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Abstract
A nearly pure, pale brown, spherical, nitrate cancrinite zeolite was successfully synthesized from natural bentonite as starting 
material with acidic activation treatment via hydrothermal method at 368 K for 24 h. The effect of different NaOH concen-
trations (pH at around 12) was investigated without addition of silica and aluminum sources. The effect of different NaOH 
concentrations (pH at around 12) was investigated without addition of silica and aluminum sources. The final products were 
characterized by powder X-ray diffraction, scanning electron microscopy, elemental and thermal analyses, infrared (IR) 
spectroscopy, and Brunauer–Emmett–Teller (BET) surface area measurements. While the Si/Al ratio of ideal cancrinite is 
1.0, the Si/Al ratio of the product framework is approximately 1.76, apart from trace components. Unique single nitrate band 
was observed in both IR and thermogravimetric measurements, indicating that pure cancrinite was synthesized. This study 
showed that pure nitrate cancrinite was obtained with NaOH concentrations from 8 to 12 M, independent of NaOH contents 
on crystallization. Through this study, we proposed a simple synthesis method for pure nitrate cancrinite from bentonite for 
the purpose of recycling natural clay minerals.
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1 Introduction

Zeolites are microporous crystalline aluminosilicates with 
well-defined open frameworks based on an infinitely extend-
ing three dimensional network of silicon and aluminum 
tetrahedra linked to each other with shared oxygen atoms 
[1]. Due to their unique structural properties, these porous 
materials are widely used as ion-exchangers, catalysts, and 

adsorbents. Although zeolites can be obtained from natu-
ral deposits, these materials are generally synthesized from 
sodium aluminosilicate gel by hydrothermal method to find 
novel materials, using commercial reagents. Otherwise, 
natural clay minerals are also used as starting materials for 
zeolite synthesis because of their low costs [2–5].

Cancrinites (framework type code CAN) are one of 
the feldspathoid group of minerals, but they can also 
be regarded as zeolite due to their porous alumino-
silicate framework structures with a chemical formula 
|Na6

+Ca2+CO3
2−(H2O)2|[Si6Al6O24]-CAN [1, 6, 7]. Their 

framework consists of parallel 6-rings stacking along the 
c-axis in an AB–AB sequence in the hexagonal symmetry 
P63 [6–15]. Thus, this arrangement of sheets gives large 
12-ring channels parallel to the  63 axis and chains of smaller 
11-hedral cages (ε-cages) along the threefold axes [6–15]. 
While the small cage contains non-framework cations and 
water molecules, the large channel is filled with exchange-
able cations and intracrystalline anions such as carbonate in 
natural form [6–15].

Since the first report on crystallization experiments by 
Eitel [16], cancrinites have been extensively synthesized 
with a variety of anion species such as carbonate [17–24], 
nitrate [6, 25–28], hydroxide [12, 18, 29], and others [25, 
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26, 30, 31] and were characterized by various techniques. 
In an optimization study where hydrothermal formation 
of nitrate cancrinite under varying reaction conditions of 
Si/Al ratio from 0.5 to 3.0 at 473 K and autogenous pres-
sure and at 773 K and 0.15 GPa, the optimal Si/Al ratio is 
suggested to be 1.2 of the starting materials using zeolite 
X and a mixture of sodium silicate and sodium aluminate 
[6]. The thermal stability of carbonate cancrinite pre-
pared in the system  Na2O–CaO–Al2O3–SiO2–CO2–H2O 
at 2 kbar and in the presence of a mixed  H2O–CO2 fluid 
was studied to demonstrate that water plays important role 
[14]. In the study of synthesis of carbonate cancrinite in 
the system  Na2O–SiO2–Al2O3–Na2CO3–H2O under hydro-
thermal reactions at 353 and 473 K, it was indicated that 
cancrinite crystallization reacted extremely sensitively on 
the temperature within the reaction vessel, while concen-
tration and alkalinity of the reactant were not important 
factors for phase formation [15]. The pure nitrate cancrin-
ite has been synthesized using mixed solution of sodium 
silicate, sodium aluminate, sodium nitrate, and sodium 
hydroxide in neutral pH at 363 K and determined the for-
mation enthalpy from the constituent oxides and elements 
[27]. Recently, the formation conditions of nitrate can-
crinite and chlorosodalite zeolites were investigated by 
the influence of pH and  NO3

−/Cl− anionic composition 
on the synthesis of the cancrinite–sodalite system [28].

