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Abstract

Mineral trioxide aggregate (MTA) cement is an attractive material in endodontic dentistry. The
purpose of this study was to produce calcium silicate, which is a major component of MTA, from
waste materials. A dental alginate impression gel and used chalks were selected and mixed in a
suitable ratio (Code: EXP). As a control, CaCO3; and a commercial diatomite were used (Code: CON).
Each powder was heated to 850°C and 1000°C, and then kneaded with water. TG-DTA, compressive
tests, SEM observations, elemental mapping analyses, and XRD analyses were performed. TG-DTA
indicated that weight reduction of CaCO3 started at 600°C, and it completely decomposed on heat-
ing at 850°C. The strength was affected by the temperature. After heating, CaC0O3; was transformed
into CaO and/or Ca;Si04, and Ca(OH); was formed by mixing with water. There were no differences
between EXP and CON. These data suggested that recycled wastes might be promising MTA sources.
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1. Introduction

Most used materials generally become wastes, and dental materials such as waxes, impression materials, gyp-
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sum, investment materials, and acrylic resins are also handled as industrial wastes; however, they may also con-
tain some reusable materials and/or recyclable waste [1]-[3]. In particular, inorganic substances such as oxides,
nitrides, hydroxides, and sulfides are valuable resources. Recently, some oxide materials have been shown to be
promising for metal-free restoration because they have sufficient strength, no flammability, high stiffness, a nat-
ural tooth-color, and excellent bio-inertness [4]-[6]. Such materials are used in clinical restoration as composites
with monomers. Because of the aesthetic outcome and their safety for use in humans, these ceramics are valua-
ble in dentistry.

Mineral trioxide aggregate (MTA) cement is an attractive material in endodontic dentistry, especially for teeth
with severe and/or long-term root canal treatment [7]-[10]. Root canal treatment usually involves delicate work
because of the limited view and area. As a result, the possibility of accidents increases, and, unfortunately, this
may lead to tooth extraction. It has been reported that MTA consists mainly of various calcium compounds such
as calcium silicates (Ca;SiOs, Ca,SiO,4, CaSiOs), calcium aluminate (CaAl,Q,), and calcium sulfate (CaSO,-2H,0)
[9] [11]. Calcium silicates in particular have been reported to have excellent antibacterial, hard tissue regenera-
tion, and bone conductivity properties [12] [13]. Specifically, dicalcium silicate [11] or tricalcium silicate [13]-
[15] produces calcium hydroxide in chemical reactions with water, and hardens MTA [9]. Excellent properties
are obtained as a result of the strong alkalinity of calcium hydroxide [11] [16] [17]. Calcium silicate plays a pi-
votal role in these characteristics and predominates in MTA [9]-[11]. However, as is well known, MTA is more
expensive than other dental products for root canal treatment.

The industrial syntheses of calcium silicates are represented as follows [9]:

Ca0 +Si0, - CaSi0,, 2Ca0+Si0, —Ca,Si0,, 3Ca0+Si0, — Ca,SiO,

Calcium silicate is produced by the reaction between SiO, and CaO. In dentistry, SiO, is a very popular com-
pound and is frequently used not only as a refractory in dental investment materials (quartz or cristobalite), but
also as a component of dental materials such as porcelain powder, model resins for veneering crowns, filling re-
sin composite materials, and glass ionomer cements. CaO is not used as a raw material in dentistry; however,
several dental products contain CaO. Gypsum is a model CaO-containing compound. CaO can be derived from
such compounds using various procedures. For instance, when a molten metal at above 1000°C comes into con-
tact with a gypsum-bonded material, CaO is produced by decomposition of the gypsum.

The purpose of this study was to investigate the possibility of obtaining MTA-like cement products from
waste materials. To do this, it is necessary to produce calcium silicate from these wastes. First, we investigated
the synthesis of calcium silicate from recycled waste materials, and then generated calcium hydroxide by
kneading with water. Generally, commercial alginate impression products contain more than 60 wt% diatomite
[18]. Diatomite consists of diatomaceous fossils, originally algae, and its chemical formula is SiO,. It is known
that SiO, is allotropic and is divided into quartz, tridymite, cristobalite, and amorphous silica glass, with differ-
ent crystal structures. However, quartz and cristobalite have poor reactivities with other compounds because of
their stabilities at high temperature. Diatomite has a porous structure and is relatively reactive at low tempera-
ture.

2. Materials and Methods
2.1. Powder Preparation

To extract silicon dioxide, a commercial alginate impression product (Algiace Z, DENTSPLY International Inc.,
Tokyo, Japan), which includes 70 wt% diatomite (SiO,), was selected. On the assumption that the taking of im-
pressions from patients had been completed, the powder was mixed with water and then gelled. The obtained gel
was heated in a ceramic dish in an electric furnace at 800°C. The residual pieces obtained by firing were milled
using a pestle and a mortar, and then retrieved. This procedure is shown in Figure 1.

