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Synthesis of CHA-type titanosilicate zeolites using titanium oxide as Ti source
and evaluation of their physicochemical properties
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ABSTRACT

To improve the physicochemical properties of CHA-type zeolites, we synthesized a CHA-type
titanosilicate zeolite (Ti-CHA) with titanium instead of aluminum incorporated into its framework. Ti-CHA
zeolites with various Si/Ti ratios were directly prepared by a 24-h hydrothermal reactions with the use of
colloidal silica and titanium oxide as Si and Ti sources, respectively. A peak, assignable to isolated tetrahedrally
coordinated Ti species, was clearly observed at ca. 220 nm in the UV–vis spectra of the Ti-CHA zeolite,
confirming that titanium was incorporated into the zeolite framework. The effects of titanium content in the
CHA zeolite on the thermal and acid stabilities were investigated. No changes were observed in the crystallinity,
BET surface area, and micropore volume of a Ti-CHA zeolite with a Si/Ti ratio of 347, even after thermal
treatment at 1150 °C. Furthermore, no changes were observed in the crystallinity of Ti-CHA zeolites with Si/Ti
ratios of 45–347, after treatment with aqueous hydrochloric acid at 75 °C for 5 days. The amount of water
adsorbed by the Ti-CHA zeolite with a Si/Ti ratio of 347 was lower than those of high-silica CHA-type zeolite
with Si/Al=10 (Al-CHA zeolite) and pure-silica CHA-type zeolite (Si-CHA zeolite).

1. Introduction
Zeolites are widely used as separation materials, including adsorbents and separation membranes [1].
Recently, attention has been paid to CHA-type zeolites as separation materials with high separation
performance and stability [2–4]. The CHA-type zeolite has an 8-membered ring window (0.38 nm×0.38 nm),
which is the same as that of A-type zeolites. This window size is appropriate for separation of water/organic
solvents and CO2/CH4 through molecular sieving effects [2–7]. Guest molecules can diffuse through the threedimensional microporous structure of the CHA-type zeolite. Furthermore, CHA-type zeolites with a very wide
range of Si/Al ratios from 2 to ∞ can be synthesized [3,4,8,9]. Therefore, it is possible to control the hydrophilic/
hydrophobic nature of the material.
In recent years, applications of CHA type zeolites for CO2 separation from natural gas, flue gas, and biogas
have been studied [1]. However, these CO2 separation processes are frequently humid conditions. Water
is preferentially adsorbed by the polarity of the aluminum in the zeolite framework, leading to a decline of the
CO2 separation performance [6]. Thus, it is difficult to apply zeolites with a large amount of aluminum in
their framework to CO2 separation processes. High-silica CHA-type zeolites with high Si/Al ratios have been
synthesized to enhance physicochemical properties such as acid and thermal stabilities, and hydrophobicity
[10–12]. Takata et al. synthesized high-silica nanosized CHA-type zeolites with Si/Al=13–67 [12]. A Culoaded high-silica CHA-type zeolite catalyst exhibited good performance for NH3-SCR of NOx even after
hydrothermal treatment at 900 °C for 4 h. Furthermore, Miyamoto et al. synthesized a pure silica CHA type
zeolite (Si/Al=∞) consisting entirely of silica and reported a high CO2 adsorption capacity together with reduced
effects of water [4,6]. Kida et al. synthesized a pure silica CHA-type zeolite membrane (Si/Al=∞), and the
membrane showed a high CO2 permeance of >10−6 mol m−2 s−1 Pa−1 [13].
In addition, because CO2 separation processes are performed under harsh conditions in high-pressure
environments with coexisting hydrogen sulfide, further improvements to the physicochemical properties
of zeolites are required [1]. Therefore, the substitution of aluminum into the zeolite framework with metals such
as Ti, V, Ga, Fe, B, and Zn has attracted research attention [14–17]. TS-1 with titanium incorporated