Bentonite is a clay mineral mostly composed of mont-
morillonite, which has been extensively studied for its 
pharmaceutical and cosmetic applications due to their 
high adsorption ability, high specific surface area, high 
cation exchange capacity, interlayer reactions, and chemi-
cal inertness [32–39]. Prior to its applications, purifica-
tion processes to select montmorillonite from bentonite 
are required. After purification, residual bentonite can be 
recycled through chemical reaction such as hydrothermal 
method. In present study, we report that pure nitrate can-
crinite was successfully synthesized using natural Ca-type 
bentonite as starting material in the presence of sodium 
hydroxide at low temperature. The synthesized material 
was subjected to phase identification and compositional 
analyses in search for purposes of finding its applications.

2  Experimental section

2.1  Synthesis

Natural bentonite was obtained from Gampo40 (BGP40) 
in Korea and was used in synthesis without further puri-
fication. The chemical compositions of bentonite used as 
starting material are shown in Table 1. The 3 g of benton-
ite powder meshed through a #18 sieve was firstly reacted 
with 20 mL of aqua regia (3:1 (v/v) concentrated HCl (ACS 
reagent, 37%, Sigma-Aldrich):  HNO3 [ACS reagent, 70%, 
Sigma-Aldrich)] in the 125-mL polypropylene (PP) bottle 
at room temperature for 4 h. Then, 50 mL NaOH (Sigma-
Aldrich) solution with various concentration (6, 8, 10, and 
12 M) was slowly added to the treated bentonite mixture 
in each 125-mL PP bottle, followed by vigorous stirring at 
room temperature for 4 h. After reaction, the final pH of the 
solutions were 12.7, 12.7, 12.5, and 12.4, respectively. The 
bottle containing the final mixture was placed in a conven-
tion oven at 368 K for 24 h. The products were filtered and 
washed with distilled water 10 times, and dried at 333 K for 
2 days prior to characterization.

2.2  Analytical methods

The reaction product was characterized by powder X-ray 
diffraction (XRD), scanning electron microscopy (SEM), 
X-ray fluorescence (XRF), Fourier transform IR (FT-IR), 
and thermogravimetric (TG) analysis. Powder XRD patterns 
were recorded on a Rigaku MiniFlex 600 diffractometer with 
Cu Kα radiation (λ = 1.5406 Å) at 40 kV and 15 mA. Data 
were collected over the 2θ range of 2°–70° with a step size 
of 0.02°. Indexing of the obtained XRD patterns was carried 
out using the Crystallographica Search-Match (CSM) soft-
ware (Oxford Cryosystems, Oxford, UK). Crystal morphol-
ogy and average size were examined using ZEISS environ-
mental scanning electron microscopy (ESEM, Model EVO 
LS25), operating at 10 kV. The chemical compositions of the 
samples were determined by energy dispersive X-ray fluo-
rescence spectrometer (Rigaku NEX CG). The FT-IR spec-
tra were recorded on Thermo Nicolet iN 10 FT-IR Micro-
scope. TG analysis was carried out using Setaram Labsys 
Evo thermal analyzer in flowing  N2 gas with a heating rate 
of 10 K/min in the range from room temperature to 1373 K. 

Table 1  Chemical compositions 
of natural bentonite and 
as-made cancrinite

a Loss on ignition

Material Weight (%)

SiO2 Al2O3 Na2O MgO CaO Fe2O3 LOIa Total

Natural bentonite 52.77 13.53 1.15 4.62 1.62 2.81 23.5 100.0
As-made cancrinite 35.83 17.29 14.36 6.26 2.73 4.22 19.3 100.0
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The BET surface area was detected by Quantachrome Instru-
ments Quadrasorb-EVO at 77 K.

