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Abstract

This study aimed at analyzing the effects of vari-
ous irrigating solutions (NaOCl, EDTA, a mix-
ture of NaOCl and etidronic acid, QMix, saline) 
on Mineral Trioxide Aggregate (MTA). Cylindri-
cal specimens (n=123) of MTA were exposed to 
one of the afore-mentioned solutions for 30 min 
after 30 min of setting, and then immersed in 
phosphate buffered saline (PBS) for 2 days. Con-
trol specimens were immersed in PBS for 24 
hours. Specimens were analyzed by environmen-
tal scanning electron microscopy (ESEM) cou-
pled with energy dispersive spectroscopy (EDS) 
for surface characterisation and elemental distrib-
ution; X-ray diffraction (XRD) and Fourier 
transform infra-red spectroscopy (FTIR) for 
phase analysis, inductively coupled plasma-optical 
emission spectroscopy (ICP-OES) for calcium 
release. Reaction and hydration of the MTA pow-
der occurred regardless of the immersion medium. 
Specimens exposed to EDTA and QMix showed 
weak and moderate peaks for calcium hydroxide 
in the XRD analysis while those immersed in 
NaOCl and NaOCl+etidronic acid demonstrated 
strong peaks for calcium hydroxide. All samples 
leached calcium in solution, but the calcium re-
leased from samples immersed in EDTA and 
NaOCl were less than those immersed in NaOCl
+etidronic acid and QMix. In conclusion, all solu-
tions allowed setting of MTA. However, fewer 
calcium phosphate crystals and calcium hydroxide 
were observed with the NaOCl, EDTA and 
QMix irrigants, which could negatively influence 
the bioactivity in the clinical scenario.  
Keywords: EDTA, etidronic acid, FTIR, hydration, 
Scanning electron microscopy, sodium hypochlo-
rite, tricalcium silicate, X-Ray diffraction.

Characterization of Mineral Trioxide Aggregate 
exposed to root canal irrigating solutions

Introduction
Mineral trioxide aggregate (MTA), a radiopaque, 
hydraulic tricalcium silicate cement, has been 
highly investigated. MTA finds numerous applica-
tions ranging from pulp capping, perforation re-
pair, apexification, root end filling and as a root 
canal sealer (Camilleri and others, 2013; Parirokh 
and Torabinejad, 2010). The white form of the 
first MTA product, ProRoot MTA® (Dentsply 
Maillefer, Ballaigues, Switzerland) is composed of 
tricalcium silicate, bismuth oxide, dicalcium sili-
cate, with minor amounts of tricalcium aluminate 

and calcium sulphate (Camilleri, 2011). When 
mixed with water, this material forms calcium        
silicate hydrates and calcium hydroxide (Camil-
leri, 2008). MTA Plus® (compounded by Prevest 
DenPro, Jammu, India for Avalon Biomed Inc. 
Bradenton, FL, USA) is a calcium silicate based 
material that is available as a powder-liquid for-
mulation. This material has a finer particle size 
than other commercially available versions of 
MTA (50% of the particles finer than 1 µm).

The MTA products may be influenced by 
root canal irrigants used prior to their application 
within the root canal. MTA is susceptible to envi-
ronmental changes such as low pH which can in-
terfere with setting (Lee and others, 2004; Lee 
and others, 2007; Namazikhah and others, 2008). 
The use of strong acids such as ethylene diamine 
tetra acetic acid (EDTA) have been shown to dis-
rupt the formation of C-S-H gel during hydration 
of MTA (Smith and others, 2007). A recent report 
suggested that sodium hypochlorite (NaOCl) in-
teracted with MTA, which was characterized by 
diminution of the calcium hydroxide phase after 
setting phase, in addition to discoloration of the 
material (Camilleri, 2014a). MTA is potentially 
exposed to residuals of root canal irrigants during 
several clinical procedures. 

