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A B S T R A C T

An eco-friendly and cost-effective approach for the fast synthesis of SSZ-13 with tunable Al distribution has been 
developed by utilizing coal gangue as an inorganic source under the assistance of embryonic CHA zeolite. The 
proportion of Al species with close spatial proximity (Alpairs and Alclose) in SSZ-13 can reach as high as 73 %. The 
Al pairs-enriched Cu/SSZ-13 (named Cu/GS6) facilitates the formation of hydrothermally stable Cu2+-2Z species 
and shows a broad NH3-SCR working temperature window (T90: 175–600 ◦C, GHSV = 300,000 h− 1) and robust 
resistance to hydrothermal aging at 800 ◦C. Both framework Al distribution and structural integrity are 
demonstrated to be key factors determining the catalytic activity and hydrothermal stability of Cu/SSZ-13. The 
(Alpairs and Alclose) species are more efficient than isolated Al species for the migration of active Cu species, 
contributing to the superior low-temperature activity of Cu/GS6. Moreover, it is revealed that structural defects 
in zeolites lead to aggravated framework dealumination during Cu-based catalyst preparation and hydrothermal 
aging, which should be minimized to enhance the catalyst stability. The efficient utilization of industrial solid 
waste for controllable synthesis of SSZ-13 and the insights into the synthesis-property-performance relationships 
are expected to prompt the development of high-performance NH3-SCR catalysts and their application.

1. Introduction

Coal gangue, an industrial solid waste produced during coal mining 
and washing, accounts for approximately 10–15 % of the total output of 
raw coal [1]. The massive accumulation of coal gangue leads to envi
ronmental problems and geological hazards. As the main components of 
coal gangue are SiO2 and Al2O3, the conversion of coal gangue into 
functional materials, such as zeolites, adsorbents and ceramics, has been 
attracting considerable interest. This provides a cost-effective and eco- 
friendly approach to the manufacturing of materials with high value 
and would promote their practical applications.

Zeolite materials are important solid catalysts owing to their unique 
shape-selectivity and adjustable acidity [2]. Among zeolites, small pore 
zeolite SSZ-13 (CHA type) has received great attention in recent years, as 
Cu-based SSZ-13 (Cu/SSZ-13) exhibits promising catalytic performance 
for methane to methanol [3] and NH3-selective catalytic reduction of 

NOx (NH3-SCR). Although Cu/SSZ-13 has been commercialized as NH3- 
SCR catalyst for diesel engine exhaust treatment [2,4], it is still highly 
desirable to develop eco-friendly strategy to high-performance Cu/SSZ- 
13 catalyst with improved SCR catalytic activity, hydrothermal dura
bility and widened operation window, in order to meet the increasingly 
stringent emission standards.

The atomic-level understanding of the function of Cu active sites in 
Cu/SSZ-13 provides guidance for NH3-SCR mechanism elucidation and 
catalyst optimization. It has been demonstrated that the NH3-SCR re
action at low temperature (~150–250 ◦C) occurs on the NH3-solvated 
Cu cations in zeolite nanocages via the Cu(I)/Cu(II) catalytic cycle. The 
transfer of active Cu species is crucial for the reaction efficiency, as the 
key intermediates involve the pairing of Cu species within the cages 
[5,6]. When the temperature was higher than 250 ◦C, Cu-NH3 complexes 
(only stable at low temperature) will dissociate, the transfer of Cu spe
cies becomes difficult, and the NH3-SCR reaction occurs on the single 
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isolated Cu species. There are two active centers in Cu/SSZ-13: isolated 
Cu2+-2Z and [Cu(OH)]+-Z [5]. The Cu2+-2Z species are anchored to Al 
pairs in the framework and hence possess better high-temperature sta
bility owing to its interaction with Al pairs in the framework. Whereas 
for [Cu(OH)]+-Z, the relatively weak interaction with the framework 
endows their higher mobility, and thus enhanced low-temperature ac
tivity. The high mobility of [Cu(OH)]+-Z, however, would induce its 
conversion to CuOx clusters when exposed to steam at high temperature, 
causing loss of active sites and dealumination/degradation of the 
framework. There is thus a trade-off between the hydrothermal stability 
and low-temperature activity of Cu/SSZ-13 catalyst.

