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A B S T R A C T   

Pure cancrinite zeolite was prepared using a solvent-free method from a geophagic clay. The morphology of the 
zeolite could be controlled through the composition of the raw mixture. Aluminum sulfate octadecahydrate was 
used for the first time as a source of trace water in the solvent-free synthesis of a zeolite. Aggregated nanosized 
single-phase cancrinite zeolite were prepared using a mixture of the clay, aluminum sulfate octadecahydrate and 
sodium hydroxide. The mixture was manually mixed and heated at 150 ◦C for 6 h. Scaling up the synthesis to 2, 4 
and 8 times resulted in products with remarkably consistent textural characteristics. The cancrinite prepared 
showed potential for use as a low-cost adsorbent for CO2 capture at very low CO2 concentrations.   

1. Introduction 

Synthetic zeolites have transformed the modern chemical industry 
through their use as shape-selective catalysts for crude oil conversion, 
ion-exchangers and in adsorption and separation processes. Conven
tionally, zeolites are prepared via hydrothermal treatment of alumino
silicate gels or solutions in an alkaline environment at 80–200 ◦C for 
several hours to several days [1]. The drawbacks of conventional zeolite 
synthesis include low space− time yield, significant waste generation, 
energy consumption and use of hazardous high-pressure reactors. 
Recently, efforts have been directed towards the development of green 
methods for zeolite synthesis [2]. Notably, the solvent-free method has 
been demonstrated to offer a very attractive alternative to conventional 
synthesis as discussed in detail in the Account by Wu et al. [3]. In this 
method, raw zeolite precursor solids are mixed, ground and heated to 
form a single zeolite phase. The presence of traces of water, either 
introduced through the use of hydrated silica solids [4] or formed in-situ 
from anhydrous raw solids in the presence of NH4F [5] plays an essential 
role for the zeolite crystallization. 

Despite the numerous advantages of the solvent-free method and its 
successful application to many zeolitic structures, there are limited re
ports on possibilities to control zeolite morphology and upscaling when 
this method is used. Luo et al. have demonstrated that aggregates of 
nanosized ZSM-5 crystals can be prepared from anhydrous solids in the 

presence of sodium carbonate decahydrate [6]. The morphology could 
also be controlled by adding additives to the solid mixture such as 
graphene oxide [7] and urea [8]. Gao et al. have reported the prepara
tion of MOR zeolite by a solvent-free method and have shown that the 
products of the 10 fold and 100 fold synthesis were also crystalline MOR 
zeolites, although the product characteristics were not compared in 
detail [9]. Interestingly, the authors found that the reactor volume had a 
significant effect on the crystallinity and phase purity of the products. 

Herein, we demonstrate that the zeolite morphology in the solvent- 
free synthesis method can be controlled by changing the trace water- 
bearing solid. We used aluminum sulfate octadecahydrate as a source 
of trace water, as opposed to sodium carbonate decahydrate, to drasti
cally change the CAN morphology from the typical rod-like hexagonal 
crystals to nanosized aggregated crystals; the former trace water source 
has not been used before in the solvent-free synthesis of zeolites. We 
have selected cancrinite (CAN) zeolite to prove our concept because this 
zeolite can be prepared using cheap precursor solids such as natural 
clays, fly ash, diatomaceous earth, and loess [10–17]. CAN zeolite 
contains 1-dimensional 12-membered ring 5.9 × 5.9 Å channels, sur
rounded by ε-cages built up from 6-membered rings and 4-membered 
rings [18–20]. The large channels and the ε-cages are occupied by an
ions and cations such as Na+, OH− , CO3