into a MFI-type zeolite is already in practical use as a catalyst for liquid-phase oxidation reactions [14,18,19].
Recently, Kunitake et al. reported on the synthesis of Ti-CHA (Ti-Al-CHA) zeolites including Al and
demonstrated thermal stability up to 1000 °C [20]. In that research, FAU-type zeolite as the starting material
was subjected to the dealuminating treatment and Ti-FAU zeolite including Al was prepared by incorporating
Ti via post synthesis. Thereafter, a Ti-Al-CHA zeolite was synthesized by interzeolite conversion. It was not
possible to substitute all the Al in the CHA zeolite framework with Ti and this synthesis method required various
complex processes. Eilersen et al. prepared a Ti-CHA zeolite completely free of Al in the framework by a direct
hydrothermal treatment [21]. However, an expensive titanium (IV) ethoxide (TEOTi) precursor was used as
the Ti source and a 4-day long hydrothermal treatment was necessary. In addition, the physical
properties of the obtained Ti-CHA zeolite were not described in detail.
In this study, we synthesized CHA-type titanosilicate zeolites (Ti-CHA), without Al, from colloidal silica
and titanium oxide as the Si and Ti sources, respectively. Using N, N, N-trimethtyl-1-adamantammonium
hydroxide (TMAdaOH) as structure-directing agent (SDA), Ti-CHA zeolites with various Si/Ti ratios were
prepared by the direct hydrothermal treatment for 24 h. The obtained Ti-CHA zeolites were thermally treated
at 1150 °C and acid-treated by hydrochloric acid (HCl). After these treatments, the crystalline and pore
structures of the Ti-CHA zeolites were compared with those of high-silica CHA-type zeolite (Al-CHA zeolite)
with Si/Al=10 and pure silica CHA-type zeolite (Si-CHA zeolite). Finally, water adsorption measurements of
Ti-CHA, Al-CHA, and Si-CHA zeolite were performed.

2. Experimental
2.1. Synthesis of Ti-CHA zeolite
Colloidal silica (40 wt%, Sigma-Aldrich) and titanium oxide (anatase-type, Wako Pure Chemical
Industries Ltd.) were used as the Si and Ti sources, respectively. The mixture was prepared by mixing colloidal
silica and titanium oxide. N,N,N-trimethyl-1-adamantane ammonium hydroxide (20 wt%, TMAdaOH,
SACHEM, Inc.) was then added to the mixture. Thereafter, hydrofluoric acid (HF; 46% Wako Pure Chemical
Industries Ltd.) was added until the solution pH became neutral. This solution was heated to evaporate water.

Finally, the synthetic gel was obtained at the desired gel composition by adding water (gel composition; 1 SiO2:
0.018–0.067 TiO2: 1.4 TMAdaOH: 1.4 HF: 6.0H2O, Si/Ti ratio=15–57). The synthetic gel was transferred to a
Teflon container, charged in an autoclave, and then hydrothermally treated at 150 °C for 24 h. The autoclave
was removed from the oven and cooled to room temperature. The product was then recovered by filtration. The
product was washed with distilled water, dried under reduced pressure for 24 h. Finally, the Ti-CHA zeolite was
calcined in air at 700 °C (ramp rate of 1 °C min−1) to remove the SDA.

2.2. Synthesis of Al-CHA zeolite and Si-CHA zeolite
The high-silica CHA (Al-CHA) zeolite was prepared with a gel consisting of TMAdaOH (25 wt%,
SACHEM, Inc.), Sodium hydroxide (Wako Pure Chemicals Industry Ltd.), and FAU-type zeolite (HSZ-360
HUA, HSZ-390 HUA, Tosoh Corp.) according to previous reports (gel composition; 1 SiO2: 0.05 Al2O3: 0.2
TMAdaOH: 0.2 NaOH: 7.0H2O) [22–24]. The synthetic gel was transferred to a Teflon container, charged into
an autoclave, and then hydrothermally treated at 160 °C for 40 h. The autoclave was removed from the oven
and cooled to room temperature and the product was recovered by centrifugation. The product was washed
with distilled water, and this operation was repeated until the pH became neutral. The obtained product was
dried at room temperature. The Al-CHA zeolite was calcined in air at 700 °C (ramp rate of 1 °C min−1) to
remove the SDA.
The Si-CHA zeolite was synthesized in the same way as the Ti-CHA zeolite with a gel consisting of
TMAdaOH (20 wt%, SACHEM, Inc.), hydrofluoric acid (HF; Wako Pure Chemical Industries Ltd.), and
colloidal

silica (40 wt%, Sigma-Aldrich). The gel composition was 1 SiO2:

1.4 TMAdaOH: 1.4 HF:

6.0H2O.

