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Fabrication of hierarchical porosity in microporous zeolites is a key to overcome the inherent 

mass-transfer limitation and to improve the molecular accessibility to the active sites. The 

present study reports a facile and cost-effective etching strategy based on the crystal 

metastability to construct hierarchical SAPO-34 (CHA-type) zeolite. The hierarchical SAPO-

34 with high crystallinity is obtained conveniently via an extended hydrothermal treatment 

without using any additional chemicals. The crystal etching is triggered by the metastability 

of SAPO-34 in the mother liquor. The hierarchical characteristics of etched SAPO-34 are 

found dependent on the crystallization-dissolution process controlled by the synthesis 

temperature and time. The products are systematically investigated by complementary 

characterization methods providing information on the textural properties and chemical 

environments of framework atoms. The resultant hierarchical zeolites exhibit improved 

diffusion and accessibility to the active sites in the micropores. Consequentially, the 
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hierarchical SAPO-34 zeolite shows remarkably enhanced catalytic performance in the 

methanol-to-olefin (MTO) reaction, compared with the microporous counterpart. The present 

approach to hierarchical zeolites could be extended to tailor the properties of other zeo-types. 

1. Introduction 

Zeolites are inorganic microporous crystalline materials widely applied in catalysis, 

adsorption, and separation processes.
[1]

 The uniform channels or cavities of the molecular 

dimension offer confined space for the molecules reacting inside, thus endowing the zeolites’ 

shape selectivity. The steric constraints of zeolite porosity can screen reactants and/or 

products that diffuse into or out of the zeolites by their molecular sizes.
[2]

 This shape 

selectivity is a unique zeolite feature distinct from other heterogeneous catalysts and has been 

extensively applied in the petrochemical and fine-chemical catalytic processes. The well-

defined pore structure of the zeolite, on the one hand, can afford high selectivity to the 

molecules with suitable molecular dimensions. However, on the other hand, the small pore 

size and long diffusion path length decrease the mass transport and cause severe coke 

deposition, resulting in low utilization efficiency and reduced catalytic performance of 

zeolites. Therefore, continuous efforts have been devoted to improving the diffusion in 

zeolites, besides maintaining their high selectivity and catalytic activity.
[3]

 In the past decades, 

the fabrication of hierarchical zeolites with two or three levels of porosity integrating intrinsic 

micropores has been proven to be an effective strategy for overcoming the diffusion 

constraints. 

Various approaches have been developed to prepare hierarchically porous zeolites, such 

as mesoporogen-directed method (hard- and soft-templating),
[4]

 mesoporogen-free method 

(seed-assisting and kinetical regulation, etc.),
[5]

 and post-treatment method (steam treatment, 

acid or alkali etching, fluoride etching, etc.).
[6]

 Nevertheless, the use of expensive reagents, 

complicated procedures, and substantial mass loss for most synthetic approaches inhibit 



  

3 

 

 

potential commercial use. Specifically, the high cost, possible health, and environmental 

issues of organic mesoporogen may limit the industrial application of mesoporogen-directed 

method. The mesoporogen-free approach may lead to the low crystallinity and yield of 

hierarchical zeolites. Meanwhile, it would generate a substantial amount of defect sites that 

reduce their hydrothermal stability. Whereas the hierarchical zeolites prepared by post-

treatment approaches generally suffer from severe damage of crystal and mass loss. Therefore, 

it remains an enormous challenge to develop facile, energy-efficient, and cost-effective 

synthetic strategies to construct hierarchical zeolites with abundant meso-/macropores, 

minimal mass loss, and high hydrothermal stability. 

The zeolites are metastable materials, and the variation of any of the synthetic variables 

may lead to changing the chemical equilibrium and, thus to dissolution or phase 

transformation.
[7]

 An already formed zeolite which is not in equilibrium with the mother 

liquor, is foredoomed to dissolution. Therefore, the metastability renders zeolites promising 

potential in pore architecture engineering, which was not used up to now. 

Silicoaluminophosphate SAPO-34 with CHA topology,
[8]

 has proven to be a highly 

efficient industrial catalyst for the production of ethylene and propylene by the methanol-to-

olefin (MTO) reaction.
[9]

 However, the intrinsic diffusion limitation of SAPO-34 restrains 

mass transport and cause severe coke deposition, thereby leading to rapid catalyst 

deactivation.
[9b, 10]

 As mentioned, the generation of hierarchical architecture by post-synthetic 

etching is a simple, cost-effective and efficient strategy to improve mass-transfer in 

zeolites.
[3b, 3c, 6a]

 However, it is challenging to tailor SAPO-34 zeolites using conventional 

acid/base leaching, mainly due to the less stable framework of SAPOs than that of the 

aluminosilicate zeolites. The difficulty comes from the framework alternation of aluminium 

and phosphorus, i.e., the preferential extraction of one of them leads to structural collapses. 