Recently, the importance of Al (acid) density of Cu/SSZ-13 support 
has also been revealed, which affects the dynamic migration of Cu 
species at low temperature and their reactivity [5,7–9]. Based on Cu/ 
SSZ-13 catalysts of varying framework Al density, Gounder et al. 
demonstrated that increasing the Al density can lead to the increase of 
Cu(I) species proportion and Cu(I) oxidation rate constants [8]. Fu et al. 
reported that the spatial distribution of framework Al sites affects the 
inter-cage diffusion and reactivity of Cu(I)(NH3)2 [9]. Wu et al. found 
that the Brӧnsted acid sites (BASs) have a strong kinetic correlation with 
the oxidation half-cycle of Cu species at low temperatures. The loss of 
BASs will hinder the hydrolysis of Cu(II)(NH3)4 and the migration of Cu 
(II)(OH)(NH3)3 [7]. Chen et al. reported that the increase of paired Al in 
SSZ-13 can promote the formation of Cu2+-2Z, and suppress the loss of 
active Cu species and framework dealumination. Our works based on 
Cu/SAPO-34 also revealed the significant impact of acidity on low- 
temperature activity [10]. Moreover, the BASs were proposed to 
contribute to NH3-SCR reaction by decomposing HONO/H2NNO in
termediates into N2 and H2O [11].

The above works imply that the Al distribution in parent SSZ-13 
affects the Cu distribution, mobility and reactivity of Cu species. The 
synthesis of SSZ-13 with controllable Al distribution can adjust the Cu 
distribution and thus regulate the catalytic activity and hydrothermal 
stability. Hitherto, the strategies developed for adjusting the Al distri
bution in SSZ-13 include modulating alkali metal ions [12,13], the 
choice of organic structure-directing agents (OSDAs) [14] and employ
ing nucleation seeds [15]. Gounder et al. explored the cooperation/ 
competition between Na+/K+ and N,N,N-trimethyl-1- 
adamantammonium hydroxide (TMAdaOH) for the occupation in 
microporous voids of SSZ-13, and rationalized the differences of Na+

and K+ in stabilizing different Al configurations. However, the synthesis 
of SSZ-13 generally suffers the excessive usage of expensive TMAdaOH 
or long crystallization period, especially when attempting to enhance 
the proportion of framework Al pairs. It would be valuable to develop a 
highly efficient and cost-effective synthetic strategy for SSZ-13 with 
controllable Al distribution.

In this work, we report the eco-friendly and fast synthesis of SSZ-13 
for NH3-SCR by utilizing dealuminated coal gangue as an inorganic 
source under an ultra-low TMAdaOH usage (OSDA/Si = 0.045–0.072). 
Coal gangue was previously used for the synthesis of zeolites A and X 
(Si/Al = 1 ~ 3) owing to its low-silica composition [16,17]. A treatment 
method was developed herein to prepare dealuminated coal gangue 
with high reactivity and appropriate composition for SSZ-13 synthesis. 
The Al distribution of SSZ-13 can be facilely modulated by varying the 
NaOH dosage in the initial gel. The relations between the Al distribution 
and Cu species as well as the acidity, defects and catalytic performance 
were investigated to rationalize the superior catalytic activity and hy
drothermal durability of Cu/SSZ-13 for NH3-SCR reaction. Based on the 
established correlation of synthesis-property-performance, synthesis 
regulation is proposed for the preparation of high-performance Cu/SSZ- 
13 catalyst with enhanced hydrothermal stability.

