The Author(s). Published by the Royal Society of Chemistry
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by weight) were added to the monomer, and after mixing 2.3 Instrumentation
uniformly, one-tenth of the weight of curing agent was added.
After mixing uniformly again, the composite material samples
were obtained by curing in an oven at 80 °C for 3 hours.

X-Ray powder diffraction (XRD) (Cu Ko, 40 kV, 20 mA) was
conducted to identify the crystalline phases of the precipitates.

Fig.1 SEM images of calcium carbonate from different stage of preparation: (a) no additives, reaction for (b) 5 min; (c) 10 min; (d) 15 min; (e)
20 min; (f) 25 min; (g) 30 min; (h) 45 min; (i) 60 min; and (j) 75 min after adding glucose.
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The morphology and microstructure were examined using
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), respectively. The shift of the functional
group peak position was measured by Fourier transform
infrared spectroscopy (FTIR). A universal testing machine was
used to test the tensile properties of the samples.

3. Result and discussion

Fig. 1 shows SEM images of the calcium carbonate product
without chemical additives and with different reaction times
after adding glucose. This was used to determine whether the
addition of glucose resulted in great changes in the morphology
of calcium carbonate.

As shown in Fig. 1(a), without chemical additives, the reac-
tion products were spindle-shaped particles with irregular
morphology. In Fig. 1(b), it can be seen that at the beginning of
the reaction, long-chain calcium carbonate appeared. From
Fig. 1(c)-(j), the length of calcium carbonate decreases, finally
affording circular calcium carbonate. After 75 minutes of reac-
tion, 300 calcium carbonate particles at random positions were
counted and divided into different groups. The proportion of
each group is shown in Fig. 2. According to the statistics,
particles with a size of 40 nm accounted for the highest
proportion.

Fig. 3 shows the change of pH and zeta potential over time
during the preparation of calcium carbonate. As shown in Fig. 3,
it can be found that after adding glucose to the system, the zeta
potential is reduced. The zeta potential is an indicator that
reflects the stability of the system.”>?* The decrease in zeta
potential indicates that the stability of the system is destroyed,
that is, the positively charged calcium ions are adsorbed by
glucose molecules and agglomerate. From 0 to 15 minutes, the
zeta potential increased. Due to the introduction of carbon
dioxide, hydroxide ions were consumed and a large amount of
carbonate ions were produced. The concentration of hydroxide
ions and calcium ions in the system dropped rapidly, and the
excess calcium hydroxide solid began to dissolve. The calcium
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Fig. 2 Grain size distribution of CCNPs after 75 minutes of reaction
after adding glucose.
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Fig. 3 Graph of pH and zeta potential over time.

hydroxide solids in the system were consumed, and calcium
carbonate solids were generated instead. In the presence of
large quantities of calcium hydroxide solids in solution, the
potential-determining ions were calcium and hydroxide ions. At
the beginning of the reaction process, the charges of the two
were equal, so the zeta potential of the system was neutral.
When a large amount of calcium carbonate was formed, the
potential-determining ions were converted into calcium ions
and carbonate ions. At this time, the carbonate ions in the
solution were consumed immediately, and the calcium ions
were continuously dissolved and replenished by the calcium
hydroxide solid. Therefore, the amount of calcium ions was
greater than that of the carbonate ions, and the zeta potential of
the system was biased towards positive. In the subsequent
reaction process, the amount of calcium carbonate increased,
but the proportion of the total was not changed, so the zeta
potential of the system increased slowly. After glucose was
removed by washing and filtering, the calcium carbonate had
a higher zeta potential, which caused the absorptivity of glucose
on the calcium carbonate. The experiment did not stop when
the pH was 7 because, as can be seen from Fig. 1(h), there was
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Fig. 4 XRD patterns of the CCNPs at different times.
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a large amount of chain-like calcium carbonate. At 75 minutes,
the pH was close to 6. At this time, the granular morphology of
the calcium carbonate product accounted for the majority.