Although it is not impossible to extract CaO from gypsum products, as described above, an electric furnace
with a high-power source is needed, for firing at 1200°C [19]. We therefore investigated another compound,
which easily generates CaO. Chalk is a calcium-based compound that is used routinely in elementary schools.
Chalk consists of calcium carbonate, and used chalk usually becomes waste. Also, the decomposition tempera-
ture of CaCO; is lower than that of gypsum [20]. To synthesize calcium silicate, both an alginate impression gel
and chalk powder were prepared.

Used chalk (Dustless Chalk, Nihon Rikagaku Industry Co., Ltd., Kawasaki, Japan) was similarly pulverized
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Figure 1. Preparation of diatomite extracted from alginate impression gel.

and retrieved.

Reagent-grade calcium carbonate (Wako Pure Chemical Industries, Ltd., Osaka, Japan) and a commercial di-
atomite (Wakkanai Green Factory Co., Ltd., Wakkanai, Japan) were used as references to check the validity of
the experimental results.

2.2. Synthesis of Calcium Silicate
The diatomite/CaCQOj ratio was calculated based on molecular weights, using the following chemical formula:
2CaCO, +Si0, — Ca,Sio, +2CO,

Calcium carbonate (3 g) and diatomite (10 g) were used to produce Ca,SiOj.

CaCOj; was blended with diatomite in the above quantities, and the mixture was placed in a heat-resistant dish
and uniformly kneaded with distilled water at a water (mL)/powder (g) ratio (W/P) of 0.4 for 30 s. The mixture
consisting of both alginate impression material and dustless chalk was the experimental sample (Code: EXP).
After sufficient drying, the mixture was heated at 10°C/min in an automatic electric furnace (KDF-009, Yoshida
Co., Ltd., Tokyo, Japan). The limit of the heating temperature was 850°C or 1000°C. As a control (Code: CON),
a mixture consisting of commercial ingredients (diatomite and CaCO3) was prepared for comparison with EXP.
All the materials prepared for the experiments are listed in Table 1.

2.3. Thermal Analysis

In this study, thermo-decomposition of calcium carbonate was required for the synthesis of Ca,SiO4. Moreover,
the calcium oxide formed during heating needed to react with silicon dioxide. The thermal behaviors of two
CaCOs; powders and two mixtures (EXP and CON) were therefore measured using thermo-mechanical analysis
equipment (Thermo Plus TMA 8310, Rigaku Co., Ltd., Tokyo, Japan). Thermogravimetric/differential thermal
analysis (TG-DTA) was performed on each of the prepared powders. Around 30 mg of sample were placed in a
platinum pan, heated up to 1500°C at 10°C/min, and then heat-soaked for 10 min. Changes in the weights of the
samples were monitored along with the exothermic or endothermic nature of the reaction.

2.4. X-Ray Diffraction (XRD) Analysis

The compositions of the powders after heating were evaluated using XRD (XRD 6100, Shimadzu Corp., Kyoto,
Japan). Sample powders were placed in the glass holder and analyzed using Cu-Ka radiation, at 40 kV and 30
mA, with a scanning speed of 2°/min and a scanning range of 10° - 70°. The XRD analyses were performed on
the following samples:

1) four kinds of powders prior to mixing (SiO,: fired alginate gel and commercial diatomite; CaCOs: chalk
and the reagent);

2) EXP and CON blended with water;

3) EXP and CON fired at 850°C and 1000°C;

4) EXP and CON blended with water after firing at 850°C and 1000°C.

O,



N. Yamaguchi et al.

Table 1. Materials tested in this study.

EXP: As used materials,
o Dental alginate impression product (SiO,: Diatomite)
(Algiace Z, DENTSPLY International Inc., Tokyo, Japan)
e Chalk (CaCOs3)
(Dustless chalk, Nihon Rikagaku Industry Co., Ltd., Kawasaki, Japan)
CON: As a control,
o Diatomite (SiOy)
(Wakkanai green factory Co., Ltd., Wakkanai, Japan)
e CaCOgreagent
(Calcium carbonate, Wako Pure Chemical Industries, Ltd., Osaka, Japan)

2.5. Scanning Electron Microscopy (SEM) Observations

The fired alginate gel and commercial diatomite were observed using SEM (SEM 8000, Hitachi Co., Ltd.,
Tokyo, Japan) and their morphologies were compared. In addition, SEM observations were performed for EXP
after firing at 850°C and 1000°C. Prior to placing in the sample holder, specimens were coated with gold.