Therefore, it is indispensable to exploit an etching strategy that endows the indiscriminate 
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leaching, yet retains the framework structure and crystallinity of SAPO-34. Inspired by the 

metastability of zeolites,
[11]

 when they are not in equilibrium with the mother liquor, we have 

developed a one-pot synthesis and etching approach. The generation of mesopores is achieved 

by a simple extension of the crystallization time over crystal growth reaction.  Additionally, 

the hierarchical characteristics of mesoporous SAPO-34 zeolites can be modified by 

regulating the treatment temperature. The zeolite, in our case SAPO-34, starts to dissolve 

without destabilizing the framework and substantially varying the framework composition. 

Thus, the generation of a hierarchical material is controlled by the time and the temperature, 

and the zeolite remains in non-equilibrium with mother liquor. 

Herein we report a straightforward, environmentally benign and economical in situ 

etching strategy to prepare hierarchical SAPO-34 zeolites with high crystallinity and limited 

mass loss. The synergy between crystallization and dissolution of SAPO-34 crystal in mother 

liquor for constructing hierarchical architecture is highlighted and discussed, according to the 

systematic characterization of textural properties and chemical compositions of SAPO-34 

zeolites. The resultant hierarchical SAPO-34 zeolite shows remarkably enhanced catalytic 

performance with long catalytic lifetime and increased selectivity to ethylene and propylene 

in MTO reactions. 

2. Results 
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Figure 1. (a) Powder XRD patterns and (b) nitrogen adsorption-desorption isotherms of the 

as-synthesized SAPO-34 samples. 

The XRD patterns of the as-prepared samples are displayed in Figure 1(a) and Figure 

S1. Notably, SH-x-y samples were obtained by in situ etching with mother liquor. SPT-80-12 

was prepared by post-treatment with triethylamine (TEA) aqueous solution, and SQ sample 

was obtained by quenching the autoclave immediately after synthesis. All samples exhibit the 

characteristic peaks of CHA-type structure. No additional peaks or obvious amorphous halos 

are observed from the XRD patterns, indicating that all samples are crystalline after 

quenching and subsequent etching in the mother liquor. The peaks intensity of SH-RT-12, is 

lower than SQ sample, revealing a partial dissolution of crystals remaining in the mother 

liquor at room temperature (RT) for 12 h, which is an expected consequence of the SAPO-34 

metastability. The crystallinity of SH-80-12 and SH-180-12 samples is higher than SH-RT-12 

(Table 1 and Table S1, in the Supporting Information), which points out that upon 

hydrothermal treatment a new equilibrium in the system leading to a secondary growth of 

crystal was reached. The crystallinity of material treated at 180 °C (SH-180-12) is even higher 

than the reference SQ sample. This result shows that the equilibrium growth of SAPO-34 is 

temperature-dependent. Thus, the crystals obtained at a particular temperature could undergo 

dissolution (SH-80-12) or secondary growth (SH-180-12) as a function of temperature. The 

mass analysis of treated samples supported the above conclusion. The mass of SH-RT-12 is 

79% of the SQ reference (Table 1), revealing a certain level of dissolution. The material 

subjected to hydrothermal treatment at 80 °C (SH-80-12) showed a mass gain (92 wt.%) with 

respect to SH-RT-12. A similar result was obtained at 180 °C as the mass of the sample (SH-

180-12) was even higher than the reference SQ (112 wt.%), as shown in Table 1 and Table S1. 

Therefore, the analysis of the mass of treated samples corroborates the XRD study (Table 1). 

N2 adsorption-desorption analysis was performed to study the porous and textural 

properties of the SAPO-34 samples. As shown in Figure 1(b), all samples exhibit the type I 
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isotherm characteristic of microporous materials. A second uptake near saturation pressure 

(P/P0 > 0.8) indicative of the presence of mesopores was observed for SH-RT-12 and SH-80-12 

samples (Figure 1b).
[12]

 The surface and porous characteristics of all SAPO-34 samples are 

summarized in Table 1 and Table S2. The hierarchical SAPO-34 samples (SH-RT-12 and SH-

80-12) show decreased micropore volumes (0.26 cm
3
 g

−1
, 0.26 cm

3
 g

−1
) in comparison with 

the SQ and SH-180-12 materials (0.27 cm
3
 g

−1
, 0.27 cm

3
 g

−1
). The decrease in micropore 

volumes is in line with the decreased crystallinity measured by XRD. Meanwhile, an increase 

in the external surface area (Sext) and mesopore volume (Vmeso) of samples SH-RT-12, SH-80-

12, and SPT-80-12 is observed, which results from the introduced secondary porosity. The 

pore size distributions, as shown in Figure S2, prove the obvious presence of mesopores (ca. 

