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Abstract

Dental restorative composite resins with effective fluoride release and recharge properties have yet to be developed. In this study, we
developed three types of polymer–kaolinite nanocomposite resins (C(K-diamine), C(K-acrylamide), and C(K-acetate)) with the potential
to provide sustained release of fluoride due to the strong adsorption of kaolinite to fluoride during the fabrication process. Their mechan-
ical (hardness, flexural strength, flexural modulus, fracture toughness, and diametral tensile strength) and fluoride release properties were
investigated. X-ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR) analyses demonstrated that hexanediamine,
acrylamide, and ammonium acetate were successfully intercalated into the interlamellar structure of all three resins. Of the three types of
polymer–kaolinite nanocomposite resins, C(K-acrylamide) exhibited the greatest mechanical strength and greater fluoride release than
Fuji IX. In addition, C(K-acrylamide) released more fluoride than Fuji IX and Z-100 after exposure to 0.2% NaF. It is concluded that
C(K-acrylamide) can potentially serve as a useful restorative material with caries-preventive properties.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

With the growing demand for esthetics in dentistry,
tooth-colored restorations have been increasingly used in
restoring cavities in preference to conventional amalgam
fillings or gold restorations. Direct tooth-colored restor-
ative materials that have been widely used include glass
ionomer cements (GICs), resin-modified glass ionomer
cements (RMGICs), compomers, and composite resins.
GICs and RMGICs exhibit higher fluoride release and
uptake capacity over a longer period of time than compos-
ite resins [1–3] but their compressive strengths are inferior
[4]. The differences in compressive strengths were attributed
to the gel network formed by acid–base reaction in glass
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ionomers, which generally had lower strength and tough-
ness than crosslinked polymers of Bis-GMA, UEDMA
and TEGMA in composite resins [4]. This has limited the
clinical application of GICs and RMGICs to nonload-
bearing sites. By contrast, composite resins and some
compomers have relatively high mechanical strengths but
their fluoride release abilities are limited [5,6]. Thus, the
development of new materials with improved mechanical
strength, high fluoride release and recharge ability is an
important goal.

Fluoride release of restorative materials is generally
considered to inhibit tooth demineralization and caries
development, and also to strengthen the neighboring
enamel or dentin [7–9]. Mechanisms that have been pro-
posed for these effects include the formation of low soluble
fluorapatite, remineralization enhancement, as well as inhi-
bition of microbial metabolism and growth [10]. The higher
concentration of fluoride leads to an increase in the amount
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of CaF2 formed while a relatively low concentration of
fluoride produces fluoridated apatite [11]. Although both
compounds inhibit caries progression, fluoridated apatite
formation is more desirable than CaF2 as the former is
more resistant to acid attack [12]. Kaolinite (Al2Si2-
O5(OH)4) has been suggested as an active substrate for
de-fluoridation [13]. The high adsorption of kaolinite to
fluoride is due to its layered aluminosilicate structure and
high surface area [14]. In this study, we aimed to develop
a dental restorative composite resin with high fluoride
release and recharge properties. Three types of polymer–
kaolinite nanocomposite resins were produced using kaoli-
nite–hexanediamine (K-diamine), kaolinite–acrylamide (K-
acrylamide), or kaolinite–ammonium acetate (K-acetate)
as the inorganic filler. Due to the strong adsorption of
kaolinite to fluoride, the fabricated nanocomposite resins
could store and release more fluoride over a long period
of time in comparison to GICs. The interlamellar space
of kaolinite intercalated by hexanediamine, acrylamide,
and ammonium acetate was also investigated using X-ray
diffraction (XRD) and Fourier transform infrared spec-
troscopy (FTIR) analysis. Finally, the mechanical proper-
ties of the fabricated nanocomposite resins including
microhardness, flexural strength, flexural modulus, fracture
toughness, and diametral tensile strength were analyzed.

2. Experiment

2.1. Preparation of kaolinite/N-methylformamide (K-NMF)

and kaolinite/dimethyl sulfoxide (K-DMSO) filler

Five g of raw kaolinite (Fluka Chemie, Buchs, Switzer-
land) was transferred to a 250-ml flask and suspended in
60 ml of N-methylformamide (NMF) (Sigma–Aldrich
Co., St. Louis, USA) containing 5 ml of distilled water.
The suspension was stirred on a magnetic stir plate at room
temperature for 72 h and then centrifuged at 4000 rpm (L-7
ultracentrifuge, Beckman Instruments Inc., Palo Alto, CA)
for 10 min to recover the solids and discard the superna-
tant. The resulting material was then lyophilized for 48 h
(Labconco Freeze Dryer, Kansas City, MO) to obtain
K-NMF filler.

