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a b s t r a c t
Calcium carbonate (CaCO3) particles were modiﬁed by a direct blending method using different coupling
agents. The changes in the CaCO3 particles were determined using different techniques. Compared with
pristine particles, the modiﬁed CaCO3 particles show good dispersion, particularly those modiﬁed by
c-methacryloxypropyl trimethoxy silane. Results of the thermogravimetric analysis indicated that the
coupling agents were adsorbed or anchored on the surface of the CaCO3 particles, thereby hindering
aggregation. The formation of covalent bonds [CaAOASi] or [CaAOATi] was veriﬁed using Fourier
transform infrared spectroscopy and X-ray diffraction. The modiﬁed CaCO3 particles showed more stable
colloidal dispersion in ethyl acetate than that of pristine CaCO3 particles. Some silane or titanate coupling
agents can be combined with CaCO3 by covalent bonds, thereby changing the surface properties of CaCO3
and enhancing dispersion in many organic media. The hydroxyl groups on the surface of CaCO3 particles
can interact with silanol groups or titanate coupling agents forming an organic coating layer.
Ó 2014 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. All rights reserved.

1. Introduction
Calcium carbonate (CaCO3) particles, as a high-yield and cheap
material, have been widely used in rubber, plastic, building material,
coating, and papermaking industries [1–5]. One of the problems
associated with the use of CaCO3 is its hydrophilic character, which
signiﬁcantly limits its usefulness [1,3–5]. In general, inorganic
CaCO3 particles agglomerate in media and show poor dispersive
capacity in polymers because of their high surface energy [2–4].
Given inconsistent interface, inorganic CaCO3 particles are weakly
combined with the polymer matrix, thereby limiting the applications of CaCO3 particles [3–6]. Dispersing inorganic CaCO3 particles
effectively in polymer matrices and improving their interfacial
interaction can be achieved using modiﬁed techniques.
Surface-modiﬁed technique is an effective way to reduce surface tension and increase compatibility of particles and polymer
matrix [4–7]. Successful surface modiﬁcation would widen the
potential applications of CaCO3 particles [6,7]. In recent years,
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surfactants have been used in modifying the surface of CaCO3 particles. Wang et al. [8] treated CaCO3 particles with a surface modiﬁer (an amine salt of the acrylic acid ester) to enhance the
properties of architectural coatings. Signiﬁcant improvement in
dirt, scrub, water and aging resistance are found for coating containing modiﬁed CaCO3 particles. Xue et al. [9] grafted polyethyleneglycol phosphate onto the surface of CaCO3 particles designed
to prepare polyethylene terephthalate in situ. The synthetic composites with modiﬁed CaCO3 exhibit better particle dispersion,
higher polymerization degree, and better thermal stability than
the composite with unmodiﬁed CaCO3 particles. Morel [10] used
alkyl- and ﬂuoro-alkoxysilane derivatives to modify nano-sized
precipitated silica-coated CaCO3 ﬁllers, and a signiﬁcant hydrophilicity decrease is observed after modiﬁcation. Tran [3] prepared
core–shell type and surface-modiﬁed nano-sized precipitated
CaCO3 with highly hydrophobic properties, which are determined
through sodium stearate adsorption in aqueous solution. To obtain
homogeneous dispersed polymer–inorganic composites, several
processing methods have been employed [1–5,11]. Surfactants
containing reactive functional groups, such as silane coupling
agents [12,13], titanate coupling agents [14], or stearic acid [15],
can be used to improve hydrophobic properties of CaCO3 particles.
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Studies on structural characterization of CaCO3 particles in the
presence of different coupling agent are insufﬁcient.
In the present study, some coupling agents such as vinyltrimethoxysilane (SG–Si171), c-aminopropyl triethoxy silane (KH550), c-methacryloxypropyl trimethoxy silane (KH-570) and di
(dioctylpyrophosphato) ethylene titanate (NDZ-311) were used
to modify the surface properties of CaCO3 particles. The effects of
different coupling agents on CaCO3 structural characterization
were investigated using particle size analyzer (PSA), transmission
electron microscopy (TEM), thermogravimetric analysis (TGA),
Fourier infrared spectrum (FTIR) spectroscopy and X-ray diffraction (XRD). Based on the characterization and analyses results, a
surface functionalization mechanism was proposed. This study
aimed to elucidate the structural characteristics of modiﬁed CaCO3
particles and evaluate their potential applications, particularly in
designing high-performance composite materials.
2. Experimental
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agitation. After the reaction, the product was ﬁltered and washed
using ethyl acetate and dried at 50 °C for 24 h in a vacuum oven.
The functionalization products by different coupling agents,
namely, SG–Si171, KH-550, KH-570, and NDZ-311, were labeled
CaCO3–Si171, CaCO3–KH550, CaCO3–KH570, and CaCO3–NDZ311,
respectively.
2.2. Particle characterization
PSA (S3500 PSA, Microtrac Instruments, USA) was used to determine the mean particle sizes and size distribution (SD) of pristine
and modiﬁed CaCO3. Each pristine and modiﬁed CaCO3 sample was
obtained and measured from ten different sites. The obtained
average values were considered the mean sizes and SD.
TGA (SDT 2960, USA) was used to determine the particle
content. Approximately 5.0 mg of each sample was placed in the
pan and heated from 50 °C to 900 °C at 20 °C/min a heating rate
under nitrogen atmosphere. Pristine CaCO3 particles were dried
in a vacuum oven at 80 °C for 24 h before TGA measurement.