2.6. Elemental Mapping Analyses

Using the same equipment as for the SEM observations, elemental mapping analysis was carried out for the
fired alginate impression material to identify included SiO,. The elements mapped were silicon and calcium. To
estimate the elemental distribution and/or morphological changes after firing at high temperature, the fired EXP
was also examined.

2.7. Compressive Strength

The green compressive strengths of EXP and CON (g 6 mm, height 12 mm) after mixing for 24 h were meas-
ured using a universal testing machine (Instron MD-1125, Instron Japan Co., Ltd., Kawasaki, Japan), with a
cross-head speed of 1.0 mm/min.

The lumps obtained after firing at 850°C and 1000°C were milled. The obtained powders were kneaded with
distilled water at a water/powder ratio of 0.5 on a glass plate. Five specimens were prepared for each experiment
and the average value was calculated. The obtained data were statistically evaluated by two-way analysis of va-
riance at a significance level of a = 0.05.

3. Results

The thermal analysis results are shown in Figure 2 and Figure 3. There were no clear differences between rea-
gent CaCQOs; in Figure 2 and EXP, shown in Figure 3. In both TG-DTA curves, a large endothermic peak was
observed at around 600°C, and then the sample mass started to decrease abruptly. This decrease continued until
nearly 800°C.

In contrast, there were obvious differences between EXP and CON. Although the endothermic reaction with
the decomposition of CaCO; was almost the same, a sharp peak at around 100°C was clearly observed in the
CON curve.

Figures 4-7 show the results of the XRD analysis. XRD patterns of the four powders prepared for the expe-
riments are shown in Figure 4. The peaks of chalk and calcium carbonate were completely in agreement. Di-
atomite was the dominant peak in both cases; however, the dental waste had a calcium sulfate peak. A weak
quartz peak was detected from the commercial diatomite. The peaks of EXP and CON kneaded with distilled
water are shown in Figure 5. These consisted of diatomite and CaCOs, and we confirmed that new compounds
formed by reaction with water appeared. After firing at 850°C, EXP and CON had strong CaO peaks originating
from CaCQO;, residual CaCOs, and a weak diatomite peak, as shown in Figure 6. However, Ca,SiO, was not
formed. In contrast, peaks from Ca,SiO, were detected at 31° - 32° in EXP and CON after firing at 1000°C. The
peaks of the samples fired at 1000°C were slightly broader than those in the patterns of the samples fired at
850°C, When powders fired at 850°C were kneaded with water, strong peaks for calcium hydroxide [Ca(OH),]
were identified at 18° and 34°. In contrast, the powders fired at 1000°C showed weaker peaks from Ca(OH),

(Figure 7).
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Figure 3. TG-DTA curves for EXP and CON.
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Figure 4. XRD analyses of four materials tested in this study.
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SEM images of the diatomites and fired EXP samples are shown in Figure 8. A peculiar diatomite crystal
structure was distinctly observed for the fired alginate gel at 850°C. There were numerous ordered spaces. In
contrast, the structure of the commercial diatomite presented a common grain shape, and there were no charac-
teristic patterns like that from the alginate gel. The crystal shape of the diatomite in EXP fired at 850°C was re-
tained. Partially fused diatomite and CaCO; was found for the EXP fired at 1000°C, indicated by the black ar-
row in the SEM image in Figure 8.

An elemental map of Si and Ca is shown in Figure 9. Silicon existed densely on the diatomite, with a unique
structure, and was separate from Ca. In the case of the sample fired at 1000°C, the diatomite was fused with CaO
and uniform.
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Figure 5. XRD analyses of EXP and CON after kneading with water
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Figure 6. XRD analyses of EXP and CON after firing at 850°C and
1000°C.
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Figure 7. XRD analyses of EXP and CON kneaded with water after
firing at 850°C and 1000°C.
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Figure 8. SEM images: upper right: commercial diatomite, upper left: diatomite
from alginate gel; lower right: EXP fired at 1000°C, lower left: EXP fired at 850°C.
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Figure 9. Elemental mapping of EXP fired at 1000°C. upper: SEM image, lower left:
Si distribution, lower right: Ca distribution.

Compressive strength data are shown in Figure 10. The values for EXP and CON were 0.30 + 0.05 and 0.40 +
0.09 (MPa), respectively, at 850°C, and 0.62 + 0.23 and 0.50 + 0.08 (MPa), respectively, at 1000°C. There was

no relationship between strength and the type of powder; however, it was found that the maximum firing tem-
perature significantly affected the strength.
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Figure 10. Green compressive strengths of EXP and
CON after firingat 850°C and 1000°C.

4. Discussion

It is important to take recycling into consideration because conservation of finite resources has been practiced
worldwide since the end of the 20th century. There have been several studies of recycling of dental alloys [21]-
[23], investment materials [1]-[3], and gypsum [24] in dentistry. However, these were concerned with reuse, and
recycling in other ways was not considered to any great extent. Our aim was to manufacture new products by
extracting ingredients from used products.