For K-DMSO filler, 9 g of raw kaolinite was transferred
to a 250-ml flask and suspended in 60 ml of DMSO
(Sigma–Aldrich Co., St. Louis, USA) containing 5.5 ml
of distilled water. The suspension was stirred at 60 �C for
72 h. The solution was centrifuged and lyophilized using
the same method as for K-NMF filler.

2.2. Preparation of fluoride-releasing K-diamine,

K-acrylamide, and K-acetate filler

Three g of K-NMF and 5 g of hexanediamine (Sigma–
Aldrich Co., St. Louis, USA) were mixed with 100 ml
deionized water and stirred at room temperature for 72 h.
Subsequently, 0.5 g of NaF and 10 ml of 5 M NaNO3 buf-
fer were added and the pH value was adjusted to 4 by titra-
tion of 12 M HCl or 1 M NaOH. The solution was stirred
again at room temperature for 24 h and centrifuged at
4000 rpm for 10 min to remove the supernatant. Finally,
the remaining mixture was lyophilized for 48 h to obtain
fluoride-releasing K-diamine filler.

For K-acrylamide filler, 2 g of K-NMF and 12 g of
acrylamide (Sigma–Aldrich Co., St. Louis, USA) were
mixed with 88 ml deionized water to obtain 12 wt% of
acrylamide solution. The mixture was stirred at room tem-
perature for 24 h. The other procedures were the same as
for fluoride-releasing K-diamine filler.

For K-acetate filler, 2 g of K-DMSO and 36 ml of
ammonium acetate (Sigma–Aldrich Co., St. Louis, USA)
were mixed with 24 ml deionized water to obtain 60 wt%
of ammonium acetate solution. The other procedures were
the same as for fluoride-releasing K-acrylamide filler.

2.3. Preparation of fluoride releasing nanocomposite resin

Light curable nanocomposite resin was prepared by
mixing 2,2-bis[4-(3-methacryloxy-2-hydroxypropoxy) phe-
nyl] propane (Bis-GMA), triethyleneglycoldimethacrylate
(TEGDMA), N,N-dimethyl-p-toluidine (DMPT), and
camphorquinone (CQ) in the weight ratio of 70:30:0.5:
0.5. All materials were purchased from Sigma. Fifty wt%
of K-diamine, K-acrylamide, or K-acetate filler was added
into the polymer matrix to obtain three types of fluoride-
releasing nanocomposite resins (C(K-diamine), C(K-acryl-
amide), and C(K-acetate)). In our pilot study, 50 wt% of
filler was the concentration at which the resins exhibited
the best mechanical properties. The uncured composite
resin was placed into a polytetrafluoroethylene (PTFE)
mold (6 mm in diameter and 2 mm in thickness), covered
with a Mylar matrix, and light cured with a light-emitting
diode (LED) light-curing unit (LEDemetron II, SDS Kerr,
Danbury, CT, USA) for 40 s from the top and bottom
sides, respectively. The energy output was 750 mW/cm2

calibrated with a power meter (Cure Rite, Caulk Dentsply,
Milford, DE, USA).

2.4. Analysis and testing

2.4.1. X-ray diffraction (XRD) analysis

To investigate the penetration of the gallery space (inter-
calation) of kaolinite by hexanediamine, acrylamide, or
ammonium acetate, the crystalline phases and d-spacing
of the specimens were determined by a Rigaku X-ray pow-
der diffractometer (Rigaku Denki Co., Ltd., Tokyo, Japan)
with Cu Ka radiation and Ni filter. The scanning range was
from 10� to 60� with a scanning speed of 4�/min. To deter-
mine the contents of different phases, relative intensities of
the characteristic peaks of each phase were used.