2. Experimental

2.1. Chemical reagents

The chemical regents used include sodium aluminate (48 wt% Al2O3, 
36 wt% Na2O, Aladdin), silica gel (99 wt%, Qingdao Meigao Reagent 
Co.), sodium hydroxide (NaOH, 99.9 wt%, Aladdin), tetraethyl- 
orthosilicate (TEOS, 99 wt%, Kermel), aluminum isopropoxide (AIP, 
≥98 wt%, Aladdin), hydrochloric acid (HCl, 36 wt%, Tianjin Damao 
Chemical Reagent Co.), TMAdaOH (25 wt% in H2O, Annaiji), ammo
nium chloride (NH4Cl, 99 wt%, Tianjin Damao Chemical Reagent Co.), 
cobaltous nitrate (Co(NO3)2⋅6H2O, 99 wt%, Xilong Chemical Reagent 
Co.), copper acetate monohydrate (Cu(CH3COO)2⋅H2O, 99 wt%, Tian
jin Damao Chemical Reagent Co.). Coal gangue was obtained from 
Shanxi Yangmei Group Chemical Energy Co., Ltd.

2.2. Pretreatment of coal gangue

The bulk coal gangue was first grinded mechanically to reduce par
ticle sizes (less than 40 mesh) and calcined in air at 750 ℃ for 6 h. Then 
it was dispersed into water and milled at 550 rpm/min for 360 min using 
a planetary ball mill with agate beads mixture in diameter of 3, 6 and 10 
mm. After milling, hydrochloric acid solution (20 wt% HCl) was added 
into the mud to obtain a mixture (solid/liquid ratio of 1 g/10 mL). The 
acid treatment was carried out under stirring at 95 ℃ for 6 h. Finally, the 
solid was separated by centrifugation, washed and dried at 100 ℃. The 
material after pretreatment was named deAl-G.

2.3. Synthesis of SSZ-13

An embryonic-CHA-zeolite solution was first prepared with a gel 
molar composition of 100TEOS: 6.4AIP: 7.2TMAdaOH: 2064H2O ac
cording to our previous work [18]. The typical gangue-based SSZ-13 
synthesis was carried out as follows. NaOH, deionized water, sodium 
aluminate (if needed) and TMAdaOH were mixed to obtain a clear so
lution. After the addition of deAl-G and stirring for 30 min, embryonic 
zeolite solution (10 wt% addition based on the silica mass of deAl-G) 
was added, and the resulting mixture was stirred for another 2 h and 
then transferred into an autoclave. The final gel molar composition for 
each sample was listed in Table 1. The crystallization was performed 
under rotation at 175 ◦C for 12 h. Then the product was separated by 
centrifugation, washing, drying and calcination in air at 550 ◦C for 5 h. 
The sample was named GSx (x refers to synthesis entry in Table 1). Solid 
yield was calculated based on the mass of silica and alumina.

2.4. Catalyst preparation

NH4-type samples were prepared by ion exchange of the calcined 
sample with NH4Cl solution (1.0 M, solid/liquid = 1 g/20 mL) at 80 ℃ 
for 2 h and the procedure was repeated three times. Cu/SSZ-13 catalysts 
were obtained by ion exchange of NH4-type samples with Cu(CH3COO)2 
solution (0.01 mol/L and solid/liquid = 1 g/50 mL) at 80 ℃ for 3 h, 
followed by centrifugation, washing, drying, and calcination in air at 
550 ℃ for 5 h. The fresh catalyst was named Cu/GSx.

For hydrothermal aging, the catalyst was treated at 750 ◦C (or 
800 ◦C) for 16 h under 12.5 % H2O/ air with a GHSV of 100,000 h− 1. The 
aged catalysts were named HTA-Cu/GSx.

Co ion exchange was carried out at 80 ◦C for 12 h using NH4-type 
sample and Co(NO3)2 solution (0.05 mol/L). The procedure was 
repeated three times to ensure complete exchange.