Fig. 4 shows the XRD patterns of calcium carbonate at
different times. It can be seen from Fig. 4 that the characteristic
peak of calcium hydroxide disappeared at 15 minutes, indi-
cating that there was no excessive undissolved calcium
hydroxide solid at this time. As shown in Fig. 3, when the zeta
potential of the system was detected, almost all the solid
components in the solution were calcium carbonate. The
characteristic peaks of calcium carbonate in Fig. 4 become
increasingly obvious, and its crystal phase was calcite. Fig. 5
shows the TEM image of calcium carbonate. The distribution of
calcium at the position indicated by the arrow in a2 was obvi-
ously sparse, which proved the absence of calcium. This showed
that calcium carbonate was missing here. However, the distri-
bution of oxygen in a3 is uniform, and oxygen can only come
from glucose, indicating that this position was occupied by
glucose. From the TEM image in Fig. 5(b2), it can be known that
the interplanar spacing was 0.31 nm in the (104) crystal plane,
and the crystal grew along the axial direction.” There were some
non-stripe regions on the side of the stripes. These regions may
be occupied by glucose, destroying the orderly arrangement of
the crystals, causing the calcium carbonate here to fail at
forming stable lattice stripes.

Fig. 6 shows that the peak of calcium hydroxide was at
3642 cm™ ', and there was no obvious movement. After 15
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Fig. 6 FTIR spectra of the CCNPs at different times.

minutes, the characteristic peak of calcium hydroxide was
significantly weakened. At this time, calcium hydroxide was
consumed. The vibration peak at 1796 cm ' was the C=0
vibration peak of carbonate. At the beginning of the reaction,
1, which was
the characteristic absorption peak of v3 of calcium carbonate,
and represented the asymmetric stretching vibration of the C-O

there was a strong absorption peak near 1415 cm™

Fig. 5
high-resolution images; (b3) FFT.

© 2022 The Author(s). Published by the Royal Society of Chemistry

(a) Elemental analysis by mapping: (al) morphology; (a2) calcium distribution; (a3) oxygen distribution. (b) (b1) TEM morphology and (b2)
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bond. However, by the end of the reaction, this peak moved to
1456 cm ™. This may be due to the influence of glucose. Most of
the calcium ions in calcium carbonate formed at the initial
stage of the reaction were derived from free calcium ions. At the
end of the reaction, they were derived from the calcium ions of
the complex formed by glucose, which resulted in a red shift of
the peak due to the influence of glucose. The absorption peaks
at 874 cm™ " and 713 cm™ ' were the v2 and v4 absorption peaks
in calcite crystals, respectively. They were related to the bending
vibration of the C-O bond. Normally, a peak should appear at
3404 cm™ ! due to hydrogen bonding on the second and third
carbons of glucose. However, the weak peak actually appeared
in the range of 3421-3455 cm™ ', and a significant transition to
a high frequency and broad peak occurred. This may be due to
the rearrangement of the hydrogen bond system caused by the
1 : 2 coordination of calcium and glucose.?® This weak peak may
be due to the low amount of glucose. The calcium and oxygen of
the hydroxyl group on the first and second carbons of the two
glucoses form an eight-coordination complex with four water
molecules. The native hydrated calcium ions formed a six-
coordination complex.” In the preparation of this experiment,
glucose had a 2 mmol concentration, the calcium hydroxide
slurry was supersaturated, and up to 4 mmol of Ca(OH), was
dissolved in 200 ml of the solution. Therefore, the ratio of
calcium ions coordinated with glucose to hydrated calcium ions
was 1:3. The smaller size and higher quantity of hydrated
calcium ions formed a stable crystal lattice on the inside, while
the larger size and lower quantity of coordinated calcium ions
formed an unstable structure on the outside. After passing in
excess carbon dioxide, it was easier to dissolve and break.

Fig. 7 shows the TGA result of the CCNPs. The characteristic
decomposition temperature data are shown in Table 1. As
shown in Fig. 7, there was no significant weight loss at 200-
400 °C. Glucose decomposes in this temperature range.”® This
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Fig. 7 TGA of the CCNPs.

Table 1 Characteristic degradation data of the CCNPs

Residue at
800 °C (%)

Temperature for 5%
weight loss (°C)

Temperature for 20%

Sample weight loss (°C)

CCNPs 635 699 56.0
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showed that there was no glucose residue in the samples. The
residual weight of the final sample was 56.0% of the initial
weight, which was consistent with the process of calcium
carbonate (M,, = 100.09) decomposition to form calcium oxide
(M, = 56.08).

