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ABSTRACT: Calcium carbonate (CaCO3) with different
phases and morphologies were prepared and character-
ized by scanning electron microscopy (SEM), powder X-
ray diffraction (XRD), and Fourier transform infrared
(FTIR) spectroscopy. The effect of polyethylene glycol
(PEG) with different molecular weight and concentrations
on the phase and morphology of CaCO; was studied. The
results showed that aragonite was the only phase in the

solution without PEG, while calcite phase could be
obtained by the use of PEG as the additive. The possible
crystallization mechanism for the formation of CaCOj; poly-
morphs in the presence of different PEG was also dis-
cussed. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci 119: 319-
324, 2011
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INTRODUCTION

CaCO; is widely used in various fields as additives
to plastics, medical supply, papers, paints, the adhe-
sives, and the rubbers. Besides, it involved in many
industrial processes as pigment, brightener filler, ad-
sorbent, etc.'™ There are three polymorphs for
CaCQO; crystals: calcite, aragonite, and vaterite. They
have the crystal system of rhombohedral, orthorhom-
bic, and hexagonal, respectively. At standard atmos-
pheric pressure and room temperature, calcite is the
thermodynamic stable phase, aragonite is a metastable
phase and vaterite is an unstable phase.*™®

The control of crystal polymorphs is of fundamen-
tal importance because the morphology and physico-
chemical properties depend on each polymorphous
crystal. Recently, the nucleation and crystal growth
of CaCOj3 have been extensively investigated. Differ-
ent polymorphs of CaCO; have been synthesized in
the presence of different templating agents, such as
metal ions,”"? polyacrylamide,'* "> cetyltrimethyl
ammonium bromide,'* amino acid,'® polypropylene
acid,17 sodium dodecyl benzene sulfonate,18 polyvi-
nyl alcohol,'” proteins,®® cellulose,”' and polyethyl-
ene glycol (PEG),”2* to effectively control the crys-
tal growth of CaCO; Among various templates,
PEG is of particular interest due to the following
reasons. First, PEG is an inexpensive, innocuous,
nonvolatile nonionic surfactant and it has excellent
water-solubility, lubricating property, and high sta-
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bility at room temperature. Second, PEG has a wide
molecular weight distribution and different chain
length. The different polymer chain with diverse
framework could provide a new kind of organiza-
tion to metal atoms along the polymer backbone,
which could afford different assemblage ways for
the final products. Furthermore, PEG is a polymer
containing hydrophilic groups (i.e., —OH and
—O—). It can act as a donor to metal ions to form
metal complexes with diverse conformations, which
makes it possible to control the morphology of the
crystals.”

Although PEG is an attractive polymer, the influ-
ence of PEG on phase and morphology of CaCOj;
crystal has not been widely studied. Wang et al.
studied the influence of PEG on CaCOj; crystal, how-
ever, they only prepared aragonite whiskers by
using PEG 20,000 with a sort of concentration.*®
Compared with their work, both calcite and arago-
nite of CaCO; were synthesized in this article by
using PEG with different molecular weight and con-
centrations. The effect of molecular weight and con-
centration of PEG on phase and morphology of
CaCO; was investigated. Furthermore, the possible
crystallization mechanism for the formation of differ-
ent CaCOj; polymorphs was proposed.

EXPERIMENTAL
Preparation

CaCl,, NayCO;, PEG400, and PEG4000 were pur-
chased from Kelong Reagents Company of Chengdu,
PEG10000 were purchased from Shanghai Reagents
Company. All of the reagents were of analytical
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grade and were used without further purification.
Deionized water was used throughout.

In a typical synthetic procedure 80 mL of CaCl,
and PEG mixed aqueous solution was put into a
250-mL flask, thereinto, the concentration of CaCl, is
0.05 mol L™, PEG is 0.002, 0.005, and 0.01 mol L™,
respectively. Then the mixed solution was heated
from 25 to 80 °C and then 80 mL of Na,CO; (0.05
mol L") solution was dropped into the mixed solu-
tion with the rate of about 1 mL min~'. The result-
ing mixture was stirred for about 3 h with a paddle-
type impeller at a constant rate of 300 rpm. After
cooling to room temperature, the obtained precipi-
tate was filtered off, washed with deionized water
and dried in infrared drying oven.

Characterization

Powder XRD data were collected on a Rigaku D/
MAX-rA Diffractometer with Cu Ko radiation (A =
0.15418 nm) at 40 kV and 100 mA. The grain mor-
phologies and particle sizes of samples were exam-
ined on a Philips Inspect F scanning electron micro-
scope at an accelerating voltage of 10 kV or Hitachi
S-450 scanning electron microscope at an accelerat-
ing voltage of 20 kV. All the surfaces of the samples
were dried and sputter coated with gold prior to ex-
amination. The FTIR spectra (KBr pellets) were
recorded by a Nicolet 1705X spectrometer.