20 nm). 

Table 1. Framework composition, sample mass, X-ray crystallinity, and textural properties of 

the hierarchical SAPO-34 samples compared with the reference sample. 

a)
 Measured by an inductively coupled plasma (ICP) spectrometer. 

b)
 Mass = M2/M1, wherein M1 is the 

mass of the zeolite product without treatment (SQ), M2 is the mass of the sample after etching. 
c)

 Relative 

crystallinity was calculated by relative peak (2θ = 9.3–9.4, 15.8, and 20.4 °) intensity in the XRD pattern. 
d)

 

SBET (total surface area) was calculated by applying the BET equation using the linear part (0.05 < P/P0 < 

0.30) of the adsorption isotherm. 
e)

 Sext (external surface area) and Vmicro (micropore volume) were 

calculated using the t-plot method. 
f)
 Vmeso (mesopore volume) calculated using the BJH method (from 

desorption). 

The morphology of the treated SAPO-34 samples is studied by combining scanning 

(SEM) and transmission electron microscopy (TEM). The SEM images of the as-synthesized 

SAPO-34 sample is shown in Figure S3. SAPO-34 crystals exhibit the typical for this 

material pseudo cubic morphology with an average particle size of about 2 μm. Compared 

Sample Molar compositions 
a
 

Mass 
b
 

(%) 

Relative 
crystallinity 

c
 

(%) 

SBET 
d
 

(m
2
 g

-1
) 

Sext 
e
 

(m
2
 g

-1
) 

Vmicro 
e
 

(cm
3
 g

-1
) 

Vmeso 
f
 

(cm
3
 g

-1
) 

SQ Si0.08Al0.49P0.43O2 100 100.0 534 9 0.27 0.02 

SH-RT-12 Si0.09Al0.48P0.43O2 79 58.7 558 15 0.26 0.04 

SH-80-12 Si0.08Al0.50P0.42O2 92 70.0 583 32 0.26 0.04 

SH-180-12 Si0.07Al0.48P0.45O2 112 102.4 524 5 0.27 0.01 

SPT-80-12 Si0.09Al0.48P0.43O2 57 45.0 574 58 0.24 0.03 
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with SQ sample, the SH-RT-12 samples show a rough surface with many holes, which results 

from the in situ mother liquor dissolution, as evidenced by the analysis of textural properties. 

Notably, the etching temperature increase to 80 °C (SH-80-12) results in a symmetric cross-

shaped dissolution profile. Furthermore, larger and deeper pores are observed in the SAPO-34 

crystals upon prolonged (SH-80-24) treatment at 80 °C (Figure S3(f) in the Supporting 

Information). On the other side, we found out that the sample gained in mass upon treatment 

at 80 °C (Table 1). Therefore, the phenomena of both dissolution and growth take place at this 

temperature. Based on the mass gain, we conclude that the dominant process is secondary 

growth. This phenomenon is more pronounced at higher treatment temperatures. Upon 

treatment at temperatures higher than 100 °C, the etched regions gradually diminish and 

eventually disappear upon treatment at 180 °C (Figure S3(i) in the Supporting Information), 

signifying that the crystallization outperforms the dissolution in this temperature range. 

 

Figure 2. TEM images of as-synthesized SAPO-34 samples (a) SQ, (b) SH-RT-12, (c) SH-80-

12, (d) SH-180-12. 