2.3. Characterization
The crystal structures of the Ti-CHA zeolites were confirmed by Xray diffraction (XRD, Rigaku, RINT TTR3)
using Cu Ka radiation, and operated at 40 kV and 30 mA. The morphology and size were observed with a field
emission scanning electron microscope (FE-SEM, Hitachi high technology, S-4800). The chemical species of

Ti in the framework of the CHA zeolite were analyzed by Fourier-transform infrared (FT-IR, Shimadzu, IR
Affinity-1S), and ultraviolet–visible light (UV–vis, JASCO corp., V-550). FT-IR spectra were obtained by the
KBr method. UV–vis spectra were obtained from diffuse reflection reflectance referenced against MgO as the
baseline. The diffuse reflection spectra were converted into absorption spectra by the Kubelka–Munk function.
The Si/Ti ratios of Ti-CHA zeolites were determined with the use of inductively coupled plasma optical
emission spectroscopy (ICP, Shimadzu, ICPS-7510). For the BET specific surface area and micropore volume,
nitrogen adsorption isotherms were measured at liquid nitrogen temperature (Microtrac BEL, BELSORP). The
sample pre-treatment was carried out at 200 °C for 1 h. The specific surface areas were calculated by the
Brunauer–Emmett–Teller method (BET) from nitrogen isotherms. The BET specific surface area in this study
was treated as BET equivalent surface areas based on IUPAC. Furthermore, the micropore volumes (Vmicro)
were also calculated by the t-plot method from the nitrogen isotherms [8,13].

2.4. Thermal and acid stability testing and water adsorption measurements
The physicochemical stabilities of the CHA-type zeolites were evaluated. About 2 g of the CHA-type
zeolites were thermally treated in air at 1000–1150 °C for 24 h (ramp rate of 1 °C min−1). Furthermore, the
acid stabilities of CHA-type zeolites were investigated by treatment with 5M aqueous hydrochloric acid (HCl)
at 75 °C for 5 days. 0.2 g of zeolite was immersed in 40 ml of 5M HCl solution at 75 °C for 5 days. After these
treatments, the crystallinity, pore structure, and chemical form of Ti species and the Si/Ti ratio of Ti-CHA
zeolites were analyzed from XRD patterns, nitrogen isotherms, UV–vis spectra, and ICP, respectively.
The water adsorption measurements of the CHA-type zeolites were carried out at 40 °C (Microtrac BEL,
Belsorp-max). The sample pretreatment was carried out at 120 °C for 24 h. The water adsorption amount was
determined from water isotherms.

3. Results and discussion
3.1. Characteristics of Ti-CHA zeolite
The XRD patterns of the products prepared at a Si/Ti ratio of 15–57 and the various TiO2 are shown in Fig. 1.

The CHA-type zeolite structure was determined to be a homogeneous phase for all the products, and the
formation of CHA zeolite was confirmed. We found that a higher gel Si/Ti ratio produced a higher crystallinity
in the obtained CHA zeolite. Furthermore, no peaks related to TiO2 were observed, suggesting that Ti species
were present in the framework of the CHA zeolite. The chemical composition, BET specific surface area, and
micropore volume of the CHA zeolite prepared in this study are listed in Table 1. By increasing the Si/Ti ratio
of the gel to 15–57, the Si/Ti ratio of the Ti-CHA zeolite increased to be in the range of 45–578 (Samples 1–3).
Subsequently, the BET specific surface area and the micropore volume showed almost no differences
regardless of the Si/Ti ratio.
The FE-SEM images of the obtained Ti-CHA zeolites (Samples 1–3) are shown in Fig. 2. The
morphology of these samples was cubic, as is typical for CHA zeolites and their particle sizes were in the range
of 2–8 μm.
The chemical species of Ti in the framework of the CHA-type zeolites were analyzed by FT-IR and UV–
vis. Fig. 3 shows the FT-IR spectra of the Ti-CHA zeolites. A very weak band at ca. 970 cm−1 was observed
for all the Ti-CHA zeolites, relating to Si-O-Ti bond [25–28]. This result suggests that Ti was incorporated into
the zeolite framework. Fig. 4 shows the UV–vis spectra of the Ti-CHA zeolite. The peak at ca. 220 nm was
assigned to isolated tetrahedrally coordinated Ti species, and was found for all the Ti-CHA zeolites, confirming
the incorporation of Ti into the zeolite framework [14,20]. However, a peak was also observed at ca. 330 nm
for all the Ti-CHA zeolites, suggesting the presence of anatase TiO2, as shown in Fig. 4 (d) [14]. Thus, some Ti
species were not incorporated into the zeolite framework. It is possible that the TiO2 used as the Ti source
persisted as small particles and clusters that could not be detected by the XRD.
The Ti species of the Ti-CHA zeolites were confirmed by the peaks at ca. 220 and ca. 330 nm in the UV–
vis spectra. The peak ratio was calculated as the peak height at ca. 320 nm divided by the peak height at ca. 220
nm. The peak ratios of Samples 1–3 were 0.39, 0.07, and 0.05, respectively. Sample 1 (Si/Ti=45) contained a
large amount of anatase TiO2 and Ti species of Sample 3 (Si/Ti=578) were mainly incorporated into the CHAtype zeolite framework.