RESULTS AND DISCUSSION
Influence of different molecular weight of PEG

Figure 1 shows the XRD patterns of different CaCO;
crystals obtained in the presence of different PEG.
All the diffraction peaks in Figure 1(a, c) are in ac-
cordance with the standard JCPDS file (aragonite,
05-0453) and JCPDS file (calcite, 83-0578), respectively,
indicating that the two samples in Figure 1(a, c) are
pure aragonite and calcite phase, respectively. How-
ever, the samples in Figure 1(b,d) are the mixture of
aragonite and calcite phase.

To further confirm the phases of as-prepared
CaCO; crystals, SEM was carried out to examine
their morphologies(Fig. 2). It is well known that nee-
dle-like CaCQOj; is the typical morphology of arago-
nite and rhombohedral CaCOj; is the typical mor-
phology of calcite. As expected, the SEM
micrographs of the obtained CaCOj crystals contains
needle-like crystals in Figure 2(a), rhombohedral
shape crystals in Figure 2(c), and both kinds of crys-
tals in Figure 2(b) and Figure 2(d). These results are
in well accordance with those of XRD.

Figure 3 shows FTIR spectra of the obtained prod-
ucts. The vibration bands in the range of 1628-1644
cm™! and 1419-1498 cm ™' can be assigned to the

Journal of Applied Polymer Science DOI 10.1002/app

XU ET AL.

= _ A ‘Aragonite
= ﬁ m:Calcite
3
3,
=
w
c
Q
<
- .
] L] N A d
x ] ¥ T L T ¥ T x. ] L T
10 20 30 40 50 60 70
208(degree)

Figure 1 XRD images of CaCO3 crystals obtained in solu-
tions with different molecular weight of PEG (a) without
PEG; (b) with 0.01 mol L™' PEG400; (c) with 0.01 mol L™}
PEG4000; (d) with 0.01 mol L~" PEG10000.

stretching vibration of carbonyl group and carbonate
group, respectively. Vibration bands at 1079 and
854 cm ™' can be assigned to the characteristic sym-
metric carbonate stretching (v; mode) and a carbon-
ate out-of-plane bending (v, mode) vibrations of
aragonite, respectively. At the same time, vibration
band at 875 cm ™' can be assigned to the v, mode of
calcite, while vibration bands at 710 and 711 cm™!
can be assigned to the v4 modes of calcite.'® It should
be noted here that the absorption peaks of calcite can
not be observed clearly in Figure 3(b), which can be
explained by the fact that calcite is a minor phase in
the product, as shown in Figure 2(b).

Influence of the concentrations of PEG

Figure 4 shows the XRD patterns of the obtained
CaCO; samples prepared by the use of PEG400,
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Figure 2 SEM ima%es of CaCO3 crystals obtained in solutions with different molecular weight of PEG (a) without PEG;
(b) with 0.01 mol L™" PEG400; (c) with 0.01 mol L™ PEG4000; (d) with 0.01 mol L~ PEG10000.

PEG4000, and PEG10000, respectively. As can
be seen, only aragonite appears in 0.002 and
0.005 mol L' PEG400 solutions and only calcite
appears in PEG4000 solution. Both aragonite and
calcite appear in PEG10000 and 0.01 mol L'
PEG400 solutions. Furthermore, calcite somewhat
increases with the increase of PEG400 and
PEG10000 concentration. The influence of PEG4000
concentration on the formation of CaCOj crystal is
unobvious under the experimental conditions. The
influence of PEG molecular weight and concentra-
tion on phase of CaCOj crystal is summarized in
Table. L.

Figure 5 shows the corresponding SEM micro-
graphs of the CaCOj crystals. It is shown that only
calcite appears in PEG4000 solution, both calcite
and aragonite can be obtained in PEG400 and
PEG10000 solutions and calcite increases a bit with
the increase of PEG400 and PEG10000 concentra-
tion. The results are consistent with those of XRD
analyses. In addition, the average length of the nee-
dle-like crystal obtained in 0.002 mol L' PEG10000
solution is about 28 pm, which is longer than that
of about 21 um obtained in 0.002 mol L~ PEG400
solution.

(d)

Proposed formation mechanism

From the aforementioned experiments, it is clear
that PEG plays a crucial role in the formation of
CaCQOj crystals. Because of the lone pair electrons on
the oxygen atoms of PEG, there is strong electro-
static interaction between PEG and Ca®' ions. PEG
can combine with Ca®' ions and easily adsorb on
the surfaces of CaCOj crystals. The formation of
CaCQ; is based on the reactions as follows:

PEG + Ca*" —PEG — Ca®" (complex) 1)

heating

PEG — Ca®"(complex) + CO3~ CaCO; + PEG

)

When the surface of the CaCOj; crystal adsorbs
PEG, the activities of the crystal are greatly sup-
pressed.”” From the viewpoint of kinetics of crystal
growth, when the crystal adsorbs PEG on some sur-
face, the crystal growth rate in some certain direc-
tion will be slowed down, which would lead to ani-
sotropic growth of the crystals. As a result, calcite
appears in solutions with PEG while only aragonite
appears in the solution without PEG.

stirring
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Figure 3 FTIR images of CaCO3 crystals obtained in sol-
utions with different molecular weight of PEG (a) without
PEG; (b) with 0.01 mol L™! PEG400; (c) with 0.01 mol L™*
PEG4000; (d) with 0.01 mol L™! PEG10000.