According to the above results, the growth mechanism of
calcium carbonate is shown in Fig. 8. In the first step, glucose
was added to convert a part of the calcium ions from hydrated
calcium ions to calcium ions coordinated with glucose. In the
second step, carbon dioxide gas was introduced to the calcium
hydroxide solution to generate carbonate ions, which will
combine with both the calcium ions coordinated with glucose
and the hydrated calcium ions to form calcium carbonate
molecules adsorbed on glucose (coordinated-CCs) and free
calcium carbonate molecules (free-CCs). In the third step, the
free-CCs are likely to combine with the coordinated-CCs to form
the cluster structure of two kinds of molecules with one kind
connecting with another.” Inside this cluster, the zone with
free-CCs could pack more closely to form stable and regular
calcium carbonate lattices with a preferential orientation of
(104), whereas coordinated-CCs are unstable due to the influ-
ence of glucose. In the fourth step, after dehydration and crys-
tallization,**** a stable lattice is formed inside. The region near
the coordinated-CCs is destabilized by glucose. Therefore,
unstable links are formed between stable lattices. In the fifth
step, since the links are occupied by coordinated-CCs, excess
carbon dioxide is inclined to react with calcium carbonate at the
link to generate calcium bicarbonate, which breaks the link to
obtain the nanoparticles.

In order to better combine the CCNPs with the matrix, we
modified the CCNPs with sodium stearate. As seen in the FTIR
spectrum of sodium stearate (Fig. 9), the characteristic peaks of
sodium stearate appeared around 2917 cm ' and 2849 cm™?,
which were ascribed to the antisymmetric stretching vibration
and the symmetric stretching vibration of the methylene group,
respectively.®> The characteristic peaks at 1558 c¢m ™' and
1422 cm ™" were the antisymmetric stretching vibration and the
symmetrical stretching vibration of the carboxylate group,
respectively,® and the characteristic peak at 1471 cm ™" was the
vibration of the C-O group. In the FTIR spectrum of the
modified CCNPs, the characteristic peaks of sodium stearate
appeared at 2918 cm ' and 2850 cm ', which proved the
formation of coordinated-CCs. The CCNPs before modification
had a sharp peak at 1466 cm ™', while the modified CCNPs had
a broad peak at 1459 cm™'. The shape broadening and position
shift of the peaks may be due to the influence of the carboxyl
groups of sodium stearate combined with calcium. Sodium
stearate was bound to calcium carbonate via ionic bonds with
the carboxylate.®*

The CCNPs before and after modification were added to the
matrix to make a composite, and the tensile properties were
tested, as shown in Fig. 10. The tensile properties of the CCNPs
after modification were obviously better than those before
modification. The addition of the CCNPs to PDMS before
modification even led to worse tensile properties of the
composite, inferior to that of pure PDMS. Since the CCNPs are
hydrophilic, they had poor compatibility with the matrix.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Growth process of the CCNPs: (1) add glucose; (2) introduce carbon dioxide; (3) cluster aggregation; (4) dehydration crystallization; (5)
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Fig.9 FTIR spectra of the CCNPs before and after modification and of
sodium stearate.

Therefore, the modification process was necessary for the
CCNPs to be added to PDMS to synthesize composites.

Next, the effect of the addition amount of modified CCNPs
on the tensile properties of the composites was investigated. As
shown in Fig. 11, after the addition of the CCNPs to PDMS, the
elongation at break increased, but the tensile strength
increased first and then decreased. With the addition of

© 2022 The Author(s). Published by the Royal Society of Chemistry

calcium carbonate from 0% to 25%, the elongation of the
sample increased from 197.16% to 308.56%: an increase of
56.50%. With the addition from 0% to 3%, the tensile strength
increased from 4.05 MPa to 6.00 MPa, which is an increase of
48.15%. After adding more than 20% CaCOj;, the tensile
strength was lower than that of the pure PDMS sample.

8 —— NC-PDMS with 0% CCNPs
7 4 = = =NC-PDMS with 5% CCNPs
- — - NC-PDMS with 10% CCNPs
64 —— NC-PDMS with 5% modified CCNPs
—— NC-PDMS with 10% modified CCNPs
Sk 1

Vi

Stress/MPa

150 200 250

100
Strain/%

300

Fig. 10 Tensile properties of the composite with the CCNPs before
and after modification.
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Fig. 11 Tensile properties of the composite with different amount-
modified CCNPs.