3.2. Evaluation of thermal stability
The thermal stabilities of the CHA-type zeolites (Samples 1–5) were evaluated. The XRD patterns before
and after the thermal treatment are shown in Fig. 5. The crystal structure of the Al-CHA zeolite (Sample 4)
collapsed following the thermal treatment at 1000 °C. The crystal structure of the zeolites likely collapsed
because of the desorption of Al from the framework.
The crystal structures of the Ti-CHA zeolites (Samples 1–3) and the Si-CHA zeolite (sample 5) were
maintained even after the thermal treatment at 1150 °C, and an improvement of the thermal stability was
expected owing to the Al free in the zeolite framework. In Sample 2 (Si/Ti=347), no change of the peak intensity
was found.
Table 2 lists the BET specific surface area and the micropore volume of the CHA-type zeolites (Sample
1–5) before and after the thermal treatment. At 1150 °C, the BET specific surface area and the micropore
volume of the Si-CHA zeolite (Sample 5) decreased. In contrast, no changes were observed in either the BET
specific surface area or the micropore volume of the Ti-CHA zeolite (Sample 2). Thus, we confirmed that the
thermal stability of the CHA-type zeolite was improved by the incorporation of Ti into the framework. Kunitake
et al. synthesized a Ti-Al-CHA zeolite having a thermal stability as high as 1000 °C [20]. The Ti-CHA zeolite
synthesized in this study showed higher thermal stability than that of Ti-Al-CHA zeolite. However, the BET
specific surface area and micropore volume decreased in Sample 1 (Si/Ti=45) and Sample 3 (Si/Ti=578) after
the thermal stability testing at 1150 °C.
Fig. 6 shows the UV–vis spectra of rutile TiO2 and Ti-CHA zeolite (Samples 1–3) after the thermal
treatment. Another peak was observed at ca. 380 nm in Sample 1 (Si/Ti=45) after the thermal treatment, in
addition to the peaks at ca. 220 nm and ca. 330 nm relating to the isolated tetrahedrally coordinated Ti species
and anatase TiO2, respectively. This result suggested the presence of rutile TiO2. The decrease of the BET
specific surface area and micropore volume in Sample 1 after the thermal treatment at 1150 °C was likely
caused by the transformation of the anatase TiO2 into rutile TiO2. When anatase TiO2 is heated to 900 °C or
above, it is known to transform to rutile TiO2. In addition, it is also considered that the isolated tetrahedrally
coordinated Ti species in the zeolite framework was removed. Then, the aggregation and transformation to the

anatase TiO2 may be occurred. Therefore, the zeolite pore structure of Sample 1 changed after the thermal
treatment at 1150 °C. In Sample 2 (Si/Ti=347) and Sample 3 (Si/Ti=578), no peaks from rutile TiO2 were
observed. However, because only a small amount of the anatase TiO2 was present in samples 2 and 3, the rutile
TiO2 might not be detectable in the UV–vis spectra. It is considered that the decrease in the BET specific surface
area and micropore volume of Sample 3 due to the thermal treatment at 1150 °C can be simply attributed to the
small amount of Ti in the zeolite framework. Thus, we found that the Ti-CHA zeolite was stable up to 1150 °C
in the synthesis method of this study compared previously reported Al-CHA zeolite and Si-CHA zeolite. The
optimum Si/Ti ratio in this preparation condition was 347 regarding the thermal stability.