2.4.2. Fourier transform infrared spectroscopy (FTIR)
analysis

To investigate the changes of functional groups after
intercalation, specimens were studied with Fourier trans-
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form infrared spectroscopy (FTIR). The FTIR spectra
were recorded using KBr pellets (1 mg sample per 300 mg
KBr) on a Jasco FTIR grating instrument (FTIR-300E,
Jasco International Co. Ltd., Tokyo, Japan) with slow scan
and normal slit width. The wavelength used was in the
range of 4000–400 cm�1.

The degree of polymerization (DP) was investigated
with FTIR. The intensities of the aliphatic C@C absor-
bance peak at 1645 cm�1 and the aromatic C@C absor-
bance peak at 1617 cm�1 were measured. Subsequently,
the ratio of the absorbance intensities of aliphatic C@C/
aromatic C@C was compared before and after polymeriza-
tion using the following equation [15]:
DP ð%Þ ¼ 100� ½aliphatic ðC@CÞ abs:=aromatic ðC@CÞ abs:�after cure

½aliphatic ðC@CÞ abs:=aromatic ðC@CÞ abs:�before cure

� 100 ð1Þ
2.4.3. Hardness test

Ten specimens from each of the three types of nanocom-
posite resins and a conventional composite resin (Z-100,
3M ESPE, St. Paul, MN, USA) were prepared for evalua-
tion using a hardness tester (SHIMADZU HMV-2, Japan).
Z-100 is composed of Bis-GMA, TEGDMA, CQ, ethyl
4-dimethyl amino benzoate (EDMAB), silanated zirconia,
and silica. Before testing, the specimen surfaces were
wet-ground with 1000-grit silicon carbide paper at room
temperature. The Knoop hardness test was performed
using a diamond indenter with 0.2 kg load and 40 s dwell
time. Five measurements were made on the surface of each
specimen and the mean value was considered as the hard-
ness. Ten mean values of 10 specimens in each group were
calculated again to obtain the final mean value and the
standard deviation of hardness. The data for the three
types of nanocomposite resins and Z-100 were analyzed
using one-way ANOVA and post-hoc test (Tukey’s) with
the level of significance set at 5%.
K1C ¼
PS � 3ða=W Þ1=2½1:99� ða=W Þð1� a=W Þ � ð2:15� 3:93a=W þ 2:7ða2=W 2ÞÞ�

BW 3=22ð1þ 2a=W Þð1� a=W Þ3=2
ð4Þ
2.4.4. Flexural strength, flexural modulus, fracture

toughness, and diametral tensile strength measurements

Flexural strength and flexural modulus were deter-
mined according to ISO 4049. Ten specimens of each of
the three types of nanocomposite resins and Z-100 were
made by inserting the composite material into a PTFE
mold (25 · 2 · 2 mm), covering the surfaces with a Mylar
matrix, and curing with the LED curing unit. The speci-
mens were placed on a 3-point bending test device with
20 mm distance between supports to ensure an equally
distributed load [16] and measured with a universal test-
ing machine (Instron Corp, Canton, MA, USA) at a
crosshead speed of 0.5 mm/min. The flexural strength
(a) and flexural modulus (EB) were calculated using the
following formulas:

a ¼ 3FL

2bh2
ð2Þ

EB ¼
L3m

4bh3
ð3Þ

where F = load (kN), L = span (cm), h = specimen depth
(cm), b = specimen width (cm), m = slope of the tangent
to the initial straight-line portion of the load–deflection
curve.

Fracture toughness (K1C) was determined according to
ASTM Designation E 399-83, using 10 single-edge
notched-bend specimens of each material. The specimens
(16 · 2 · 2 mm) were made and polymerized as described
above. A notch (0.5 · 2 · 1 mm) was machined into each
specimen with a diamond saw (Proxxon, Hermann, Tonis-
vorst, Germany) using water coolant. The specimens were
then loaded to fracture on another 3-point bending test
device (span S = 12 mm distance between the supports)
with the same universal testing machine (cross-head speed
0.5 mm/min) at room temperature. Load–deflection
(P = load) curves were recorded. The heights (B) and the
widths (W) of the specimens were measured with a microm-
eter and the notch depths (a) were determined with a mea-
suring microscope. K1C was calculated from measurements
with the single-edge notched-bend specimens using the rela-
tion [17,18]:
Ten specimens of each of the three types of nanocom-
posite resins and Z-100 were tested for the diametral ten-
sile strength. Cylindrical specimens were prepared in
PTFE molds (3 mm high, 6 mm diameter) and polymer-
ized as described above. Diametral tensile strength was
then measured using a universal testing machine at
10 mm/min cross-head speed and calculated as 2P/pDT,
where P = load at fracture; D = diameter; and T = thick-
ness [19].
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Fig. 1. X-ray diffraction pattern of: (a) kaolinite, (b) K-NMF, (c)
K-DMSO, (d) K-diamine, (e) K-acrylamide, and (f) K-acetate.