2.1. Surface functionalization of CaCO3 particles
2.3. Structural characterization
Pristine CaCO3 particles were obtained from Henan Keli New
Materials Co. Ltd. Coupling agents such as SG–Si171, KH-550,
KH-570 and NDZ-311were purchased from Nanjing Shuguang
Chemical Group Co. Ltd. (China). The molecular formulas of the
CaCO3 particles and coupling agents are given in Scheme 1. All of
reagents were analytical grade and used as received without further puriﬁcation.
Before functionalization, pristine CaCO3 were dried at 120.0 °C
in a vacuum oven for 24 h to remove the adsorbed moisture from
their surface. Pristine CaCO3 particles (1.0 g) were then dispersed
in 150.0 mL ethyl acetate with the aid of ultrasonic agitation, and
certain amount of coupling agent (5.0 wt% of CaCO3) was added
into the ﬂask. The reaction was reﬂuxed at 75.0 °C for 3.5 h with

TEM images of the samples were obtained using JEM-2100 TEM
machine (JEOL, Japan) at 200 kV an accelerating voltage to characterize their dispersion and morphology.
To evaluate the surface chemistry of the CaCO3 particles, their
FTIR spectra were obtained using a spectrometer (Thermo Co.,
Nicolet 380, USA). The FTIR spectra were recorded using potassium
bromide pellets of the samples, which were analyzed from
400 cm 1 to 4000 cm 1 at a 4 cm 1 resolution.
The crystal structures of CaCO3 were elucidated using XRD
(XRD-6000, Shimadzu, Japan). The XRD patterns were obtained at
ambient temperature using a Rigaku Dmax/III diffractometer
employing Cu Ka radiation (k = 1.54 Å); the accelerating voltage

Scheme 1. The molecular formulas of CaCO3 powder, SG–Si171, KH-550, KH-570 and NDZ-311.
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and electric current were 36 kV and 25 mA, respectively. The samples were scanned from 20° to 60° with a 0.02° step length.
3. Results and discussion
The CaCO3 particle suspensions in ethyl acetate were prepared
via the ultrasonic vibrating method. On the basis of dynamic light
scattering principle, the number average diameter (AD) and SD of
CaCO3 particles are analyzed with the use of PSA. The pristine
CaCO3 particles are poorly dispersed in ethyl acetate and some
agglomerations are formed because to the existence of AOH
groups [1,6,9]. Compared with the pristine CaCO3, the modiﬁed
CaCO3 particles, particularly by KH-570, show better dispersion
in ethyl acetate. The AD mean value of pristine particles is approximately 6.24 lm. The AD of the modiﬁed CaCO3 particles gradually
changes in the following order (Table 1):

can be due to interaction between the AOH groups from CaCO3
particles with ASiAOCH3 or ATiAOA groups from the coupling
agent, forming complex structures. Chemical bonds are formed
between coupling agents and CaCO3 particles. In this experiment,
the interaction among particles is destroyed and agglomeration is
effectively controlled.