2.5. Characterization and catalyst activity test

The detailed characterization, catalyst activity test and kinetic test 
are given in the Supplementary Information.
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3. Results and discussion

3.1. Controllable dealumination and activation of coal gangue

The coal gangue used in this work is raw ore, which mainly contains 
lamellar kaolin and quartz phases (Fig. S1). Composition analysis 
(Table S1) shows that coal gangue consists of SiO2, Al2O3, Fe2O3, K2O, 
etc. with a low Si/Al molar ratio (SAR) of 1.5. To enhance the utilization 
of coal gangue for SSZ-13 synthesis, an efficient treatment strategy was 
first developed to activate coal gangue and improve its SAR, which in
volves a three-step procedure including calcination, ball-milling and 
acid dealumination (named CBA method, Scheme 1). The calcination 
process removes the residual carbon from the raw coal gangue and 
transforms the kaolinite phase into the active metakaolinite phase. Ball 
milling further reduces the particle size of the calcined coal gangue. Both 
treatments are beneficial for the subsequent acid leaching processes for 
aluminum removal.

From Fig. S1 and Table S1, the dealuminated coal gangue (named 
deAl-G) has particle sizes of about 1 µm, which is amorphous solid 
except the remaining of residual quartz. The SAR of deAl-G can reach as 
high as 23.7 under the conditions investigated. Fig. 1 and S1f present the 
29Si and 27Al MAS NMR, and 29Si-{27Al} S-RESPDOR NMR spectra of 
coal gangue and deAl-G, revealing the formation of abundant Si-OH and 
tetrahedral Al species in deAl-G. The appearance of Si-OH defects in 
deAl-G is also confirmed by FTIR spectrum (Fig. S1g). Moreover, UV 
Raman spectrum of deAl-G reveals the existence of ring structures 
(Fig. S1h). These results suggest that deAl-G, which possesses small 
particle sizes and abundant defects, would be an active source for zeolite 

synthesis.

3.2. Synthesis and characterization of SSZ-13 and the Al distribution

3.2.1. Synthesis and characterization of SSZ-13
The synthesis of SSZ-13 by utilization of dealuminated coal gangue 

was carried out with the assistance of embryonic CHA zeolite. As shown 
in Table 1, SSZ-13 can be readily synthesized at 175 ◦C for 12 h after 
under low TMAdaOH dosage of OSDA/Si = 0.045 ~ 0.072.

The OSDA amounts required by this method are clearly lower than 
those reported in literatures [19–22] (Table S2). Among the SSZ-13 
products, samples GS1 and GS2 were obtained by using deAl-G as the 
sole Si and Al sources. The high SAR of GS1 was consistent with that of 
its deAl-G source. Given that the dosage of inorganic cation and its ratio 
to OSDA in the gel may have a significant impact on properties of SSZ-13 
[12,13], the Na amount in the gel was tuned based on the system of 
sample GS3 (OSDA/Si = 0.072). Within the range of Na/Si = 0.036 ~ 
0.130, well-crystallized products (samples GS3-GS6) with similar SAR 
and high yield (86.4–93.0 %) were obtained, and the product Na/Al 
ratio showed a rising trend with the incremental Na dosage. Further 
increasing Na dosage (Na/Si = 0.182 for GS7) would cause a decreased 
product yield and crystallinity. Moreover, it was found that under low 
OSDA dosage of 0.045 (GS8 and GS9), a relatively low Na dosage fa
cilities the synthesis of SSZ-13, otherwise the crystallization cannot 
occur. Likely, the high Na/OSDA ratio under conditions of extremely 
low OSDA dosage restrained the structural-directing ability of OSDA. It 
is emphasized that the addition of embryonic zeolite solution is impor
tant for a successful synthesis, otherwise no crystallization product can 

Table 1 
Synthesis conditions, product compositions and solid yields (175 ◦C, 12 h).