2− , SO4
2− , and water. Cancrinite 

has shown potential for applications in heavy metals removal from 
water, soil remediation and catalysis [10,14,15,17,21]. 
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Cancrinite zeolite has been prepared by solvent methods before. Liu 
et al. reported the preparation of micron-sized hydroxycancrinite (1 µm) 
spheres from blast furnace slag [22]. The synthesis involved multi-step 
preliminary treatment to obtain an aluminosilicate gel, which was 
dried prior its use in the solvent-free synthesis. Cheng et al. prepared 
CAN from SiO2⋅H2O, NaAlO2 and NaOH, however, the crystallization 
and the material characteristics were not studied in detail [21]. Can
crinite aggregated nanosized hexagonal crystals (200 nm) were pre
pared from rice husk ash (RHA), NaAlO2 and Na2CO3⋅10H2O [23]. This 
process has some limitations such as a high temperature pre-treatment 
of the RHA and a relatively long treatment time (48 h at 100 ◦C). Our 
method reported here employs a solid mixture made up of a natural clay, 
sodium aluminate or aluminum sulfate octadecahydrate for adjustment 
of the Si/Al ratio, and sodium carbonate decahydrate or sodium hy
droxide as alkaline sources. Variations of the composition have shed 
light upon the cancrinite crystallization process. Further, we studied in 
detail the characteristics of CAN products prepared using different 
scaling factors of the solid mixture to evaluate scalability of the devel
oped method. 

2. Experimental section 

2.1. Materials and methods 

The clay used in this work was obtained from Anambra, Nigeria. 
99.99% purity analytical grades of sodium hydroxide, sodium carbon
ate, sodium carbonate decahydrate, and aluminum sulfate octadecahy
drate powders were purchased from Sigma Aldrich. 

The clay was crushed and sieved to particle sizes < 150 µm and used 
in its as-received form. Predetermined amounts of clay, sodium hy
droxide, and aluminum sulfate octadecahydrate (mass ratios of 
1.00:1.20:1.45, respectively) were manually mixed in a mortar, placed 
in Teflon-lined autoclaves, and heated at 180 ◦C for 0.5–72 h to optimize 
treatment time, or between 80 and 180 ◦C for 6 h for optimization of the 
treatment temperature. Upscaling experiments (1x, 2x, 4x and 8x) were 
performed as described with heating at 150 ◦C for 6 h. For the upscaling 
experiments, the 1x synthesis used 2 g of clay, whereas 16 g of clay were 
used for the 8x synthesis. Experiments were also carried out using the 
clay mixed with sodium hydroxide (1.00:1.20 mass ratio), sodium car
bonate (1:1.2 mass ratio), sodium carbonate decahydrate (1.00:1.20 
mass ratio), or a combination of sodium carbonate decahydrate and 
sodium aluminate (1.00:1.20:0.13 mass ratio, respectively). The exper
iments followed the above procedure with heating at 180 ◦C for 24 h. 
After the heating, the autoclaves were quenched under running cold tap 
water, the samples were washed by 5-times centrifugation at 3800 rpm 
for 5 min and redispersion in distilled water, dried in air, and calcined at 
600 ◦C for 1 h. 

2.2. Characterization 

Compositional characterization was performed with a Rigaku NEX- 
CG X-ray fluorescence (XRF). X-ray diffraction (XRD) patterns were 
collected with an X′Pert PANalytical instrument using Cu Kα at a 
continuous scan step size of 0.01313◦ from 10◦ to 60◦ 2θ. The XRD 
patterns were processed with the Malvern HighScore Plus software 
(version 4.9) using the Crystallography Open Database (COD). Scanning 
electron microscopy (SEM) images were obtained with a Carl Zeiss 
Supra 40 V scanning electron microscope. Nitrogen adsorption isotherm 
measurements at − 196 ◦C were performed with a Micrometrics ASAP 
2020 instrument. Samples were degassed at 350 ◦C for 3 h prior to 
analysis. Surface areas were calculated using the Brunauer-Emmett- 
Teller (BET) method, whereas Barrett–Joyner–Halenda (BJH) pore size 
distributions were determined from the desorption branch of the iso
therms. Micropore volumes and external surface areas were determined 
by the t-plot method. Transmission electron microscopy (TEM) images 
were obtained with a Thermo Fisher Talos F200X microscope equipped 

with an X-FEG electron source. The experiment was performed using an 
acceleration voltage of 200 kV with a 100 µm C2 aperture and a beam 
current of approximately 0.5 nA. 