To synthesize Ca,SiO,4, which is one of the major components of MTA [7]-[9], we initially explored possible
ways of supplying both SiO, and CaO. Two types of waste, namely used chalk for CaCOj; and alginate impres-
sion gel for SiO, were used.

From the results of thermal analysis, the firing temperature was set at 850°C because weight loss from de-
composition of CaCOz; was complete below 850°C. The decomposition of CaCOjs as a result of heat-stress was
prominent in the TG-DTA curves, shown in Figure 2 and Figure 3. The rapid decrease at 100°C in the TG-DTA
graph of CON was thought to be the result of evaporation of water in the powder. As a result, the total decreases
for EXP and CON were different.

Figure 4 showed that the waste materials used in this study had almost the same compositions as reagents and
commercial product. However, the shape of the diatomite in the alginate impression material was different from
that in the commercial product, as shown in Figure 8. To homogenize the powder prior to firing, each of the
mixtures (EXP and CON) was kneaded with water. Since the two different peaks in Figure 4 are both present in
Figure 5, it was found that water did not influence the CaCO; content of the mixture.

Based on TG-DTA results, the following two-step chemical reaction was predicted on firing at 850°C:

CaCO, —»Ca0+CO,, 2Ca0+Si0, — Ca,Si0,

The results after firing at 850°C showed that CaCO; had decomposed. However, Ca,SiO,4 peaks were not de-
tected in the XRD pattern. This meant that the firing temperature was not high enough for the second of the
above reactions, based on the finding that the SiO, peak remained after firing. It is reasonable to suppose that a
higher temperature than 850°C is needed. Under the experimental conditions for the TG-DTA analysis, only a
small quantity of EXP or CON was used for the measurements. In order to activate the decomposition of CaCOs,
the samples needed to be fired at a temperature above 850°C.

The notable features of the XRD patterns after firing at 1000°C were the disappearance of the SiO, peak and
broadening of the peak at 33°. It is possible that several peaks overlapped. In fact, Ca,SiO, has many different
crystal types, and these peaks are concentrated at around 32° - 33°. It was therefore considered that firing at
1000°C helps to form Ca,SiO,. The formation of Ca,SiO,4 can be explained based on the SEM images in Figure
8 and the mapping analysis results.

As a final step, EXP and CON were milled after firing and kneaded with water. The experimental results are
shown in Figure 7. The following findings were obtained: Ca(OH), was mainly generated from CaO, and this
phenomenon was marked at 850°C, but not at 1000°C. It is likely that the samples after firing at 850°C had in-
sufficient CaO to form Ca,SiO,. Initially, we assumed that Ca(OH), would also be produced by reaction of wa-
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ter with Ca,SiO,, based on the following equation:
Ca,Sio, +H,0 —» Ca(OH)2 +CaSio, .

Unexpectedly, it seems that the above reaction does not occur easily. It is therefore reasonable to suppose that
the Ca(OH), in the sample fired at 1000°C, shown in Figure 7, was also derived from CaO. It should also be
added that the generation of Ca,SiO, was time-dependent since we detected strong Ca(OH), peaks in the XRD
pattern after 24 h.

Another explanation for the formation of Ca,SiO, with firing at 1000°C is provided by the compressive
strength results. As shown in Figure 7, CaO and/or Ca,SiO4 were converted to Ca(OH), by kneading with water,
regardless of the firing temperature. Nevertheless, the difference between the firing temperatures was significant,
as shown in Figure 10. It could be inferred from the higher compressive strength obtained from samples fired at
1000°C that the formed Ca,SiO, plays an important role as a filler.

On the other hand, there are some problems with this study. For instance, the compressive strength is still
controversial. Although Portland cement is involved in the hardening of MTA, it was not added to EXP. The
green strength value of EXP was therefore inferior to that of MTA previously reported. The hardening mechan-
ism also needs to be improved. In order to improve the mechanical properties and manipulation of EXP, it will
be necessary to examine additives and/or reconsider the powder preparation. Additionally, detailed evaluations
in cells or organisms have not yet been performed. We will carry out further investigations in the future.

5. Conclusion

In summary, these experimental results show that the synthesis of Ca,SiO, was possible by the firing at 1000°C
of a mixture containing both CaCO; and diatomite. Moreover, the fired mixtures produced Ca(OH), on mixing
with water. This result was in agreement with a previous report [9]. The EXP sample prepared in this study al-
most corresponded to the CON sample, which consisted of a reagent and a commercial product, except in the
case of the thermal analysis results. In conclusion, it was expected that it would be possible to successfully pro-
duce CaSiO3-based compounds with properties like those of MTA by recycling used products.
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