Table 1
Determination of phases and d-spacing (d001) (Å)

Phase d-Spacings (Å)

Kaolinite 7.21
K-NMF 10.90
K-DMSO 11.18
K-Hexanediamine 18.39
K-acrylamide 11.19
K-ammonium acetate 14.21
C(K-hexanediamine) 18.39
C(K-acrylamide) 11.19
C(K-ammonium acetate) 14.21
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2.4.5. Fluoride release measurement

The fluoride release and recharge properties of the fol-
lowing five materials were measured: C(K-diamine), C(K-
acrylamide), C(K-acetate), a highly viscous conventional
glass ionomer (Fuji IX GP, GC Co., Tokyo, Japan), and
Z-100. Fuji IX is composed of alumino-fluorosilicate glass,
polyacrilic acid powder, pigments, water, polyacrilic acid,
and polybasic carboxylic acid. Twenty specimens of each
of the five materials were made by inserting the composite
material into a PTFE mold (diameter: 6 mm; thickness:
2 mm) and polymerized as above. A continuous flow appa-
ratus was used for the measurement of fluoride release [20].
Briefly, each test disc was suspended in the drip chamber
filled with 3 ml of deionized water. At designated time
points (4, 8 h; 1, 2, 3, 4, 5, 6, 7, 14, 28, 42, and 56 days)
0.5 ml of solution in the drip chamber was transferred into
a plastic micro-centrifuge tube. Immediately after with-
drawal of the solution, 0.5 ml of deionized water was added
to the chamber to maintain the water volume at 3 ml. The
solutions collected from the drip chamber were buffered
with an equal volume of diluted TISAB III (concentrated
Total Ionic Strength Adjustment Buffer, 94-09-11, Orion
Research Inc., MA, USA). The fluoride content was then
measured using a microanalytical technique with an
inverted fluoride-specific electrode (Fluoride electrode, lot
no. 9409, Orion Research Inc., USA) [21] and calculated
using the following equation:

lg F=cm2 ¼ ppm Fðlg F=mLÞ
�mLðvolume of medium at unit timeÞ
� 1=surface area of specimen ð5Þ

After a 56-day period of fluoride release, 10 specimens
from each of the five materials were re-immersed in 5 ml,
0.2% NaF solution at pH 7 for 1 min and the other 10 spec-
imens were re-immersed in 5 ml, 0.2% NaF solution at pH
4 for 1 min. The fluoride content was then measured again
at the same designated time points. Statistical analysis was
performed using the Kruskal–Wallis test (significant level
of 5%, for non-parametric data on cumulative fluoride
release) followed by Mann–Whitney U test (significant
level of 5%, for multiple comparison).

3. Results and discussion

3.1. XRD and FTIR analyses

In this study, we used kaolinite (Al2Si2O5(OH)4) for
intercalation reactions because it is a layered aluminosili-
cate of the 1:1 type that is formed by two different types
of interlayer surfaces. Aluminum atoms coordinate octahe-
drically with oxygen and hydroxyl groups on one lamellar
face and silicon atoms coordinate tetrahedrically with oxy-
gen atoms on the other lamellar face [14]. Adjacent layers
are linked to one another by hydrogen bonds (Al–O–
H� � �O–Si). These structural characteristics of kaolinite
and its high surface area for adsorption of fluoride enable
kaolinite to be an excellent carrier compared with the con-
ventional SiO2 filler used in composite resins. As NMF and
DMSO are the most frequently used compounds for direct
intercalation [14,22], we initially used these two solvents to
expand the interlamellar structure of kaolinite. When the
gallery space of kaolinite was intercalated by NMF or
DMSO, the position of the characteristic peak of
K-NMF or K-DMSO changed from 2h = 12.25� (Fig. 1a)
to 2h = 8.1� (Fig. 1b) or 2h = 7.9� (Fig. 1c). The d-spacing
(d001) was also increased as shown in Table 1. It was noted
that kaolinite had an inclined orientation in 001 reflections,
and this behavior was related to the morphology of crystals
that has been shown to grow in large and thin platelets [23].
Fig. 2a–f show the FTIR spectra of kaolinite, K-NMF, K-
DMSO, K-diamine, K-acrylamide, and K-acetate, respec-
tively. The bands at 3694, 3667, and 3650 cm�1 represent
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Fig. 2. X-ray diffraction pattern of: (a) C(K-diamine), (b) C(K-acrylam-
ide), and (c) C(K-acetate).