An irrigant combining chlorhexidine, 
EDTA and a detergent (QMix, Dentsply Tulsa 
Dental Specialties, OK, USA), has been suggest-
ed to be used as a final rinse. The smear layer re-
moval by QMix has been shown to be comparable 
to that of 17% EDTA (Dai and others, 2011). An 
irrigation protocol has been proposed by combin-
ing a weak acid such as etidronic acid, with a pro-
teolytic agent like NaOCl (Lottanti and others, 
2009; Neelakantan and others, 2012). The effects 
of recent irrigating protocols eon the microstruc-
ture of MTA has not been studied thus far. The 
aim of this study was to investigate the effects of 
various irrigating solutions (NaOCl, EDTA, a 
mixture of NaOCl and etidronic acid, QMix) on 
one MTA product (MTA Plus) by surface charac-
terization, elemental analysis and phase analysis. 

Materials and methods
Specimen preparation
The MTA used in this study was white MTA 
Plus®. Cylindrical specimens 4 mm in diameter 
and 6 mm high (n=123) were fabricated. The liq-
uid-to-powder ratio employed was 0.35. MTA 
Plus is provided with either water or a gel for 
mixing. In this study, water was used as a vehicle. 
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The samples were mixed and allowed to set in 
moulds for 30 minutes at 37 °C and 100% humidi-
ty. The cement cylinders (n=20) were removed 
from the moulds wrapped in gauze saturated with 
10 mL of one of the following five solutions for a 
period of 15 minutes. After 15 minutes the gauze 
was replaced with another saturated with 10 mL 
of fresh solution for another 15 minutes. The fol-
lowing solutions were used:

(1) 3% sodium hypochlorite (Parcan, 
Septodont, Saint-Maur-des-fossés Cedex, 
France), pH=11.5
(2) 17% EDTA (Pulpdent, Watertown, 
MA, USA), pH=5.2
(3) A mixture of 6% sodium hypochlorite 
and 18% etidronic acid (Zschimmer & 
Schwarz, Mohsdorf, Germany) resulting 
in a solution containing 3% NaOCl and 
9% etidronic acid, pH=10
(4) QMix (Dentsply Tulsa Dental Special-
ties, OK, USA), pH=7.5
(5) Normal saline, pH=7
Following the 30 minutes of immersion 

time, samples were carefully removed and incu-
bated at at 37◦C for 48 hours in phosphate buf-
fered saline (PBS). Control specimens were as-
sessed after 24 hours of storage at 100% humidity 
at 37◦C in PBS. Characterization of the materials 
was carried out using an environmental scanning 
electron microscopy (SEM), energy dispersive 
spectroscopy (EDS), X-ray diffraction (XRD) 
and Fourier transform infra-red spectroscopy 
(FTIR), as described below. Calcium release was 
analyzed using inductively coupled plasma-optical 
emission spectroscopy (ICP-OES). 

Characterization of materials
Microscopy
After 24 hours of immersion in PBS, the control 
samples were vacuum-desiccated and embedded 
in epoxy resin and polished using fine polishing 
discs and pastes. The specimens were mounted on 
aluminum stubs, carbon coated and visualized 
under an environmental scanning electron micro-
scope (ESEM; FEI Quanta FEG 200, Hillsboro, 
OR, USA) within the magnification range of 
1,000x–15,000x under back scattered electron 
mode. Elemental characterization was carried out 
using energy dispersive X-ray spectroscopy. The 
four experimental groups were subjected to the 
same analyses after 2 days of storage in PBS. 
These specimens were not polished and were im-
aged under the secondary electron mode. 

X-ray diffraction (XRD)

Phase analysis of the control and experimental 
specimens was carried out using XRD. Following 
drying in a vacuum desiccator, the specimens 
were crushed to a very fine powder using an agate 
mortar and pestle. The powders were analyzed 
using a X-ray diffractometer (Bruker Kappa 
Apex II, Bruker Corporation, Billerica, MA, 
USA) using Cu K∝ radiation at 40 mA and 45 kV. 
The detector rotates between 15 and 45◦ 2-theta, 
with a sampling width of 0.02° and scan speed of 
1◦/min at 15 revs/min. Phase identification was 
accomplished using a search-match software uti-
lizing ICDD database (International Center for 
Diffraction Data, Newtown Square, PA,USA).

Fourier Transform Infra-Red Spectroscopy (FTIR)
Infrared spectra of the ground specimens were 
obtained using an FT-IR spectrometer (Perkin 
Elmer FTIR Spectrometer, MA, USA) with a 
diamond attenuated total reflectance unit between 
400 and 4000 cm-1 at 4 cm-1 resolution by using 32 
scans. The powdered samples were mixed with 
KBr (2 mg powder/300 mg KBr) for analysis and 
their spectra were collected in triplicates for each 
specimen.