Sample Gel molar compositiona Product Co/Ald Alisod

x Al2O3 y NaOH z OSDA Phaseb Si/Al Na/Al Yield

GS1 2.2 18.2 7.2 CHA 18.5 0.324 78.9 % − −

GS2 5.1 9.6 7.2 CHA 10.2 0.378 93.4 % − −

GS3 6.4 3.6 7.2 CHA 9.1 0.194 86.4 % 0.21 57.2 %
GS4 6.4 5.4 7.2 CHA 8.3 0.318 91.4 % 0.24 51.6 %
GS5 6.4 9.6 7.2 CHA 8.0 0.328 93.0 % 0.30 39.8 %
GS6 6.4 13.0 7.2 CHA 8.2 0.329 91.2 % 0.36 27.2 %
GS7 6.4 18.2 7.2 CHA 8.2 0.262 81.1 % − −

GS8 6.4 9.6 4.5 CHA 8.0 0.335 91.2 % − −

GS9 6.4 13.0 4.5 Noc − − − − −

GS10c 6.4 13.0 7.2 Noc − − − − −

a The molar composition of final gel (containing embryonic-zeolite solution) was 100SiO2:xAl2O3:yNaOH:zTMAdaOH:2063H2O (exception for GS1, H2O/SiO2 =

42.5). Note that deAl-G-1, deAl-G-2 and deAl-G-3 with different SARs (Table S1) were used as sources for the synthesis of GS1, GS2 and GS3-GS10, respectively.
b Samples GS1-GS8 contain small amount of quartz residue from coal gangue.
c No crystallization occurred. No addition of embryonic-zeolite solution for GS10.
d Co/Al atomic ratio: calculated based on Co2+ exchange results. Alisolated=(Alframework –2Co)*100 %/Alframework.

Scheme 1. The schematic of treatment procedure for coal gangue and the synthesis of SSZ-13.

T. Liu et al.                                                                                                                                                                                                                                       Chemical Engineering Journal 514 (2025) 163003 

3 



be obtained (GS10). According to our previous work [18], the abundant 
double six-membered ring units in embryonic zeolite solution should 
facilitate the fast nucleation at low alkalinity, and thus contribute to the 
decrease of OSDA amount required for the synthesis.

The evolution of relative crystallinity and solid yields of samples GS6 
and GS8 were investigated and displayed in Fig. 2. The crystallization of 
GS6 and GS8 can be completed within 5 h and 8 h respectively, with 
solid yields higher than 90 wt%, showing the remarkable crystallization 
efficiency of SSZ-13. This implies that deAl-G prepared by CBA method 
is highly reactive source for zeolite synthesis. Moreover, compared with 
GS6, the obviously fast crystallization rate of GS8 suggests that rela
tively low gel alkalinity is beneficial for embryonic solution to exert its 
effect. These results demonstrate that the present strategy with deal
uminated coal gangue as source provides a highly efficient and eco
nomic approach for SSZ-13 synthesis.

The XRD patterns of samples GS1-GS8 are shown in Fig. S2a, which 
can be indexed to the CHA phase with one additional weak peak at near 
26◦ (quartz phase). SEM images of the samples are shown in Fig. S3. 
With the gradual increase of NaOH dosage in initial gel, the crystal sizes 
decrease from 2-3 μm to 0.5–1 μm. Additionally, there exist some small 
particles different from the cubic morphology of SSZ-13. Their SAR was 
determined to be ~ 193 by TEM-EDS (Fig. S2b), much higher than that 
of the bulk. In combination of the XRD patterns (Fig. S1c and S2a), these 
small particles should be inert quartz, resulting from the coal gangue 
source. The textural properties of the samples are listed in Table S3. 
Compared with conventional SSZ-13, the micropore area and micropore 
volume of GS samples are slightly low, likely caused by residue quartz in 
products. Based on micropore volume, the zeolite content in samples 

was roughly calculated and given in Table S3. For samples GS3-GS7 with 
the same receipt except varied NaOH dosage, the zeolite content first 
rises and then drops following the incremental gel alkalinity. Sample 
GS6 possesses the highest zeolite content of 97 %.