TEM provides further insights into the structure and morphology of the series of SAPO-

34 samples (Figure 2 and Figure S4 in the Supporting Information). The light and shade 

contrast symmetric cross-shaped structures of etched SAPO-34 samples reveal zones with 
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different density in the materials. As shown in Figure 2(a), the SQ sample exhibits the 

symmetric cross-shaped structures with low dark-to-light contrast. This result shows that the 

synthesis time was too long, and the crystals were already in non-equilibrium conditions. This 

process was accentuated after cooling down and keeping the crystals at RT for 12 h (Figure 

2b). Four of the crystal faces are preferentially dissolved, which generates a structure 

resembling a “sand-watch”. The exact phenomenon staying behind the dissolution profile is 

not known. However, our previous studies revealed that the defect zones in zeolite control to a 

great extent, the dissolution process.
[13]

 In accordance with the N2 adsorption-desorption 

analysis, the secondary larger pores observed by TEM and SEM correspond to the extra 

mesopores (ca. 20 nm) and macropores (ca. 60 nm) in SH-RT-12 and SH-80-12 crystals. It is 

worth noting that, when the in situ etching temperature is higher to 80 °C, the symmetric 

cross-shaped structure gradually diminishing and disappears after treatment at 180 °C (Figure 

S4 in the Supporting Information). No large secondary pores are observed on the SH-180-12 

sample. This is in line with the results of XRD patterns and SEM images, which further 

confirms the recrystallisation of SAPO-34. 

The compositions of resulting SAPO-34 samples determined by ICP-OES are given in 

Table 1 and Table S1. The etched samples (SH-RT-12, SH-80-12, and SH-180-12) show the 

comparable framework compositions with SQ. The results demonstrate that the mother liquor 

etching is non-selective towards a particular framework cation. Thus, the unbiased chemical 

dissolution generates a hierarchical material with a composition similar to the parent. 

Table 2. Textural properties of the recrystallized and post-treated SAPO-34 catalysts. 

Sample 
SBET 

(m
2
 g

-1
) 

Sext 
(m

2
 g

-1
) 

Vmicro 
(cm

3
 g

-1
) 

Vmeso 
(cm

3
 g

-1
) 

SR-60-24 625 36 0.24 0.03 

SR-80-24 633 71 0.25 0.07 

SR-120-24 547 19 0.25 0.03 

SR-180-24 527 7 0.26 0.01 
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The above analyses manifest that the mother liquor etching can effectively tailor a 

hierarchical architecture. The hierarchical characteristics correlate with the dissolution and 

secondary growth processes in the mother liquor, which is dependent on the etching 

temperature and time. 

Mother liquor etching was compared with a conventional post-synthesis etching of 

SAPO-34 using aqueous triethylamine (TEA) solution as an etching agent. SAPO-34 was 

subjected to etching in aqueous TEA solution at 80 °C for 12 h (SPT-80-12). As can be seen in 

Table 1, both the yield and crystallinity of SPT-80-12 are lower than that of SH-80-12 sample 

etched in the mother liquor under similar temperature-time conditions. The Vmicro of TEA 

post-treated SPT-80-12 (0.24 cm
3
 g

-1
) is lower than that of SH-80-12 (0.26 cm

3
 g

-1
) (Table 2). 

The crystallinity of SPT-80-12 is also lower than SH-80-12 (Figure 1a). The TEM image of 

SPT-80-12 in Figure 4(d) shows that the crystals are deeply etched and even fragmented to 

small pieces. Briefly, the aqueous TEA aqueous solution etching is much more aggressive 

than mother liquor's one, leading to substantial crystallinity and mass losses. Thus, TEA 

which is a structure-directing agent for SAPO-34 acts as an etching agent when the crystals 

are not in equilibrium with mother liquor.
[14]

 The dissolution and growth behavior of SAPO-

34 in the mother liquor is investigated by subjecting the RT etched sample (SH-RT-12) to 

treatment at different temperatures for 24 h. The XRD patterns of the as-synthesized samples 

(SR-60-24, SR-80-24, SR-120-24 and SR-180-24) are given in Figure 3(a). Compared with SH-

RT-12, the samples SR-60-24 and SR-80-24 
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Figure 3. (a) Powder XRD patterns and (b) Nitrogen adsorption-desorption isotherms of the 

recrystallized SAPO-34 samples. 

are etched more deeply. Larger pores penetrate into the crystal core, as some sections of the 

crystals are segmented (Figure 4(a), Figure S4(f), and Figure S5(a)-(b) in the Supporting 

Information). However, as shown in Figure 4(b)-(c) and Figure S5(c)-(d), the crystals are 

recovered with freshly grown layer when the hydrothermal treatment temperature is raised to 

120 °C and 180 °C. The reduction of the extra larger pores is in line with the decrease in the 

external surface area (Sext) (Figure 3b and Table 2). Notably, the mass gain and relative 

crystallinity of the samples (SR-60-24, SR-80-24, SR-120-24, and SR-180-24) increase with the 
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Figure 4. (a)-(d) TEM images of SAPO-34 samples SR-60-24, SR-120-24, SR-180-24 and SPT-

80-12, and (e) Normalized Si, Al and P contents in the mother liquor of SR samples. 

rise of the temperature (Table S3, in the Supporting Information). We further investigated the 

evolution of crystals at 180 °C for different treatment periods. As shown in Figure S5(e)-(g), 

the secondary pores on samples SR-180-3, SR-180-6, and SR-180-12 gradually diminish with 

the increase of treatment time. 