Measurement of leaching of calcium ions
ICP-OES (Perkin Elmer Optima 5300, Waltham, 
MA, USA) was used to determine the calcium 
ions released in the leachate. Pre-weighed speci-
mens were immersed in the irrigants as mentioned 
earlier and then immersed in 5mL of HBSS for 2 
days. A blank solution was tested in addition to 
the experimental solutions. Calcium ions recov-
ered from the blank solution, when reduced from 
the measurement of ions from the test solutions, 
gave the calcium ions leached into solution by the 
experimental groups. 

Results
Characterization of un-hydrated specimens
Scanning electron microscopic images of the un-
hydrated specimens (Fig.1) showed that the pow-
der particles were present as agglomerates and 
remained separate in some areas. EDS analysis of 
the agglomerates (Fig. 1A,C) and the loose parti-
cles (Fig.1D) revealed large peaks for calcium 
and silicon, indicating the presence of tri/dicalci-
um silicate. The particle size of the calcium sili-
cate particles ranged between 557 nm - 4.04 µm. 
The bright specks were deduced to be bismuth 
oxide particles by using EDS (Fig.1B). The bis-
muth oxide particles ranged in size from 0.3 - 8.5 
µm.
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X-ray diffraction analysis of the un-          
hydrated cement (Fig.2) demonstrated strong 
peaks for tricalcium silicate (ICDD:86-0402) at 
32.1, 32.5 and 34.3 ◦2�, peaks at 27.5, 33.04 and 
33.24 ◦2� for bismuth oxide (ICDD:27-0053); 
and peaks at 32.1 and 32.6◦2� for dicalcium sili-
cate (ICDD:001-1012). A peak was identified at 
25.8◦2�, which was matched to calcium sulfate. 
Within the 15-20 degrees range, a medium peak 
was found and correlates to calcium hydroxide. 
Four minor peaks could not be identified. 

Characterization of hydrated specimens
Specimens immersed in the different experimental 
solutions showed significant variations in the 
SEM as well as XRD. 
Scanning electron microscopic analysis
SEM micrographs of specimens immersed in 
NaOCl (Fig. 3) and then PBS showed superficial 
crystal formation, honeycomb-shaped crystals and 
clusters of amorphous particles. EDS analysis of 
the specimens showed that honeycomb-shaped 
crystals (Fig. 3A) demonstrated large peaks for 
calcium and silicon, confirming that these are tri-
calcium silicate crystals. The amorphous clusters 
(Fig. 3B) and superficial crystals showed peaks 
for calcium and phosphorous, indicating a calcium 
phosphate phase. The Ca/P ratio of these particles 
ranged between 1.2-1.9; EDS samples a large 
area, so these ratios are highly variable but are in 
reasonable agreement to hydroxyapatite. 

Micrographs of specimens immersed in 
EDTA (Fig. 4) then PBS showed a bare and ir-
regular surface with numerous pores, indicative of 
possible shrinkage or loss of water. These speci-
mens showed no superficial crystals, and very 
weak peaks for calcium and phosphorous were 
observed with EDS. Specimens immersed in the 
mixture of NaOCl and etidronic acid (Fig. 5) 
showed a highly crystalline surface with hexago-
nal plates and petal-like crystals. EDS of the su-
perficial crystals showed peaks for calcium and 
silicon, demonstrating that these are calcium sili-
cate hydrate crystals (Fig. 5A). The plate-like 
structures and petal-like crystals on EDS had 
strong peaks for calcium and phosphorous, the 
Ca/P ratio ranged between 2-2.1 (Fig. 5B). 
Thereby confirming that these crystals were at 
least partly made up of calcium phosphate.. 

Specimens immersed in QMix (Fig. 6) 
showed a wide variation in surface morphology. 
Superficial spherules were noticed in addition to 
honeycomb-shaped crystals and clusters of amor-
phous particles. EDS of the spherules and the 
honeycomb-shaped crystals revealed peaks 

showed calcium and silicon (Fig. 6A). The large 
clusters showed peaks for calcium and                 
phosphorous, the Ca/P ratio ranged between 2.1-
2.2 (Fig. 6B). Thereby confirming that these clus-
ters were at least partly made up of calcium phos-
phate.  Similar to the samples immersed in EDTA, 
the specimens of this group had numerous voids. 
Samples immersed in normal saline (Fig. 7) 
showed clusters of crystals on the surface along 
with peaks (Fig. 7A) for calcium and phospho-
rous, the Ca/P ratio ranged between 2-2.1. There-
by confirming that these clusters were also at least 
partly made up of calcium phosphate. 