Fig. 3. FTIR spectra of: (a) kaolinite, (b) K-NMF, (c) K-DMSO, (d)
K-diamine, (e) K-acrylamide, and (f) K-acetate.

Y.-L. Wang et al. / Composites Science and Technology 67 (2007) 3409–3416 3413
the hydroxyl groups found in the surface of the kaolinite
layered structure [24]. The band at 3622 cm�1 was
attributed to hydroxyl groups that were embedded within
the kaolinite matrix [25] (Fig. 2a). The FTIR spectra of
K-NMF demonstrated many absorption bands at
1380 cm�1 (C@N), 1676 cm�1 (C@O), 1527 cm�1 (N–H),
2904 cm�1 (–CH2–), and 3417 cm�1 (N–H) (Fig. 2b), which
belong to the characteristic bands of NMF and were not
observed in kaolinite. In addition, the bands representing
the hydroxyl groups within the kaolinite matrix moved
from 3622 to 3618 cm�1 and the hydroxyl groups in the
surface of the kaolinite moved from 3694 to 3674 cm�1,
3650 to 3647 cm�1, and 917 to 912 cm�1 (Fig. 2b).
Fig. 2c shows the FTIR spectrum of K-DMSO. The
absorption bands at 3021 and 2933 cm�1 represent the
vibration mode of –CH3 while the band at 1313 cm�1 rep-
resent the vibration mode of >SO. No absorption bands
belonging to the functional groups of DMSO were found
in the FTIR spectrum of kaolinite (Fig. 2a). The localiza-
tion of the intercalated molecules within the interlamellar
structure of kaolinite is supported by the findings of
XRD and FTIR analyses in this study. Our data suggest
that NMF and DMSO were intercalated into the interla-
mellar space of kaolinite.

Because hexanediamine and ammonium acetate could
enhance the adsorption of fluoride onto kaolinite [26] and
the C@C double bond of acrylamide might interact with
Bis-GMA, we selected hexanediamine and acrylamide to
displace NMF and ammonium acetate to displace DMSO
in this study. The hexanediamine-intercalated kaolinite
(K-diamine) obtained from a gradual displacement of
NMF exhibited a characteristic peak shift from 2h = 8.1�
to 2h = 4.8� (Fig. 1d) as well as a lattice expansion from
10.90 to 18.39 Å (Table 1). After displacement of NMF
by hexanediamine (Fig. 2d), the absorption bands of K-
diamine displayed many characteristic peaks of hexanedi-
amine such as 2931, 2854, 1488 (–CH2–), and 1558 cm�1

(NH2). No characteristic peaks of K-NMF were found in
the FTIR spectrum of K-diamine. This confirmed the com-
plete absence of any cointercalated NMF within the hexan-
ediamine-intercalated kaolinite. In our preliminary study,
hexanediamine could not be intercalated into a kaolinite
host that kaolinite had not been preintercalated with
NMF. Therefore, pretreatment with NMF was a require-
ment for the successful inclusion of hexanediamine. Simi-
larly, K-acrylamide and K-acetate also demonstrated a
shift of characteristic peaks, a lattice expansion in XRD
analysis (Fig. 1e and f). When the NMF was displaced
by acrylamide (Fig. 2e), a new band representing the
absorption bands of C@C (1658 cm�1) was found in the
FTIR spectrum of K-acrylamide which was not found in
that of K-NMF (Fig. 2b). In addition, the hydroxyl groups
in the surface of the K-Acrylamide moved from 3674 to
3697 cm�1 and from 3647 to 3651 cm�1. Finally, an
absorption band belonging to R–COO� (1664 cm�1) was
found in the FTIR spectrum of K-acetate (Fig. 2f) which
could not be found in that of K-DMSO (Fig. 2c). More-
over, the characteristic absorption bands (3021, 2933,
1313 cm�1) of K-DMSO were also not found in the FTIR
spectrum of K-acetate, indicating DMSO was completely
displaced by ammonium acetate.