In situ Fourier-transform infrared (FTIR) spectra were recorded with 
a Nicolet 6700 IR spectrometer equipped with a mercury cadmium 
telluride (MCT) detector. The spectra were recorded in the range of 
400–4000 cm− 1 at a resolution of 4 cm− 1 after an accumulation of 256 
scans. The cancrinite sample (4x sample) was pressed into a self- 
supported pellet (diameter = 2 cm, weight = 20 mg) and activated in 
the IR cell. The sample was activated at 250 ◦C (heating ramp: 5 ◦C 
min− 1, holding time: 6 h), under vacuum prior to gas adsorption tests. 
Afterwards the sample was cooled down to 25 ◦C for the collection of IR 
spectra upon CO2 adsorption at CO2 pressures in the range 1.2–100 torr. 
All spectra were normalized to the sample mass. CO2 and N2 adsorption 
isotherms were also recorded at 25 ◦C on a Micromeritics 3Flex Surface 
Characterization unit (Norcross, GA). The 4x sample was degassed at 
400 ◦C under vacuum for at least 8 h prior to measurement. 

3. Results and discussion 

A geophagic clay from Anambra, South Eastern Nigeria was used in 
this study. The characteristics of the untreated clay sample were studied 
in detail in our previous work [24]. It contained vermiculite, quartz, and 
kaolinite, 43.9 wt% SiO2 and 15.1 wt% Al2O3 and its BET surface area 
was 95 m2 g− 1. We used this clay previously to prepare FAU zeolite [24]. 
The FAU synthesis required an alkali fusion at 600 ◦C to convert the 
insoluble crystalline phases into amorphous aluminosilicates prior to 
crystallization [25]. Such a step was not required in the present study 
suggesting that the absence of water significantly influences the phase 
transformations within the closed solid mixture. Selected XRD patterns 
of samples prepared using different solid mixtures are shown in Fig. 1. 
Sodium hydroxide and sodium carbonate were used as alkaline sources 
in the mixtures. The use of sodium hydroxide resulted in the formation 
of sodalite only (XRD pattern (i)), which has been reported to precede 
cancrinite during hydrothermal crystallization [26]. Replacing NaOH by 
anhydrous sodium carbonate did not result in a zeolite phase, but 
resulted in the formation of an aluminosilicate dense phase and quartz 
(XRD pattern (ii)). Replacing anhydrous sodium carbonate with its 
decahydrate salt resulted in the formation of cancrinite mixed with 
amorphous material and quartz (XRD pattern (iii)). Pure cancrinite 
could be obtained from this system after the addition of sodium alumi
nate to adjust the Si/Al ratio. Cancrinite as a single phase was obtained 
in the presence of sodium carbonate decahydrate and sodium aluminate 
(XRD pattern (iv)) or sodium hydroxide and aluminum sulfate octade
cahydrate (XRD pattern (v)). The conclusions drawn from these exper
iments are that: (i) the initial Si/Al ratio has an important role for the 
zeolite crystallization process and has an effect on the formation of 
dense crystalline phases; (ii) the presence of water traces is essential for 
the formation of cancrinite; (iii) both sodium hydroxide and sodium 
carbonate decahydrate can be used as alkaline sources in the solid 
mixtures but the molar composition of the solid mixture needs corre
sponding adjustments. The presence of a trace of water in the 
solvent-free synthesis of zeolites has been found to be essential in pre
vious studies [4]. It has been proposed that a trace of water takes part in 
the hydration / condensation of silica species during the zeolite crys
tallization process and can be considered as a catalyst for the zeolite 
crystallization [3]. 

The morphology of the cancrinite zeolites obtained was also strongly 
affected by the initial solid mixture (Fig. 1b and c). Hexagonal nanorods 
with a length of ca. 1 µm were obtained for the synthesis in the presence 
of clay, sodium carbonate decahydrate and sodium aluminate (Fig. 1b). 
The synthesis of such uniform cancrinite nanorods has rarely been re
ported in the literature [27]. The morphology of the sample prepared in 
the presence of sodium hydroxide and aluminum sulfate octadecahy
drate was aggregated cancrinite nanocrystals with sizes between 30 and 
100 nm (Fig. 1c). The difference between the two samples is in the way 
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the trace water is introduced into the solid mixture, through the alkaline 
or the aluminum source. The calculated amount of trace water in the two 
solid mixtures is very similar. In the case of using aluminum sulfate 
octadecahydrate, the sodium hydroxide provides a more basic envi
ronment, which, combined with “aluminum trace water” enhances Si-Al 
interactions and results in a fast nucleation rate and a large number of 
viable nuclei, which can then grow but only until nutrients have been 
consumed [20]. In the case of “sodium carbonate water”, fewer nuclei 
are formed, which grow into larger rod-like crystals. 