X-ray diffraction analysis
X-ray diffraction showed bismuth oxide, tricalci-
um silicate and dicalcium silicate were present in 
the un-hydrated specimens. For the hydrated 
specimens, all samples had peaks for tricalcium 
silicate, dicalcium silicate, portlandite and bismite 
(bismuth oxide) at varying intensities (Fig. 8). 
The hydrated specimens stored in PBS showed a 
strong peak for calcium hydroxide at 18.05, 28.69 
and 34.10◦ 2� (Portlandite: ICDD: 044-1481). 
The peak intensity of tricalcium silicate was great-
ly reduced in the hydrated samples, showing 
much hydration of the cement. In general, the 
peak height for calcium hydroxide increased 
while the peak height of bismuth oxide, dicalcium 
silicate and tricalcium silicate decreased during 
setting no matter which liquid the specimen was 
soaked in. Specimens immersed in EDTA 
showed weak peaks for tricalcium silicate at 
29.414, 32.193, 34.355, bismuth oxide at 27.386 
and 33.229◦2� and, dicalcium silicate (ICDD:
001-1012) at 32.7◦2� and calcium hydroxide at 
18.05◦2�. These specimens also demonstrated an 
additional peak at 29.062 ◦2� which could be at-
tributed to a component of EDTA such as calcium 
disodium edetate precipitate formed by chelation 
of calcium hydroxide with EDTA. 

Specimens immersed in NaOCl + EA 
showed a very strong peak for calcium hydroxide 
at 18.05◦2�. This intense peak reached 26,580 
counts per second. This specimen also showed 
less intense peaks for tricalcium silicate, indicat-
ing the tricalcium silicate reacted more thoroughly 
in this solution than in the other solutions used in 
this study. A moderate intensity peak for bismite 
was detected at 27.39◦2�. X-ray diffractogram of 
specimens immersed in QMix showed a moderate 
peak for calcium hydroxide, reaching 15,130 
counts per second. These specimens also exhibit-
ed a weak peak for tricalcium silicate. Specimens 
immersed in QMix had the usual bismuth oxide 
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Fig. 1 - Scanning electron microscopic analysis of unhydrated MTA. The EDS of the agglomerated particles 
(A,C), bismuth oxide filler particles (B) and loose particles (D) is also represented.  

Fig. 2 - X-Ray Diffraction analysis of unhydrated MTA showing the main peaks of tricalcium silicate, dical-
cium silicate, bismuth oxide and calcium hydroxide. 
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Fig. 3 - Scanning electron microscopic analysis 
and EDS of MTA exposed to NaOCl, showing 
honey comb crystals (A) and amorphous crystals 
(B). 

Fig.4 - Scanning electron microscopic analysis of MTA ex-
posed to EDTA showing several voids, cracks and few crys-
tals. 

                                                                                 Fig. 5 - Scanning electron microscopic analysis and 
EDS of MTA exposed to NaOCl + etidronic acid, 
showing superficial crystals (A), plate-like and 
petal-like crystals (B).  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peaks at 27.5◦2�, with the peak at 27.39◦2� 
reaching about 18380 counts per second. 

FTIR analysis
The FTIR spectral peak in Fig. 9 at 875 cm-1 cor-
responded to tricalcium silicate. The characteristic 
set of bands between 973-981cm-1 were attributed 
to tricalcium silicate hydrate. Specimens im-
mersed in EDTA or QMix lacked the 3645cm-1 

(O-H stretching) band. The 452cm-1 (Si-O) was 
not visible in specimens immersed in NaOCl or 
QMix (Fig. 9).

Calcium ion leaching
The specimens immersed in NaOCl+Etidronic 
acid demonstrated the highest calcium ion content 
(29.7 mg/L) followed by QMix (10.7 mg/L), 
NaOCl (8.2 mg/L) and EDTA (5.7 mg/L).