3  Results and discussion

The chemical composition of the natural bentonite obtained 
by EDXRF analysis, given in Table 1, indicates that silica 
and alumina were major component and calcium and sodium 
were non-framework cations, along with trace elements of 
magnesium and iron oxides. As shown in Fig. 1, the pow-
der XRD patterns showed that the natural bentonite was 
consisted mainly of montmorillonite with minor amounts 
of albite, quartz, and opal-CT. After acidic activation treat-
ment, these minerals that organized bentonite were dissolved 
in aqua regia. Indeed, it was confirmed that the XRD pat-
terns of reaction product without adding NaOH solution 
crystallized at 368 K for 24 h showed amorphous materials 
with a little sediment of heulandite as natural zeolite, quartz, 
and opal-CT (see the Supporting Information Figure S1).

Figure 1 shows the powder XRD pattern of as-made 
cancrinite obtained after hydrothermal synthesis with add-
ing 10 M NaOH solution. Four strong X-ray peaks around 
2θ = 13.9°, 18.8°, 24.2°, and 27.4° respective to the (110), 
(101), (300), and (211) reflections of the CAN structure 
[6, 7] revealed the corresponding material. Thus, unit cell 
parameters for the as-made cancrinite were determined 
by PDXL software [40]. The calculated parameters are 
a = 12.661(2) Å and c = 5.1853(10) Å, which are in agree-
ment with previously reported values of a = 12.668(2) Å 
and c = 5.166(1) Å for nitrate cancrinite determined by sin-
gle-crystal X-ray technique [6] and a = 12.6802(7) Å and 
c = 5.1872(3) Å for nitrate cancrinite determined by Riet-
veld analysis [27], respectively. The chemical composition 

of as-made cancricnite determined by EDXRF analysis 
(Table 1) showed that the framework Si/Al ratio was 1.76. 
This is higher than the ideal ratio of cancrinite framework 
composed of Si and Al atoms, which is Si/Al = 1.0. It is 
assumed that Si/Al ratio of natural bentonite was too high 
(Si/Al = 3.3) as starting material for hydrothermal synthe-
sis. In previous reports of zeolite synthesis, sodium alumi-
nate or aluminum hydroxide as additional alumina source 
was supplemented prior to hydrothermal synthesis in order 
to compensate the high Si/Al ratio of bentonite [2–4]. It 
is uncertain that trace components of magnesium and iron 
participated in cancrinite crystallization to the zeolite frame-
work, or these acted as exchangeable cations, along with  Na+ 
and  Ca2+ ions.

For comparison, effect of NaOH for cancrinite crystal-
lization was examined using various NaOH concentrations 
(6, 8, 10, and 12 M) in the reaction mixture. All synthetic 
products were obtained as pale brown powder. As shown 
in Figs. S1–S5 of the Supporting Information, cancrinite 
is major product, but quartz as impurity is remained in all 
samples; it seemed that not all quartz was dissolved in aqua 
regia. There was no significant difference in phase forma-
tion among the four samples with varying concentrations 
of NaOH of the hydrothermal solution. This result is in 
agreement with results on synthesis of carbonate cancrinite 
prepared by lower reaction temperature with alkalinities of 
12 M and higher [15].

The crystal habit of cancrinite typically appears in 
spherical, prismatic, hexagonal prism, needle, fractal 
shape, etc. Figure 2 shows that as-made cancrinite had a 
spherical particle shape and approximate average particle 
sizes of 15–20 µm, clearly indicating nearly pure nitrate 
cancrinite synthesized. This result is strongly supported by 
the FT-IR spectra of as-made cancrinite material (Fig. 3). 
The absorption bands of cancrinite framework related with 
typical symmetric T–O–T vibrations at 469, 578, 617, and 
699 cm−1 and asymmetric T–O–T vibrations at 956 and 
1118 cm−1 were clearly observed [6, 15, 41]. The bending 
mode at 1650 cm−1 and the broad band between 3100 and 
3700 cm−1 were found due to O–H stretch of water mol-
ecules. The prominent single band was found at 1423 cm−1 
which is due to the nitrate ion,  NO3