Owing to the interest in developing nanozeolites, particularly in the 
absence of organic templates [28,29], and the less explored control of 
crystal size in the solvent-free method, we have further studied the 
cancrinite synthesis that results in nanocrystals. We have systematically 
changed the treatment time at 180 ◦C between 30 min and 72 h to find 
the optimal treatment time (Fig. S1, Supporting Information). Cancrinite 
peaks of low intensity were present in the XRD pattern of the sample 
prepared for 30 min together with traces of quartz. The peak intensities 
increased for the samples prepared for up to 6 h and no presence of 
quartz was detected in the 3 h sample. The XRD patterns of the samples 
prepared for 6 – 72 h were very similar and indicated the presence of 
cancrinite as a single phase. XRF analysis showed consistent chemical 
composition of all samples with a Si/Al ratio changing from 1.73 for the 
0 h sample to 1.03 ± 0.02 for the samples prepared between 30 min and 
72 h. The results confirm our hypothesis for fast nucleation and suggest 
solid-state conversion to cancrinite. Synthesis was also performed for 
6 h of treatment at different temperatures to establish the lowest 

temperature that could be used to prepare pure cancrinite. Fig. S2 
(Supporting Information) shows that the samples prepared at 80 – 
120 ◦C for 6 h contained quartz impurity and a certain degree of 
amorphous material, whereas the samples prepared at 150 ◦C and 
180 ◦C contained cancrinite as a single phase. Again, XRF showed minor 
variations in the chemical composition of the samples prepared at 
different temperatures. 

From the above experiments, the optimal conditions of treatment at 
150 ◦C for 6 h were used to prepare samples with 1x, 2x, 4x and 8x 
scaling factors, starting with 2, 4, 8 and 16 g of clay. The XRD patterns 
and typical SEM and TEM images of these samples are shown in Fig. 2. 
XRD analysis indicated that cancrinite was present as a single phase in 
all samples (Fig. 2a). All samples consisted of aggregated nanoparticles 
with a size between 30 and 100 nm, although isolated nanorods were 
also observed in both the SEM and TEM images (Fig. 2b and c and 
Fig. S3, Supporting Information). An average crystallite size of 36 
± 3 nm was calculated in HighScore Plus by line profile analysis of the 
cancrinite (211) peak using a Pseudo-Voight peak function (Table 1). 
The Si/Al ratios of all samples was 1.02 and the cancrinite channels were 
filled with similar amounts of sulfate ions. The samples had negligible 
micropore volumes, < 0.004 cm3 g− 1, which is typical for cancrinite 
zeolites because of their anion fillings [20]. However, the materials 
prepared in this work showed high surface areas for cancrinite, 61 
± 3 m2 g− 1, because of their high external areas, 54 ± 2 m2 g− 1, asso
ciated with textural porosity due to the nanosized crystals [29]. Nitro
gen adsorption desorption isotherms and BJH pore-size distributions of 

Fig. 1. (a) XRD patterns of samples prepared from solid mixtures treated at 180 ◦C for 24 h consisting of: (i) clay + NaOH, (ii) clay + Na2CO3, (iii) clay +
Na2CO3⋅10H2O (iv) clay + Na2CO3⋅10H2O + NaAlO2 and (v) clay + NaOH + Al2(SO4)3⋅18H2O, and SEM images of samples corresponding to XRD patterns (iv) (b) 
and (v) (c). s: sodalite; q: quartz; c: cancrinite. 
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the samples prepared at different scaling factors are shown in Fig. 3. The 
isotherms were type IIb isotherms according to the refined IUPAC 
classification of adsorption isotherms [30]. Such isotherms are observed 
for aggregated powders, and they are characterized by H3 hysteresis 
with no plateau at high relative pressures. The results further confirm 
that the zeolite micropores are inaccessible to the nitrogen molecules 
and that the samples contained textural mesoporosity with a mesopore 
peak centered at ca. 25 nm. The isotherms and the pore-size distribu
tions, together with the results in Table 1, indicate that the samples 
prepared in the scale up experiments have remarkably similar compo
sitional and textural characteristics. 