CaCO3 —Si171 > CaCO3 —KH550 > CaCO3 —NDZ311
> CaCO3 —KH570
The diameter of pristine CaCO3 particles ranges from approximately 2.88 lm to 20.12 lm, whereas that of modiﬁed CaCO3 particles considerably decreases. The SD of CaCO3, CaCO3–Si171,
CaCO3–KH550, CaCO3–NDZ311, and CaCO3–KH570 gradually
becomes homogeneous, particularly the CaCO3–KH570, which

Fig. 2. TGA curves of (a) pristine CaCO3, (b) CaCO3–Si171, (c) CaCO3–KH550, (d)
CaCO3–KH570 and (e) CaCO3–NDZ311.

Fig. 1. Size distribution of (a) pristine CaCO3, (b) CaCO3–Si171, (c) CaCO3–KH550, (d) CaCO3–KH570 and (e) CaCO3–NDZ311.

Table 1
Average diameter and size distribution of samples (by number).
Sample

CaCO3

CaCO3–Si171

CaCO3–KH550

CaCO3–KH570

CaCO3–NDZ311

AD (lm)
SD (lm)

6.24
2.88–20.12

3.91
1.53–10.54

3.18
1.46–10.27

0.84
0.54–2.67

3.06
1.81–7.28
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Fig. 3. TEM photographs of (a) pristine CaCO3 and (b) CaCO3–KH570 (a: different magniﬁcations pristine CaCO3, b: different magniﬁcations CaCO3–KH570).

To verify the formation of molecular layer, TGA was used to
study changes in the CaCO3 particles before and after modiﬁcation.
The pristine particles decompose at approximately 195.0 °C and
the continuous mass loss is observed from 195.0 °C to 750.0 °C
(Fig. 2(a)). This phenomenon can be due to desorption and decomposition of H2O, adsorbed physical and chemical substances, and
CaCO3 particles. The main weight loss of the pristine CaCO3 is

43.7% at high decomposition rate from 600.0 °C to 750.0 °C
[5,6,8]. Similar to the weight loss of pristine CaCO3 (Fig. 2(a)), the
weight losses of CaCO3 modiﬁed with SG–Si171, KH-550, KH-570,
and NDZ-311 are 44.2%, 44.6%, 46.5%, and 45.2%, respectively
(Fig. 2(b–e)). The weight losses of modiﬁed CaCO3 particles
are higher than that of the pristine CaCO3 particles. The
CaCO3–KH570 particles exhibit the highest efﬁciency, whereas

Fig. 4. FT-IR spectra of (a) pristine CaCO3, (b) SG–Si171, (c) CaCO3–Si171, (d) KH-550, (e) CaCO3–KH550, (f) KH-570, (g) CaCO3–KH570, (h) NDZ–311 and (i) CaCO3–NDZ311.
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CaCO3–Si171 particles show the lowest efﬁciency. These results
further illustrate that the coupling agent chains are anchored or
grafted on the surface of the CaCO3 particles.

modiﬁed CaCO3 by KH-570 is the lowest and that for the CaCO3–
NDZ311 is the second lowest (Fig. 5(d and e)). KH-570 most
successfully modiﬁed the CaCO3 surface. The presence of coupling
agent inhibits the growth of crystal planes (1 0 4) [12,13].