3.3. Evaluation of acid stability
Fig. 7 shows the XRD patterns of CHA-type zeolite (Sample 1–5) before and after the acid treatment.
The crystallinity of the Al-CHA zeolite (Sample 4) decreased after treatment with the 5M HCl solution, owing
to the acid leaching Al from the zeolite, which decomposed its framework structure [29]. The crystal structure
of the Ti-CHA zeolite (Samples 1–3) and the Si-CHA zeolite (sample 5) were maintained after the HCl
treatment at 75 °C for 5 days. We found that the CHA-type zeolite without Al had excellent stability to acid.
Table 3 lists the BET specific surface areas and micropore volumes of the CHA-type zeolites (Samples
1–5) before and after the acid treatment. We observed that the BET specific surface areas and the micropore
volume increased in Sample 2 (Si/Ti=347) and Sample 3 (Si/Ti=578).
Fig. 8 shows the Si/Ti ratio of Ti-CHA zeolites (samples 1–3) before and after acid treatment. The Si/Ti
ratio in Sample 1 increased from 45 to 68 after acid treatment in ICP analysis. Conversely, the Si/Ti ratios of
Sample 2 and Sample 3 decreased from 347 to 578 to 304 and 478, respectively. Hence, it is considered that
the amount of Ti decreased in Sample 1 and the amount of Si decreased in Samples 2 and 3 by acid treatment.
Fig. 9 shows the UV–vis spectra of the Ti-CHA zeolites (Samples 1–3) after the acid treatment. Peaks,
assignable to isolated tetrahedrally coordinated Ti species, were clearly observed at ca. 220 nm in the UV–vis
spectra of all Ti-CHA zeolites after the acid treatment [14,20]. Thus, we confirmed that Ti was present in the
CHA-type zeolite framework. The Ti species of the Ti-CHA zeolites were similarly discussed in terms of the

peak ratio at ca. 220 nm and ca. 330 nm relating to isolated tetrahedrally coordinated Ti species and the anatase
TiO2, respectively. The peak ratios of Samples 1–3 were 0.19, 0.05, and 0.02, respectively, although the peak
ratios before the acid treatment were 0.38, 0.07, and 0.05, respectively. The peak ratios of all the Ti-CHA
zeolites were lower than those before the acid treatment. These changes indicate that the amount of anatase
TiO2 in the zeolite was reduced by the acid treatment.
The results of the Si/Ti ratio and UV–vis spectra after acid treatment suggest that small amounts of
anatase TiO2 and Si species were present in the Ti-CHA zeolite pores and on the outer surface zeolite. We
suspected that the increases of the BET specific surface area and the micropore volume in Samples 2 and 3
after the acid treatment were caused by a reduction in the amounts of anatase TiO2 and Si species in the zeolite
pores and on the outer surface zeolite. We found that the BET surface area and pore volume of the Ti-CHA
zeolite could be increased by the acid treatment.

3.4. Comparison of amount of water adsorbed
Fig. 10 shows water adsorption isotherms measured at 40 °C for the Ti-CHA zeolite (Sample 2), the AlCHA zeolite (Sample 4), and the Si- CHA zeolite (Sample 5). The amount of adsorbed water for the Al-CHA
zeolite was the highest among the three zeolites. It is known that the silicon, aluminum, oxygen atoms in zeolite
framework as well as cation located in zeolite pore have the partial charges [30]. Thus, H2O was likely adsorbed
onto the Al-CHA zeolite by strong interactions. The amount of water adsorbed to the Si-CHA zeolite was
considerable less than that adsorbed to the Al-CHA zeolite. This result was attributed to the hydrophobic pore
system because the framework consists of Si-O-Si bonds [13]. Furthermore, although the BET specific surface
area and micropore volume of the Ti-CHA zeolite were larger than those of the Si-CHA zeolite, the amount of
water adsorption was reduced. These results suggest that the pore system based on Si-O-Ti bonds had a higher
hydrophobicity than that based on Si-O-Si bonds. The pores of the Si-CHA zeolite may be slightly more
hydrophilic than the pores of the Ti-CHA zeolite. In addition, although the peak intensities in the XRD patterns
were almost the same, the crystallinity of the Si-CHA zeolite might be lower than that of the Ti-CHA zeolite.
Thus, silanol groups might have been generated in the Si-CHA zeolite compared with the Ti-CHA zeolite [4,13].