XU ET AL.

TABLE I
The Influence of PEG Molecular Weight and
Concentration on Phase of CaCO; Crystal

PEG molecular Concentration
weight (mol L) Phase
400 0.002 Aragonite
0.005 Aragonite
0.010 Aragonite + Calcite
4000 0.002 Calcite

0.005
0.010

10000 0.002 Aragonite 4 Calcite
0.005 Aragonite 4 Calcite
0.010 Aragonite + Calcite

In addition, the length of PEG molecular chain, vis-
cosity of the solution, and the shape of PEG adsorp-
tion layer are all important factors for the formation
of different morphologies of CaCO;. The possible for-
mation process of CaCO; crystal in the presence of
PEG is shown in Figure 6. It is clear that the two dif-
ferent ways could lead to the formation of aragonite
or calcite under the experimental conditions.

From the fact that calcite and aragonite can be
obtained in PEG400 and PEG10000 solutions while
only calcite is obtained in PEG4000 solutions, we can
speculate that PEG4000 can confine the growth of
CaCOj; crystal in multidirection and it is especially
effective for the formation of calcite under the experi-
mental conditions. The possible reason is that long-
chain polymers are easily intertwisted together,”” which
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Figure 4 XRD images of CaCO3 crystals obtained in PEG solutions with different concentrations (A) PEG400; (B)
PEG4000; (C) PEG10000; (a) 0.002 mol L™ (b) 0.005 mol L™ (c) 0.01 mol L.
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Figure 5 SEM nucrographs of CaCO3 crystals obtained in PEG solutions with different concentratlons (a, d, g) with
0 002, 0.005, and 0.01 mol L™! PEG4OO respectively (b, e, h) with 0.002, 0.005, and 0.01 mol L~" PEG4000, respectively (c,

f, i) with 0.002, 0.005, and 0.01 mol L' PEG10000, respectively.

has a disadvantage for the formation of 1D aragonite,
while short-chain polymers greatly decrease the inter-
twisting possibilities, hence only rhombohedral CaCO;
particles are formed in PEG4000 solutions and the main
phase obtained in PEG400 solutions is aragonite. This is
similar to the previous research done by Li et al.”®
However, as the PEG10000 molecular chain is lon-
ger than PEG4000, there is strong steric hindrance to
enwind CaCO;, at the same time, according to the
previous reports,”?’ with the increase of molecular
weight, the viscosity of solution increases and the
influence on the CaCO; crystal growth decreases, thus

aragonite crystals are formed in PEG10000 solution
besides calcite. Furthermore, the cavity formed by
PEG10000 adsorption layer is larger, the needle-like
crystal obtained in 0.002 mol L™! PEG10000 solution is
longer than that obtained in 0.002 mol L™" PEG400 so-
lution. The similar phenomenon is also found in the
formation of ZnO with different length of PEG.”
From the above discussion, it can be seen that the
amount of calcite crystals somewhat increases with
the concentration of PEG400 and PEG10000 increases.
The possible reason is that with the increase of PEG
concentration, solution viscosity and the adsorption

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 The possible formation process of CaCO3 crys-
tal in the presence of PEG.

layer thickness increase simultaneously,30’31 the elec-
trostatic attraction between PEG and CaCOj crystal is
enhanced and not only comes from the single direc-
tion. Thus a low concentration of PEG cannot confine
several areas of the crystal, while a relatively high
concentration of PEG confines more than one aspects
of the crystal, which leads to the formation of calcite.

Thereby, it is clear that PEG plays an important
role in determining both phase and morphology of
CaCOs. Further work is in progress to investigate
the detailed mechanism.

CONCLUSION

PEG templates have been used to tune the growth of
CaCOj; crystals. Both aragonite and calcite phases
were obtained in the presence of PEG400 and
PEG10000 and only calcite appeared in PEG4000 so-
lution. In contrast, only aragonite appeared in the
solution without PEG. Furthermore, the needle-like
CaCOj crystal obtained in 0.002 mol L~" PEG10000

Journal of Applied Polymer Science DOI 10.1002/app
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solution is longer than that obtained in 0.002 mol
L' PEG400 solution. At the same time, calcite some-
what increases with the increase of PEG400 and
PEG10000 concentration, while the influence of
PEG4000 concentration on CaCOj; crystal is unob-
vious. The results show that both molecular weight
and concentration of PEG are important factors in
affecting the phase and morphology of CaCOs.

The authors are grateful to X.Y. Ji and X.Y. Zhang, Analytical
and Testing Center in Sichuan University, for performing
XRD and SEM measurements.
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