−, bending as non-
framework anion. In the bending mode, additionally, two 
bands around at 2360 cm−1 correspond to the atmospheric 
 CO2 due to ATR-IR measurement. After calcination 
at 1373 K, the band at 1423 cm−1 disappeared, but two 
bands at around 2360 cm−1 remained. In previous reports, 
vibrations at 1410 and 1455 cm−1 [15] and at 1425 cm−1 
[27] were assigned to carbonate and nitrate, respectively, 
inside the framework. As pointed out in systematic study 
of the IR spectra of cancrinite of ideal composition, dis-
ordered cancrinite, intermediate phase between cancrinite 
and sodalite, and basic sodalite [6, 15, 27], phase analysis 

Fig. 1  X-ray diffraction patterns of (a) natural bentonite and (b) as-
made cancrinite
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of synthetic cancrinite and cocrystallization impurities 
such as mainly sodalite and nepheline can be identified by 
comparing the IR spectra according to the corresponding 
absorption bands of the zeolite framework.

The results of thermogravimetry of as-made cancrin-
ite synthesized in this study are in agreement with previ-
ously reported TG studies [6, 14, 15, 21, 42]. Through two 
strong exothermic peaks at 483 K for external water mol-
ecules and at 591 K for internal water, the first dehydra-
tion was completed at about 673 K (Fig. 4). When further 
heated up to 1373K, the remarkable endothermic peak at 
1071 K appeared. This indicated crystallinity destruction 
of the zeolite framework related to the decomposition of 
the enclathrated sodium nitrate according to the reaction 
 2NaNO3 → Na2O + N2 + 2.5O2, similar to the result observed 
in the case of nitrate cancrinite [27] and carbonate cancrinite 
[15].

While the natural bentonite had a BET surface area of 
105 m2/g with a micropore volume of 0.046 mL/g, as-made 
cancrinite synthesized in this study showed a BET surface 
area of 51 m2/g with a micropore volume of 0.018 mL/g, 
which are smaller than the starting natural bentonite. This 
is due to the phase transition from aluminum phyllosilicate 
structure to aluminosilicate framework. According to the 
results from previous studies [42–45], the BET surface area 
of a pure cancrinite material was close to 10 m2/g.

On the basis of characterization results of as-made can-
crinite synthesized in this study, this zeolite has not led 
to technical and industrial applications because of mainly 
stacking disorder resulting in blocked channels and pores in 
the framework structure, cocrystallization impurities such 
as mainly sodalite, and insufficient studies on searching 
further application [15, 25]. For finding its application, we 
carried out to measure  CO2 adsorption isotherm at 298 K 
on as-made cancrinite (see the Supporting Information Fig. 
S6);  CO2 uptake is below 0.5 mmol/g at pressure 1 bar. Due 
to these reasons, we suggest that this material can be used 
in cosmetic application that replacement of plastic parti-
cles in scrub-related products due to its spherical shape, 

Fig. 2  SEM images of as-made cancrinite magnified at (a) ×1000 and 
(b) ×7000

Fig. 3  FT-IR spectrum of as-made cancrinite

Fig. 4  TG-DTA curves of as-made cancrinite
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uniform size of ca. 15–20 µm, and high cation-exchange 
property with low Si/Al ratio for external and/or internal 
modifications.

4  Conclusion

A simple synthesis procedure for pure nitrate cancrinite zeo-
lite using natural bentonite as starting material with acidic 
treatment has been proposed. The product had a high crys-
tallinity and thermal stability with a very uniform crystal 
sizes, ranging from 15 to 20 µm. As-made cancrinite with-
out sodalite formation as impurity is crystallized in a wide 
range of NaOH concentrations in the synthesis mixture. The 
results presented a considerable contribution to the synthesis 
study of special material which has its potential importance 
in industrial applications.
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