4. Conclusion
In this study, CHA-type titanosilicate zeolites (Ti-CHA) with various Si/Ti ratios were synthesized by a 24-h
reaction with the use of inexpensive colloidal silica and titanium oxide as Si and Ti sources, respectively. The
Ti-CHA zeolite showed excellent thermal and acid stability at 1150 °C and 5M HCl, respectively. It was
demonstrated that the thermal stability and hydrophobicity of Ti-CHA zeolite was higher than those of reported
Al-CHA zeolite and Si-CHA zeolite. The optimum Si/Ti ratio of the Ti-CHA zeolite in this synthesis condition
was 347 regarding the thermal stability. Furthermore, the water adsorption amount with the Si/Ti of 347 was
the lowest among the high-silica CHA-type zeolites (Al-CHA) and pure-silica CHA-type zeolites (Si-CHA)
synthesized in this study. These results indicate that the Ti-CHA zeolite is a promising material for gas
separation processes that operate in the presence of water and hydrogen sulfide.

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.org/10.1016/j.micromeso.2018.07.005.
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Captions
Fig. 1.

XRD patterns of (a) Ti-CHA zeolite (Si/Ti=15), (b) Ti-CHA zeolite (Si/Ti=30), (c) Ti-CHA zeolite
(Si/Ti=57), (d) Anatase TiO2, (e) Rutile TiO2, (f)Brookite TiO2.

Fig. 2.

FE-SEM images of (a) Ti-CHA zeolite (Sample 1), (b) Ti-CHA zeolite (Sample 2), and (c) Ti-CHA
zeolite (Sample 3).

Fig. 3.

FT-IR spectra of (a) Ti-CHA zeolite (Sample 1), (b) Ti-CHA zeolite (Sample 2), (c) Ti-CHA zeolite
(Sample 3), and (d) Si-CHA zeolite (Sample 5).

Fig. 4.

UV–vis spectra of (a) Ti-CHA zeolite (Sample 1), (b) Ti-CHA zeolite (Sample 2), (c) Ti-CHA zeolite
(Sample 3). and (d) Anatase TiO2.

Fig. 5.

XRD patterns of various CHA zeolites after thermal treatment at 1000–1150 °C. (a) Al-CHA zeolite
(Sample 4), (b) Si-CHA zeolite (Sample 5), (c) Ti-CHA zeolite (Sample 1), (d) Ti-CHA zeolite
(Sample 2), and (e) Ti-CHA zeolite (Sample 3).

Fig. 6.

UV–vis spectra of (a) Ti-CHA zeolite (Sample 1), (b) Ti-CHA zeolite (Sample 2), (c) Ti-CHA zeolite
(Sample 3) after thermal treatment at 1150 °C, (d) Rutile TiO2.

Fig. 7.

XRD patterns of various CHA zeolites after acid treatment with HCl solution at 75 °C for 5 days. (a)
Al-CHA zeolite (Sample 4), (b) Si-CHA zeolite (Sample 5), (c) Ti-CHA zeolite (Sample 1), (d) TiCHA zeolite (Sample 2), and (e) Ti-CHA zeolite (Sample 3).

Fig. 8.

Si/Ti ratio of Ti-CHA zeolite (Samples 1–3) before and after acid treatment with HCl solution at 75 °C
for 5 days.

Fig. 9.

UV–vis spectra of (a) Ti-CHA zeolite (Sample 1), (b) Ti-CHA zeolite (Sample 2), (c) Ti-CHA zeolite
(Sample 3) after acid treatment with HCl solution at 75 °C for 5 days.

Fig. 10. H2O adsorption isotherms of (a) Al-CHA zeolite (Sample 4), (b) Si-CHAzeolite (Sample 5), and (c)
Ti-CHA zeolite (Sample 2) at 40 °C.

Table 1 Physicochemical properties of various CHA zeolites.

Table 2 BET Surface area and micropore volume of CHA zeolites after thermal treatment at 1150 °C.
Table 3 BET Surface area and micropore volume of CHA zeolites after acid treatment with HCl solution at
75 °C for 5 days.