After the modified CCNPs were added to the matrix as a filler
for the composite, the long carbon chains of sodium stearate
complexed on the particle surface combined with the rubber
chains of the matrix in a physically entangled manner,* thereby
restricting the movement of the matrix.>® Since the modulus of
the CCNPs was much higher than that of the matrix, the
microscopic deformation of the composites was mainly
contributed by the matrix between the particles. The stress was
concentrated at the interface of the nanoparticle and the matrix,
leading to debonding and resulting in the cavitation mecha-
nism.*” The voids caused by debonding altered the stress state
in the host matrix polymer surrounding the voids, which was
a typical shear yielding mechanism, and a lot of energy could be
absorbed.*® The deformation of the composite through the
process of debonding effectively improved the elongation at
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Fig. 13 TGA of the composites with different amount of CCNPs.

break. With the addition of the filler, the area of debonding
increased, resulting in an increase in the elongation at break of
the composite. However, the tensile strength decreased after the
filler content exceeded a certain amount. This was due to the
excessive concentration of stress caused by the increase of filler
particles, resulting in a decrease in the limit of stress that can be
tolerated.*®

Fig. 12 shows the cross section of the test sample after
fracture. As shown in Fig. 12, with 3% CCNPs, the particle
distribution was uniform, and there was no large-particle
agglomerate. However, with 25% CCNPs, the size of the
agglomerate was large, which may be the reason for the
decreased tensile strength of the composite. As shown in
Fig. 12(e), after 3 months, the composite with 3% CCNPs still
did not show obvious agglomeration and had excellent
stability.

Fig. 12 SEM images of the cross section of the composite: (a) 0% CCNPs; (b) 3% CCNPs; (c) 25% CCNPs; and the same sample after 3 months at

room temperature: (d) 0% CCNPs; (e) 3% CCNPs; (f) 25% CCNPs.
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Table 2 Characteristic degradation data of the TGA of the composites

Temperature for 5% Temperature for 20% Residue at

Sample no. weight loss (°C) weight loss (°C) 650 °C (%)
0% CCNPs 394 504 53.6
3% CCNPs 389 534 59.3
25% CCNPs 383 563 65.0

Adding nanoparticles as filler in the matrix can effectively
improve the thermal stability of the composite. The test results
of TGA are shown in Fig. 13. The important characteristic
degradation data of all samples are listed in Table 2. Although
the initial characteristic temperature at the 5% weight loss of
pure PDMS was higher, the decomposition rate was the fastest
in the subsequent heating process. The residue was the least at
650 °C, with only 53.6% left. For the composite with 3% CCNPs,
although the initial characteristic temperature at 5% weight
loss was low, the subsequent decomposition rate was slow, and
59.3% residue remained. The composite with 25% CCNPs had
the lowest temperature at the initial 5% weight loss, but the
residue was the most at 650 °C, with 65.0% remaining. It
showed that the CCNPs as fillers interact with the matrix, and
can effectively improve the thermal stability of the composites.
The presence of nanoparticles in the composite enhanced the
formation of the carbon layer, which hindered the diffusion of
volatile decomposition products in the matrix material,*
thereby improving the thermal stability of the composite.

4. Conclusion

This work mainly studied the growth process of CCNPs with
glucose as a chemical additive. It was found that calcium
carbonate formed a long chain-like structure during the early
stage of growth, which then gradually broke due to the intro-
duction of excess carbon dioxide in the later stage, affording the
CCNPs. Modification of the CCNPs with sodium stearate
allowed them to bond with the matrix components more
strongly. By adding 3% CCNPs, the elongation at break and the
tensile strength increased by 23.96% and 48.15%, respectively.
The addition of CCNPs to PDMS can dissipate a large amount of
energy through the cavitation mechanism vie debonding
between the filler and the matrix. The thermal stability of the
composites was positively correlated with the amount of
nanoparticle filler, and the presence of nanoparticles hindered
the decomposition of the matrix and improved the thermal
stability of the composites. Exploration of the CCNP growth
process and composite application will help to better develop
and utilize this material.
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