3.1. Structural characterization of the samples
Fig. 3 shows the TEM images of CaCO3 and CaCO3–KH570 particles. To obtain detailed morphological information, TEM images of
the samples were obtained under different magniﬁcations. Obvious agglomeration is found in pristine CaCO3 particles (Fig. 3(a1
and a2)) and homogeneous dispersion is found in CaCO3–KH570
particles (Fig. 3(b1 and b2)). In the TEM images in Fig. 3(b2), the
obscure gray area is the KH-570 coupling agent, which formed a
coating layer on the surface of CaCO3 particles, thereby reducing
agglomerations. Thus, physical bonding or chemical bonding
occurs between the reactive group (ASiAOACH3) of KH-570
coupling agent and AOH groups on the surface of pristine CaCO3
particles [5,12,13]. The molecular chains of KH-570 that connect
with the surface of CaCO3 particles produced mutual exclusion
and steric hindrance effect, and thus, the surface free energy is
reduced correspondingly and the agglomeration is controlled
effectively. These results illustrate that coupling agents are important in improving CaCO3 dispersion.
Although the particle characterization and thermal stability
results of CaCO3 particles indicate the changes in surface structures
of CaCO3 particles before and after surface modiﬁcation, the structural changes are conﬁrmed by FTIR spectroscopy. The peaks at
2980 and 2850 cm 1 in the CaCO3–Si171 spectrum (Fig. 4(c) are
assigned to asymmetric stretching vibration and symmetric
stretching vibration of methylene [5]. The characteristic peaks at
1105 and 1040 cm 1 correspond to CASiAOACaCO3 absorption
bands. Some C@CA (1635 cm 1) peaks are found in the CaCO3–
Si171 structure (Fig. 4(c)), which are broader and stronger than
those in pristine CaCO3 particles (Fig. 4(a)). In the FTIR spectra of
CaCO3–KH550 (Fig. 4(e)), the SiAOACaCO3 absorption bands are
observed at 1140 and 1030 cm 1. The strong absorption peaks at
1400–1600 cm 1 belong to ANH2 and ACANA stretching vibration
mode of KH-550 covered by carbonate. However, the bands of
CaCO3–KH550 at 1400–1600 cm 1 (Fig. 4(g)) are broader and
stronger than those of the pristine CaCO3 at. The strong absorption
peak at 1720 cm 1 is attributed to AC@O group of the presence of
KH-570. The peaks at 1033 and 1160 cm 1 correspond to
ASiAOACaCO3 absorption bands. After modiﬁcation by KH-570,
the absorption intensity of carbonate in CaCO3 is enhanced. The
FTIR spectra of CaCO3–NDZ311 (Fig. 4(i)) shows absorption peaks
at 2800–3000 cm 1, 1380 cm 1, 1205 cm 1, 1080 cm 1, and
1040 cm 1, which correspond to the ACH2A, ACH3, P@O,
TiAOACaCO3, and PAOAC groups, respectively [7,12]. These peaks
indicate that the functionalization groups of CaCO3 have changed
from AOH to ASiAOACaCO3 or ATiAOACaCO3. These results
conﬁrm that the coupling agents are tightly absorbed on the surface of CaCO3 particles by chemisorption, which are consistent
with the particles characterization and thermal stability results.
The obtained XRD pattern of the pristine and modiﬁed CaCO3
particles reveal their crystalline structure and phase composition.
The crystal phase of the pristine CaCO3 can be indexed as trigonal
structure (space group R-3c) (JCPDS Card No. 81-2027). The main
characteristic planes of (0 1 2), (1 0 4), (1 1 0), (1 1 3), (2 0 2), (0 1 8),
(1 1 6), (2 1 1), and (1 2 2), which correspond to 2h value of 23.1°,
29.5°, 36°, 39.5°, 43.1°, 47.6°, 48.6°, 56.4°, and 57.5°, respectively,
are assigned to calcite structure; thus, the product mainly exhibit
calcite structure [1–3]. The crystal reﬂection plane (1 0 4) (at
2h = 29.5°) shows the strongest reﬂection. In addition, the intensity
of the diffraction peaks of CaCO3 modiﬁed by different coupling
agents, particularly at 2h = 29.5°, is weaker than that of the pristine
CaCO3. The diffraction intensity of (1 0 4) reﬂection plane for