The liquid compositions of the mother liquors were analyzed by the ICP-OES to 

elucidate the dissolution and etching processes of SAPO-34. The high content of framework 

elements in the liquid phase implies that the crystal has been dissolved by the mother liquor, 

while the low content indicates the consumption of the framework ingredients by crystal 
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growth. As can be seen, the framework ingredients in the mother liquor are consumed at a 

temperature higher than 80 °C, indicating that a recrystallisation process takes place in the 

system (Figure 4e). These results demonstrate the dynamic equilibrium in the system that can 

switch the process from growth to dissolution and vice versa. 

 

Figure 5. (a) 
27

Al, (b) 
31

P and (c) 
29

Si solid-state MAS NMR spectra of as-prepared SAPO-34 

samples. 

Solid-state 
27

Al, 
29

Si and 
31

P MAS NMR spectroscopy were employed to probe the 

chemical environments of framework atoms in the hierarchical SAPO-34 samples. In Figure 

5(a), the 
27

Al MAS NMR signals at 34 ppm are attributed to tetrahedrally coordinated 

framework aluminium atoms.
[15]

 The weak signals at 12 ppm attribute to penta-coordinated 

aluminium atoms, while the weak peak at ca. -12 ppm is assigned to the octahedral extra-

framework aluminium atoms.
[15a, 16]

 The 
27

Al MAS NMR spectra of SQ, SH-RT-12, and SH-80-

12 samples are comparable. While SR-180-12 sample shows different 
27

Al MAS NMR 

spectrum, in which the signals at about 12 ppm and -12 ppm are almost invisible. In 

combination with TEM and textural analysis, the 
27

Al MAS NMR analysis of SR-180-12 

manifests that the recrystallisation may lead to the transformation of penta- and hexa-

coordinated aluminium species into the framework. Compared with SQ, the post-treated 
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sample SPT-80-12 exhibit weaker peaks at about 12 ppm and -12 ppm, suggesting that post-

etching results in the partial removal of penta-coordinated aluminium atoms and octahedral 

aluminium atoms. 
31

P MAS NMR spectra are shown in Figure 5(b), indicating that 

tetrahedrally coordinated phosphorus is present in the SAPO-34 samples based on the signal 

at about -30 ppm.
[15a, 17]

 

In the 
29

Si MAS NMR spectra (Figure 5c), the signals at about -90 ppm originating from 

the coordination state of Si(0Si4Al) show high intensity in all measured SAPO-34 samples.
[18]

 

The signals at around -101 ppm are ascribed to the coordination state of Si(2Si2Al).
[17, 19]

 It is 

worth noting that the sample SR-180-12 exhibits the weaker peaks at -108 and -115 ppm than 

that of the other samples, suggesting that less Si(3Si1Al) and Si(4Si0Al) species exist in the 

SR-180-12 sample due to the further regrowth process. The analysis of 
29

Si MAS NMR on SR-

180-12 is in accord with the result of 
27

Al MAS NMR. Moreover, it can be seen that the 

Si(4Si0Al) species in the resulting hierarchically SAPO-34 (SH-RT-12, SH-80-12 and SPT-80-

12) apparently decrease compared with the sample SQ, implying that both the in situ etching 

in the mother liquor and post-treatment in TEA aqueous solution could lead to a decrease of 

Si-island species. 

Summarizing these results, one can state that the dissolution-regrowth of SAPO-34 in the 

mother liquor provides a unique opportunity to tune the hierarchical characteristics of the 

material. The major stages of the process are summarized in Scheme 1. As shown, the mother 

liquor contains TEA, silicon, phosphorus, and aluminium species, which originate from the 

unreacted raw material or are extracted from the crystals during the etching process. These 

components play the role of ingredients in the growth process; meanwhile, after passing the 

equilibrium threshold TEA act as an etching agent. At low temperature (RT), the etching 

process overwhelms the crystallization, generating large secondary pores in crystals. Placing 

the system at a temperature higher than 80 °C switches the equilibrium from dissolution to 
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growth. Thus the etched crystal starts to grow and the generated mesopores start to close. 