Discussion
MTA is basically composed of a mixture of tri/
dicalcium silicate powder with bismuth oxide (in 
the proportion 4:1) that sets in the presence of 
water (Camilleri, 2007; Torabinejad and others, 
1995). For some clinical applications, MTA may 
be exposed to acidic and alkaline solutions for 
long durations. Studies have shown that ProRoot 
MTA exposed to low pH demonstrated a decrease 
in microhardness (Lee and others, 2004; Na-
mazikhah and others, 2008; Shokouhinejad and 
others, 2010) and diminished push-out bond 
strength (Shokouhinejad and others, 2010). Pro-
Root MTA exposed to alkaline pH had higher 
porosity and un-hydrated structures (Saghiri and 
others, 2009). In certain procedures like apexifi-
cation or perforation repair, irrigants may contact 
partially set MTA. Furthermore, some irrigants 
will remove the smear layer to reveal the dentinal 
tubules which may allow the irrigants or physio-
logical fluids to contact the material. SEM-EDS 
helps in observing the hydration of cements and 
determine the elemental distribution (Camilleri, 
2008), but phase identification requires X-ray dif-
fraction analysis (Camilleri, 2008; Camilleri and 
others, 2013; Saghiri and others, 2010). XRD is 
also able to quantify each phase. The present 
study also used FTIR to investigate the interac-
tion of calcium silicate cements with the irrigating 
solutions (Han and others, 2010; Tay and others, 
2007). 

The bonding of calcium silicate cements to 
dentin happens by the formation of a mechanical 
bond via interfacial formation of intra-tubular 
mineral tags, composed primarily of                  

Fig. 6 - Scanning electron microscopic analysis and 
EDS of MTA exposed to QMix, showing honey 
comb crystals (A) and large crystals (B) 

hydroxyapatite (Sarkar and others, 2005) or car-
bonated     apatite (Reyes-Carmona and others, 
2009). The highly alkaline calcium hydroxide may 
degrade the collagen of the intertubular dentin 
(Atmeh and others, 2012). The calcium phosphate 
precipitation at the interface creates a mineral 
infiltration zone (Mai and others, 2010).

The bioactivity of calcium silicate cements 
has been researched extensively (Camilleri, 2007; 
Gandolfi and others, 2010a; Gandolfi and others, 
2010b). The setting process for tricalcium silicate 
begins with hydrolysis and ion exchange, fol-
lowed by formation of a calcium silicate hydrate 
and calcium hydroxide. Phosphorous is not part 
of the MTA composition. When immersed in a 
supersaturated solution such as PBS, amorphous 
calcium phosphate precipitates on the surface of 
the high pH material (Gandolfi and others, 2010a; 
Reyes-Carmona and others, 2009). The formation 
of calcium hydroxide and calcium phosphate pre-
cipitation are responsible for the biocompatibility 
and biological properties of MTA including induc-
tion of hard tissue formation (Fridland and Rosa-
do, 2005). It has been suggested that placement of 
PBS in contact with MTA in the clinical setting 
enhances its biomineralization (Reyes-Carmona 
and others, 2009). Interference in the formation 
of a complete calcium phosphate/calcium hydrox-
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ide layer on the surface may reduce the bioactivi-
ty. 

Results of the present study showed reac-
tion and hydration of the MTA Plus powder re-
gardless of the immersion medium. Calcium hy-
droxide is produced by the hydration of tricalci-
um silicate and dicalcium silicate (Camilleri, 
2008). Another important component in MTA is 
the bismuth oxide, which is added as a radiopaci-
fier.. Bismuth oxide appears to take active part in 
the hydration mechanisms of MTA (Camilleri, 
2008). This is evident in XRD analyses, wherein 
the peaks for bismuth oxide are lower in the hy-
drated cement than the un-hydrated cement. 

Bismuth oxide is highly soluble in acidic 
media and hence, in an acidic environment, there 
is leaching of bismuth, which may render the ma-
terial less biocompatible (Camilleri and others, 
2004; Lide, 2005). This leaching could also result 
in discolouration of tooth structure. Future re-
search should evaluate alternate radiopacifiers,

Fig. 7 - Scanning electron microscopic analysis and 
EDS of MTA exposed to phosphate buffered saline 
showing crystals (A).  