The highly reproducible, cost-efficient, and scalable method re
ported for the synthesis of nanosized cancrinite with high external sur
face area makes this material an interesting candidate for adsorption 
applications. In particular, zeolites have shown potential as materials for 

CO2 capture [31]. CO2 capture under ambient temperatures at low CO2 
partial pressures is an important but challenging process. Zeolite F has 
been reported to achieve 80–85% CO2 saturation at very low absolute 
pressure with good selectivity over N2 and CH4 [32]. We have measured 
the CO2 adsorption at 25 ◦C using in situ FTIR spectroscopy (Fig. 4 and 
Fig. S4, Supporting Information). The method allows to differentiate 
between physisorbed and chemisorbed CO2 [33]. The CO2 physisorption 
on cancrinite (4x sample) at CO2 pressures between 1.2 and 100 torr is 
shown in Fig. 4. The amount of CO2 adsorbed increases dramatically 
with increasing equilibrium pressure indicating that the as made can
crinite zeolite could potentially be used as a low-cost adsorbent for CO2 
capture at very low CO2 concentrations. Further, CO2 and N2 adsorption 
isotherms at 25 ◦C were measured conventionally (Fig. 5). Based on the 
single gas adsorption isotherms, the nanosized cancrinite zeolite ex
hibits significantly higher equilibrium CO2 uptake (0.32 mmol g− 1) 
compared to the corresponding equilibrium N2 uptake (0.02 mmol g− 1) 
at 100 kPa, suggesting that the interaction between cancrinite and CO2 
is stronger than that between cancrinite and N2 [32]. The CO2 adsorp
tion capacity of as made nanosized cancrinite was also ca. three times 
higher than the value reported for the fly ash derived micron-sized 
cancrinite, 0.13 mmol g− 1 [16]. The latter could be further improved 
by amine functionalization. 

4. Conclusions 

This work demonstrates that single phase cancrinite zeolite can be 

Fig. 2. (a) XRD patterns of cancrinite samples prepared in the different scale up experiments, (b) typical SEM image and (c) typical TEM image of the samples in (a).  

Table 1 
Si/Al ratios, SO3 content, BET (SBET) and external (SEXT) surface areas and XRD 
crystalline sizes of cancrinite prepared at different scaling factors.  

Scaling 
factor 

Si/Al 
ratio 

SO3 (wt 
%) 

SBET 

(m2 

g− 1) 

SEXT 

(m2 

g− 1) 

XRD crystallite size 
(nm) 

1x  1.02  5.59  63  54  31 
2x  1.02  5.65  57  51  36 
4x  1.02  5.70  62  55  38 
8x  1.02  5.66  63  55  38  
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prepared by a cost-efficient solvent-free method using geophagic clay as 
raw material. The cancrinite morphology could be controlled by the 
trace water-bearing solid in the raw solid mixture used, sodium car
bonate decahydtrate or aluminum sulfate octadecahydrate. The latter is 

used for the first time in a zeolite solvent-free synthesis method with the 
benefits of fast nucleation and suppressed crystal growth. The optimized 
synthesis based on the use of clay, sodium hydroxide and aluminum 
sulfate octadecahydrate (6 h treatment at 150 ◦C) provided cancrinite 
with remarkably consistent chemical and textural characteristics for 
scale up synthesis using scale factors of 1x, 2x, 4x and 8x. The benefits of 
the synthesis reported include the use of cheap raw materials, high 
yields, reduced alkaline waste, short synthesis times, and scalability. 
Although autoclaves were used in this work, safer reactor vessels could 
be used instead due to the solvent-free nature of the synthesis. The 
cancrinite zeolite prepared showed potential as a low-cost adsorbent for 
CO2 capture at very low CO2 concentrations. 
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