Consequentially, the hierarchical pores in the etched samples disappeared upon high-

temperature hydrothermal treatment. At 180 °C, the regrowth generates a SAPO-34 with 

crystallinity higher than the parent synthesized at 200 °C. This result shows that 180 °C is a 

temperature more appropriate for the synthesis of SAPO-34. 

 

Scheme 1. Metastable behavior of SAPO-34 in the mother liquor as a function of the 

temperature. 

The NH3-TPD profiles of the prepared SAPO-34 samples are presented in Figure 6(a). 

Two ammonium desorption peaks centered at about 182 °C and 422 °C represent the weak 

and strong acid sites in the SAPO-34 zeolites.
[20]

 The desorption peaks corresponding to weak 

acid sites are comparable for all the measured samples. While the post-treated sample by 

aqueous TEA solution (SPT-80-12) shows a peak ascribing to strong acid sites at around 

390 °C, which is lower than that at around 422 °C for other SAPO-34 samples. The 

desorption peak at lower temperature indicates relatively weaker acidity. The ammonium 

desorption profiles manifest that the acidity of SPT-80-12 sample is weaker after aqueous TEA 

solution etching. It signifies that the later treatment damages the framework, thus leading to a 

decrease of acidity. It is noteworthy that the ammonia desorption profiles of SH-80-12 are 
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similar to that of SQ, implying that the acidity of hierarchical SH-80-12 samples hardly 

changed after in situ etching at 80 °C. The fact that SH-80-12 retaining the acidic properties is 

attributed to the indiscriminate extraction of framework atoms and largely preserved 

crystallinity under mother liquor etching. 

 

Figure 6. (a) NH3-TPD profiles of the counterpart and hierarchical SAPO-34 samples. (b) 

Methanol conversion variation with time-on-stream over the SAPO-34 catalysts with different 

etching conditions. Experimental conditions: WHSV = 2 h
-1

, T = 400 °C, catalyst weight = 

100 mg. 

The MTO reaction was applied to evaluate the catalytic performance of the prepared 

SAPO-34 catalysts at 400 °C with WHSV of 2.0 h
-1

. The conversion of methanol with the 

time on stream is given in Figure 6(b) and Figure S6. As shown, the methanol conversion 

reaches 100% at the beginning of the reaction. The catalytic lifetime, with 100% conversion 

of methanol, of the hierarchical sample SH-80-12, has been hugely prolonged and reached up 

to 5.8 h, which is nearly 3-folds of that over SQ (2.1 h) and 3-folds of that over the bulky 

crystal SSEED (1.8 h). The superior catalytic performance of SH-80-12 sample is ascribed to the 

introduction of secondary pores, which largely enhance the transport efficiency. The 

hierarchical pore structures in the SAPO-34 catalysts can effectively circumvent the diffusion 

limitation and retard coking, thereby leading to a prolonged lifetime. Noticeably, the lifetime 

of sample SH-180-12 (2.4 h) is comparable with the parent sample (SQ). It is attributed to the 

absence of secondary pores in SH-180-12 due to the dominant recrystallisation process at 
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180 °C. As exhibited in Table S4 and Figure S7, the selectivity of ethylene and propylene of 

sample SH-80-12 (83.81%) is 11.1% higher than the SSEED sample (72.74%). 

 

Figure 7. (a) TG curves of the SAPO-34 catalysts. (b) GC-MS chromatograms of organic 

coke species in the catalysts after methanol conversion at 400 °C. The structures annotated 

onto the chromatograms are peak identifications in comparison with the mass spectra to those 

in the NIST database, and hexachloroethane (C2Cl6) was the internal standard. 

After the reaction, the used SAPO-34 samples were analyzed by TG to evaluate the coke 

content (Figure 7a and Table S5). The coke species were identified by GC-MS and shown in 

Figure 7(b). As shown in Table S5, the rate of coke deposition of sample SH-80-12 is only 

0.06 mg min
-1

, which is much lower than that of the other samples. The abundant meso- and 

macropores in the catalyst enhance the diffusion and retard coke deposition. Moreover, 

compared with the hierarchical samples, there is more coke deposited on the sample SQ. As is 

illustrated in Figure 7(b), the amount of bulky polycyclic aromatics, such as phenanthrene, 

pyrene, and their derivatives in the sample SH-80-12 are obviously larger than that of the 

sample SQ. It indicates that the meso- and macropores in hierarchical SAPO-34 catalysts are 

of great importance in accommodating bulky coke species. Due to hierarchical structures 

constructed by in situ etching in the SAPO-34 zeolites, the active sites in the microporous 

space are more accessible and mass transfer is improved, thereby restraining the rapid coke 

deposition during methanol conversion. Consequently, the hierarchical SAPO-34 sample 

shows a largely extended lifetime and boosted selectivity to C2H4 and C3H6 in MTO reactions. 
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3. Conclusion 

In summary, a simple, environmentally benign and economical etching approach to 

generate hierarchical zeolites was reported. The approach, exemplified by the preparation of 

hierarchical SAPO-34, is based on the zeolite metastability. After the completion of zeolite 

crystallization, the extension of treatment time or shifting the system to a lower temperature 

places the zeolite in a non-equilibrium state, and thereby a partial dissolution process starts. 