MTA Plus exposed to EDTA demonstrat-
ed a cracked surface devoid of any crystals and 
did not show EDS signals for superficial calcium 
and phosphate except at very few locations. This 
was further exemplified in the XRD analysis 
wherein the peak for calcium hydroxide was 

weak, indicating that the hydration reaction of 
tricalcium silicate and the calcium silicate hydrate 
has been inhibited. Calcium-depleting irrigants 
such as EDTA hamper the formation of calcium 
silicate hydrate (Lee and others, 2007; Smith and 
others, 2007). Furthermore, calcium hydroxide is 
highly susceptible to acid attack (Grattan-Bellew, 
1996). The reduction in compressive strength of 
MTA because of low pH (Watts and others, 2007) 
as well as reduction in micro hardness (Na-
mazikhah and others, 2008) can thus be ex-
plained. Cement samples immersed in EDTA 
showed weak peaks for bismuth oxide and a pos-
sible product of calcium disodium edetate precipi-
tate. This may be from a common cause: the se-
questration of metal ions, calcium and bismuth. 
This coupled with the low release of calcium hy-
droxide may reduce the biocompatibility and 
bioactivity of this material. 

Specimens immersed in sodium hypochlo-
rite showed dense calcium hydroxide and calcium 
phosphate crystal formation. XRD analysis 
demonstrated low peaks for tricalcium silicate and 
a large peak for calcium hydroxide, inferring high 
reactivity. However, leaching of low amount of 
calcium in the ICP-OES analysis has to be corre-
lated to this result. It is possible that NaOCl de-
creases the porosity of the MTA Plus resulting in 
such a finding. It has been reported that reduction 
in material porosity negatively influences crystal 
deposition  (Camilleri, 2014b). 

Fig. 8 - X-Ray Diffraction analysis of the MTA ex-
posed to the irrigating solutions 
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When examining the measured Ca/P ratios of    
surface crystals a clear trend appears in these 
measurements. The samples soaked in NaOCl + 
etidrontic acid, QMix and saline had crystals 
which were rich in calcium compared to hydrox-
yapatite (1.67). Each crystal measured a ratio 
greater than 2 and less than 2.18. The one excep-
tion was the sample which was soaked in NaOCl 
where the crystals had a ratio of 1.2 to 1.9 indicat-
ing the presence of hydroxyapaptite. 

A recent report suggested that NaOCl 
interacted with MTA, which was characterized by 
absence of the Portlandite phase, in addition to 
discoloration of the material (Smith and others, 
2007). In the present study, where MTA Plus was 
exposed to NaOCl, no discoloration was noticed. 
It could probably be because the MTA Plus was 
only partially set. It is not known why unset MTA 
Plus does not exhibit discoloration, while set 
MTA has been shown to discolor on exposure to 
NaOCl. This needs further analysis.

Fig. 9 - FTIR spectra of MTA exposed to the irri-
gating solutions. 

Immersion of cement samples in the mix-
ture of NaOCl and etidronic acid resulted in for-
mation of a highly crystalline surface, which was 
shown by XRD to be calcium silicate hydrate and 
calcium sulphate. The low peak for tricalcium sili-
cate and high intensity peak for calcium           
hydroxide indicate very high reactivity of this ce-
ment. ICP-OES analyses also revealed high re-
lease of calcium when MTA Plus was immersed in 
NaOCl+etidronic acid. This shows that weak 
acids are able to enhance the hydration character-
istics of MTA Plus in contrast to strong acids such 
as EDTA. QMix on the other hand, showed for-
mation of calcium silicate hydrate crystals and 

calcium phosphate on the surface. This solution 
had a pH or 7.5 and it is possible that the EDTA 
is buffered to an extent. An interesting finding 
with this group was the moderate calcium hy-
droxide peak, yet a low release of calcium in the 
ICP analysis. It may be considered that the reduc-
tion in biocompatibility brought about by bismite 
is compensated by the calcium hydroxide. 

Conclusions
Irrigating solutions interact in a complex manner 
with MTA Plus. The NaOCl+etidronic acid irrig-
ant allowed setting of MTA Plus as did NaOCl, 
QMix and EDTA. However, fewer calcium phos-
phate crystals were observed with the NaOCl, 
EDTA and QMix irrigants, which could impact 
on the bioactivity in the clinical scenario.   
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