Our TEM analysis indicated that the nano-particles
including K-diamine, K-acrylamide, or K-acetate were
polyhedral and 30–60 nm in size. When nanocomposite res-
ins were prepared by mixing Bis-GMA, TEGDMA,
DMPT, and camphorquinone with K-diamine, K-acrylam-
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ide, or K-acetate, the characteristic peaks did not change.
This finding implied that these polymer additives formed
composites with kaolinite and did not intercalate in the
kaolinite (Fig. 3). The degree of polymerization of C(K-
diamine), C(K-acrylamide), C(K-acetate), and Z-100 was
55%, 62%, 57%, and 64%, respectively. In addition, C(K-
diamine), C(K-acrylamide), and C(K-acetate) appeared
light yellow due to the inclusion of CQ before and after
the 56-day release period.

3.2. Hardness, flexural strength, flexural modulus, fracture

toughness, and diametral tensile strength measurements

The hardness, flexural strength, flexural modulus,
fracture toughness, and diametral tensile strength of
C(K-diamine), C(K-acrylamide), C(K-acetate), and Z-100
are listed in Table 2. Several commercial composite materi-
als are included for comparison [27]. There was no signifi-
cant difference in the values of these parameters between
any two of the fabricated polymer–kaolinite nanocompos-
ite resins. C(K-acrylamide) exhibited the greatest values
while C(K-diamine) exhibited the lowest values. We
hypothesized that the coupling between C@C double bond
of acrylamide and Bis-GMA might facilitate stress transfer
and reduce stress concentration along the interface of poly-
mer–kaolinite, allowing for strength improvement [28].
Compared with the reported mechanical strengths of com-
mercial product, the mechanical properties of C(K-acryl-
amide) were similar to those of Solitaire. The diametral
tensile strengths of these polymer–kaolinite nanocomposite
resins ranged from 31.7 to 35.3 MPa. As the American
Dental Association has stipulated that tensile strengths of
the composite resins for restorations must be greater than
34 MPa, only C(K-acrylamide) is suitable as a restorative
material.

3.3. Fluoride release measurement

GICs can release the greatest amount of fluoride among
currently available dental restorative materials. This is
attributed to their acid–base reaction that can subsequently
result in the leaching of fluoride [29]. However, GICs gen-
Table 2
The mechanical properties (mean ± standard deviation) of three polymer–kaoli

Hardness Flexural strength (MPa) Flexural modulus (G

C(K-diamine) 42.2 (2.9) 74.2 (7.3) 4.0 (0.3)
C(K-

acrylamide)
48.6 (2.2) 81.2 (9.4) 5.8 (0.4)

C(K-acetate) 44.3 (1.5) 77.2 (6.5) 4.3 (0.3)
Z-100 71.6 (3.2) 117.1 (10.2) 7.0 (0.7)
Alert 75.2 (10.9) 124.7 (22.1) 12.5 (2.1)
Surefil 70.4 (9.0) 132.0 (14.3) 9.3 (0.9)
Solitaire 41.7 (3.5) 81.6 (10.0) 4.4 (0.3)
Definite 65.8 (1.6) 103.0 (19.9) 6.3 (0.9)
Tetric Ceram 54.8 (1.1) 107.6 (11.4) 6.8 (0.5)
Ariston pHc 66.5 (2.6) 118.1 (10.5) 7.3 (0.8)

n = 10, * The value is not available in Ref. [27].
erally have low mechanical strengths, i.e. flexural strength:
41 MPa [30], and diametral tensile strength: 10.55 MPa
[31]. In composites, the problem of limited fluoride release
has yet to be overcome although the mechanical strength is
sufficient for use in dentistry. In this study, Z-100, which
includes no fluoride, was used as a negative control. There
were significant differences between any two materials at all
time points (Fig. 4). In addition, all of the fabricated poly-
mer–kaolinite nanocomposite resins demonstrated a
greater fluoride release than Fuji IX over a 56-day period
(Fig. 4). This finding is attributable to the ability of many
functional groups of kaolinite to adsorb fluoride. These
groups include ÆSiOH on the face of tetrahedral sheets,
�AlOH on the face of octahedral sheets, �SiOH and �AlOH
at the edges of sheets, and Lewis acid sites along the edges
of sheets [13]. Moreover, �SiOH and �AlOH located at the
edges are the major sites for adsorption. The reaction
mechanism was suggested as follows [13]:

> AlOHþHþ þ F� !> AlFþH2O

> SiOH þHþ þ F� !> SiFþH2O
nite nanocomposite resins, Z-100, and commercial composite materials [27]

Pa) Fracture toughness (MN m�3/2) Diametral tensile strength (MPa)

1.1 (0.2) 31.7 (2.3)
1.3 (0.2) 35.3 (1.9)

1.2 (0.2) 32.5 (2.0)
1.9 (0.2) 41.2 (2.2)
2.3 (0.2) *

2.0 (0.2) *

1.4 (0.2) *

1.6 (0.3) *

2.0 (0.1) *

1.9 (0.2) *
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Fig. 6. Cumulative fluoride release of C(K-diamine), C(K-acrylamide),
C(K-acetate), GC Fuji IX, and Z-100 over a 56-day period after exposure
to 0.2% NaF at pH 4 for one minute (n = 10). There were significant
differences between any two materials at all time points except the two
materials, C(K-diamine) and C(K-acrylamide), which exhibited no signif-
icant difference at 4, 8 h; 1, 2, 3, 4, 5, 6, 7, 14 days.
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From the slope of Fig. 4, the greatest release of fluoride
from polymer–kaolinite nanocomposite resins occurred
during the first 7 days and then decreased with time. How-
ever, a stable release of fluoride was observed during the
entire 56-day period. In contrast, Fuji IX had an initial
high fluoride release for the first 3 days (i.e., the so-called
‘‘burst effect’’) which declined rapidly thereafter and then
sustained at a lower level for the entire period. This phe-
nomenon is similar to that of a previous study in which
the release pattern was considered as probably owing to
a hydrolysis process during the early period followed by
a long-term diffusive process [4].

The rationale for fluoride exposure through restorative
materials is its preventative value against caries. In this
study, the cumulative fluoride release of the fabricated
polymer–kaolinite nanocomposite resins after exposure to
0.2% NaF at pH 7 or pH 4 was still higher than that of Fuji
IX and Z-100 (Figs. 5 and 6). C(K-acetate) had the greatest
amount of fluoride release, however, C(K-acrylamide) had
more cumulative fluoride release than C(K-diamine) after
recharge. After exposure to 0.2% NaF solution at pH 7
for one minute, there were significant differences between
any two materials at all time points except the two materi-
als, C(K-diamine) and C(K-acrylamide), which exhibited
no significant difference at all time points (Fig. 5). After
exposure to 0.2% NaF solution at pH 4 for one minute,
there were significant differences between any two materials
at all time points except the two materials, C(K-diamine)
and C(K-acrylamide), which exhibited no significant
difference at 4, 8 h; 1, 2, 3, 4, 5, 6, 7, 14 days (Fig. 6).
The results imply that the fluoride uptake capacity of these
polymer–kaolinite nanocomposite resins was superior to
that of Fuji IX and Z-100. The formation of fluoridated
apatite is superior to CaF2 in resisting caries progression,
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Fig. 5. Cumulative fluoride release of: C(K-diamine), C(K-acrylamide),
C(K-acetate), GC Fuji IX, and Z-100 over a 56-day period after exposure
to 0.2% NaF at pH 7 for 1 min (n = 10). There were significant differences
between any two materials at all time points except the two materials,
C(K-diamine) and C(K-acrylamide), which exhibited no significant
difference at all time points.
and it can shift the condition of demineralization toward
remineralization [32]. Whether the long-lasting fluoride
release and recharge abilities of polymer–kaolinite nano-
composite resins can contribute to the formation of fluori-
dated apatite or CaF2 on tooth surfaces requires further
investigation.

4. Conclusion

This study demonstrated that hexanediamine-, acrylam-
ide-, and ammonium acetate-intercalated kaolinite could
be fabricated by the gradual displacement of NMF or
DMSO. The fluoride release and recharge properties of
C(K-acrylamide) were superior to those of Fuji IX and
Z-100. These findings suggest that C(K-acrylamide) might
be a useful dental restorative material with caries-preven-
tive properties.
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