This way, based on metastability, which is a fundamental zeolite characteristic, a hierarchical 

pore structure can be obtained. It was found that the metastability is temperature dependent 

reaction, as the SAPO-34 crystal dissolution takes place at low temperature (RT to 80 °C). In 

comparison, at high temperature (100 to 180 °C) the etched crystals regrow. Therefore, 

selecting a specific crystallization temperature, then cooling down to RT and heating up again, 

allows engineering the zeolite hierarchical pore architecture. This is achieved without using 

additional chemicals or treatment steps. The present study provides a simple, straightforward, 

and environmentally method for preparing hierarchic porous structures, which can be applied 

to different zeo-types. 

4. Experimental Section 

4.1. Reagents 

The following reagents were employed: phosphoric acid (H3PO4, 85 wt.%, Beijing 

Chemical Reagent Company), pseudo-boehmite (Al2O3, 62.5 wt.%, Vista Company), 

triethylamine (TEA, 99 wt.%, Fuyu Company), colloidal silica (SiO2, 40 wt.%, Sigma-

Aldrich Company). Ultrapure water was obtained with the Merck Milli-Q Ultra-Pure Water 

System. 

4.2. Synthesis 

Synthesis of SAPO-34 zeolite seeds: The molar composition of the reaction mixture was set to 

0.3SiO2: 1.0Al2O3: 1.1P2O5: 4.5TEA: 70H2O. Specifically, H3PO4 and ultrapure water were 
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mixed, then pseudo-boehmite was added to the above mixture. After stirring for 1 h at room 

temperature, TEA was added dropwise into the mixture, followed by continuous stirring for 

another 1 h. Finally, colloidal silica was added dropwise into the synthesis gel. The reaction 

mixture was further stirred for 3 h and then was transferred into a 100 mL Teflon-lined 

stainless-steel autoclave. The crystallization proceeded in a conventional oven at 200 °C for 

24 h. The as-synthesized solid product was centrifuged, washed with water, and then dried at 

90 °C in an oven overnight, followed by calcination at 600 °C for 8 h and was denoted as 

SSEED. 

Preparation of quenched SAPO-34 zeolite: The molar composition of the reaction mixture 

was set to 0.3SiO2: 1.0Al2O3: 1.1P2O5: 4.5TEA: 70H2O: 8.0 wt.% seed. The synthesis 

procedure was similar to that for SSEED, except an additional introduction of 8.0 wt.% SSEED 

into the synthesis mixture. Seeds were employed to obtain smaller crystals. The synthetic gel 

was then transferred into 20 mL Teflon-lined stainless-steel autoclaves with static 

crystallization at 200 °C for 24 h. Afterwards, the reaction system was quenched immediately. 

And the solid product was centrifuged, washed, and calcined. The resulting product denoted 

as SQ was used as a reference sample. 

Synthesis of hierarchical SAPO-34 zeolites by in situ etching in mother-liquor: The series of 

SH samples were prepared by transferring quenched autoclaves of SQ to the ovens at different 

temperatures. Specifically, after obtaining the quenched autoclaves contained SQ sample, the 

quenched autoclaves were transferred to the ovens at temperatures from room temperature to 

180 °C for 3–24 hours. After that, the as-synthesized solid products were centrifuged and 

washed with water, then dried at 90 °C overnight, followed by calcination at 600 °C for 8 h. 

The prepared samples were denoted as SH-x-y, in which symbol x refers to the in situ etching 

temperature and y represents the treatment time in hours, respectively. 
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Preparation of hierarchical SAPO-34 zeolite by post-treatment in TEA aqueous solution: For 

comparison, the conventional post-treatment approach was used to prepare hierarchical 

SAPO-34 sample. The parent sample used for TEA post-etching was obtained following the 

protocol of synthesis of the above sample SQ, but without calcination. Specifically, 1.4 g of 

the parent sample was added into the TEA aqueous solution, which contains 2.68 g of TEA 

and 8.08 g of ultrapure water. The mixture was transferred into 20 mL Teflon-lined stainless-

steel autoclave and maintained at 80 °C for 12 h. The solid product, denoted SPT-80-12, was 

centrifuged, washed, dried, and calcined. 