3.2. Formation mechanism
Surface modiﬁcation of CaCO3 with the use of SG–Si171, KH550, and KH-570 is a condensation-like polymerization, in which
the hydrolysis product of CaCO3 is used as monomer and silane
coupling agent as chain terminator. We hypothesize that the functional reaction of CaCO3 particles proceeds in the mode given in
Scheme 2, where R1 is the organic molecular chain of SG–Si171,
KH-550, and KH-570, and R2 is the methyl or ethyl of molecular
end of the coupling agent. CaCO3 possesses high speciﬁc surface
area and numerous AOH are adsorbed on its surface. In the heating
and stirring processes, the siloxane groups [ASiAOR2] of silane
coupling agent (SG–Si171, KH-550, and KH-570) react with AOH
of CaCO3 [5,7,12,13], and the surface group of CaCO3 particles
changes from CaCO3AOH to CaCO3AOASiAC. By controlling the
reaction conditions, the CaCO3 particles ‘‘capped’’ with organic
compound can be obtained. The organic chains substitute portions
of the active group of CaCO3 and cause steric hindrance, which
prevents CaCO3 particle agglomeration. As shown in Fig. 4, the efﬁciency of modiﬁcation is considerably distinct. KH-570 coupling
agents are not just physically cladded on CaCO3 particles, but they
are also formed chemically bonded.
The mechanism of surface modiﬁcation could be induced by the
titanate coupling agent (NDZ-311) with AOH group of CaCO3 under
alcoholysis reaction (Scheme 3) [7,14]. Numerous AOH groups are
physically and chemically bonded on the surface of the CaCO3 particles. The [AOACH2A] of the NDZ-311 molecules react with the
AOH groups on the surface of the CaCO3 and form a monolayer
of the titanate coupling agent on the surface of the powder
[7,14]. Scheme 3 shows the mechanism of formation of a monolayer of the titanate coupling agent on the CaCO3 particles. The
AOH groups on the CaCO3 surface are replaced with a monomolecular layer of organic functional NDZ-311, thereby modifying the
CaCO3 (i.e., from hydrophilic to hydrophobic surface). As shown
in Fig. 1, the efﬁciency of modiﬁcation is considerably distinct
because NDZ-311 titanate coupling agents are not just physically
cladded on CaCO3 particles, but they are also chemically bonded.
The adsorption model is described as follows.
In this experiment, the new chemical bond could be considered
as TiAOAC (Scheme 3).

Fig. 5. XRD patterns of (a) pristine CaCO3, (b) CaCO3–Si171, (c) CaCO3–KH550, (d)
CaCO3–KH570 and (e) CaCO3–NDZ311.
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Scheme 2. Schematic representation for the surface modiﬁcation of CaCO3 with SG–Si171, KH-550 and KH-570.
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Scheme 3. Schematic representation for the surface modiﬁcation of CaCO3 with
NDZ-311.

4. Conclusions
The functional CaCO3 particles modiﬁed by different coupling
agents were investigated using different techniques. Pristine CaCO3
particles are poorly dispersed in ethyl acetate. Modiﬁed CaCO3 particles, particularly by KH-570, show improved dispersion in ethyl
acetate. The modiﬁed CaCO3 particles show more stable colloidal
dispersion in ethyl acetate than that of pristine CaCO3 particles.
In situ surface modiﬁcation of CaCO3 with SG–Si171, KH-550,
and KH-570 is a condensation-like polymerization, in which the
siloxan groups react with hydroxyls. The condensation polymerization of hydrolysis products facilitates chain growth, which is
stopped or inhibited by surface modiﬁcation. The surface groups
of CaCO3 particles are changed from AOH to ASiAOACaCO3 or
ATiAOACaCO3. The coupling agents are tightly absorbed on the
surface of CaCO3 particles by chemisorption. KH-570 is the most
efﬁcient modiﬁer for CaCO3.
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