Preparation of recrystallized SAPO-34 zeolites by further in situ etching SH-RT-12: The series 

of SR samples were prepared for the investigation of recrystallisation process in the mother 

liquor. Specifically, the in situ etching procedure was similar to that of series of SH samples, 

except that the parent sample is not SQ but SH-RT-12. After quenching and keeping at RT for 

12 h (SH-RT-12), the obtained autoclaves were subsequently put back into the oven at 60 °C, 

80 °C, 120 °C, and 180 °C for another 24 hours. The prepared solid was sequentially 

centrifuged, washed, dried at 90 °C overnight, and calcined at 600 °C for 8 h. The obtained 

samples were donated as SR-a-b, in which R refers to the recrystallized samples, and symbol a 

and b represent for the temperature and duration of recrystallisation, respectively. 

4.3. Characterization 

The phase analysis and crystallinity of SAPO-34 samples were studied by powder X-ray 

diffraction operated on a Rigaku DMax-2550 diffractometer with Cu Kα radiation (λ = 1.5418 

Å). The crystal morphology and size were studied with field emission scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM), operating on the JSM-

7800F, JSM-7610F, and Tecnai F20 electron microscopy, respectively. The compositions of 

samples were analyzed with inductively coupled plasma-optical emission spectrometry (ICP-

OES), carried out on a PerkinElmer Optima 3300 DV ICP instrument. Nitrogen adsorption-
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desorption measurements were carried out on the Micromeritics 2020 analyzer at 77.35 K 

after the samples were degassed at 350 °C under vacuum for 10 h. The acidic properties of 

samples were tested by temperature-programmed desorption of ammonia (NH3-TPD) on a 

Micromeritics AutoChem II 2920 automated chemisorption analysis unit with a thermal 

conductivity detector (TCD) under helium flow. 
29

Si MAS NMR, 
27

Al MAS NMR, and 
31

P 

MAS NMR experiments were performed on a Bruker Avance III/WB-400 spectrometer using 

a 4-mm MAS probe at a spinning rate of 12 kHz, corresponding to a frequency of 79.50 MHz. 

4.4. Catalytic Test and Carbon Deposition Analysis 

The MTO reaction was carried out in a quartz tubular fixed-bed steel reactor with a 

length of 30 cm and an inner diameter of 6 mm under atmospheric pressure. 0.1 g (40–60 

mesh) catalyst of calcined SAPO-34 sample was packed in the center of quartz wools. The 

sample was pre-treated in N2 flow of 30 mL min
-1

 at 500 °C for 1 h, and then the temperature 

of the reactor was adjusted to 400 °C. The reactant methanol was fed by a carrier gas (N2, 10 

mL min
-1

) through a saturator containing methanol at 40 °C, which gave the estimated weight 

hourly space velocity (WHSV) of 2.0 h
-1

. The reaction products were analyzed by an on-line 

gas chromatograph (Agilent GC 7890N) equipped with flame ionization detector (FID) and 

Plot-Q capillary column (Agilent J & WGC Columns, HP-PLOT/Q19091P-Q04, 30 m × 320 

µm × 20 µm). The conversion and selectivity were calculated on CH2 basis. 

The amount of generated coke in SAPO-34 catalysts after the MTO reactions was 

determined by thermal analysis (TG) on a TGA Q500 at a heating rate of 10 °C min
-1 

from 

room temperature to 800 °C under airflow. To analyze the coke species, the exhausted SAPO-

34 catalysts were etched in a HF solution for 24 h and then extracted by dichloromethane 

(CH2Cl2). Subsequently, the obtained solutions with the hexachloroethane (C2Cl6) as an 

internal standard were analyzed by a gas chromatograph equipped with a mass sensitive 
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detector (GC-MS). (Thermo Fisher Trace ISQ, equipped with TG-5MS column, 60 m × 320 

µm × 25 µm). 
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solution 

 

 
 

After the completion of zeolite crystallization, shifting the system to a lower temperature 

(25 to 80 °C) places the metastable zeolite in a non-equilibrium state, and thereby a partial 

dissolution process starts by in situ etching crystals. The hierarchical zeolites with high 

crystallinity and limited mass loss can be obtained conveniently via an extended hydrothermal 

treatment in the mother liquor without using any additional chemicals. 