The acidity of samples H-type GS4-GS7 was measured by NH3-TPD, 
and the results are shown in Fig. 3a, Fig. S4 and Table S4. The obviously 
low acid amount of GS7 is consistent with its low zeolite content as given 
in Table S3. GS4 and GS5 have approximate acid amounts, which are 
clearly lower than that of GS6. Specifically, the total acid amount and 
strong acid amount of GS6 are 1.55 and 1.35 times as much as those of 
GS4, respectively. The 1H MAS NMR spectra (Fig. 3b, Table S4) also 
confirm that H-type GS6 possesses more BASs, while H-type GS4 has 
relatively large amount of Si-OH. As the quartz content of two samples 
only differs by 6 %, the difference in acid amount may suggest their 
different dealumination degree during the preparation of H-type sam
ples. Fig. 3c displays the 27Al MAS NMR spectra of the samples. The 
proportion of non-framework Al in H-type GS4 is clearly higher than 
that of H-type GS6. Given that the as-made samples possess similar 27Al 
spectra with tetrahedral Al as main species (Fig. S4), these results evi
dence the relatively severe dealumination of H-type GS4. In principle, 
the framework enriched with Al pairs should be more sensitive to the 
post treatment (e.g. ion exchange). Herein, the better framework sta
bility of H-type GS6 (having more Al pairs than GS4, Table 1) may 
suggest the higher structural integrity of its parent sample. This specu
lation is confirmed by FTIR spectra (Fig. S5), showing the larger amount 
of surface and internal Si-OH on the as-made GS4. It is noted that 
although H-type GS4 and GS6 have undergone dealumination to some 
extent, they still maintain high crystallinity (Fig. 3d).

3.2.2. Al distribution of SSZ-13
Co2+-exchange is a widely accepted means to probe the Al distri

bution. The amount of exchanged Co2+ is positively related to the total 
amount of paired Al (Alpairs) and close unpaired Al (Alclose) in zeolites 
(Fig. S6) [23]. Alpairs represents two Al atoms separated by Si atoms 
located in one 6-ring or 8-ring, while Alclose refers to two Al atoms 
located in different rings or cavities. The former can accommodate both 
bare divalent Co(II) cations and Co(II) hexaaqua complexes. However, 
for Alclose, only Co(II) hexaaqua complexes in hydrated zeolites can be 
accommodated. Detailed definition about them is given in the sup
porting information (Fig. S6).

Table 1 shows the results of Co exchange capacity of the samples 
(GS3-GS6). It can be found that the samples synthesized with higher 
NaOH dosage possess higher Co/Al ratios (the maximum Co/Al = 0.36) 
and the proportion of isolated Al (Alisolated) species shows a decreasing 
trend. This implies that the Al distribution in the present system can be 
regulated by adjusting synthesis parameters. Note that the Co/Al ratio of 
GS6 is at the top level of the reported values (Table S2).

FTIR was further used to detect the T-O-T framework vibration of 
dehydrated Co2+-exchanged samples to learn the distribution of Alpairs 

Fig. 1. (a) 29Si MAS NMR (red) and 1H-29Si CP MAS NMR (black) spectra, and (b) 27Al MAS NMR spectra of coal gangue and deAl-G-3 (Si/Al = 9.4).

Fig. 2. Evolution of relative crystallinity and solid yields of sample GS6 
and GS8.
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species (including σ and τ species) [23,24]. As shown in Fig. S6, GS6 
possesses a significantly higher proportion of σ-type species (the most 
stable divalent cation positions located in 6-MR) than GS4. The Alpairs 
amount (σ + τ) of GS6 is approximately 1.5 times higher than that of 
GS4. In combination of the Co/Al ratios of the samples (Table 1), the 
Alclose content of GS6 is speculated to be also ~ 1.5 times higher than 
that of GS4. The results demonstrate that GS6 possesses higher amounts 
of both Alpairs and Alclose than GS4.

3.3. NH3-SCR performance

A series of gangue-based Cu/SSZ-13 catalysts with different SAR (8.0 
~ 18.5) were first prepared and tested for the NH3-SCR reaction 
(Table S5). As shown in Fig. S7, both the low- and high-temperature 
activities rise following the decrease of the zeolite SAR, implying that 
the relatively Al-rich sample has better NH3-SCR catalytic performance. 
These results are consistent with those reported very recently 
[7,8,25–27].

Further NH3-SCR study was thus carried out employing Al-rich 

catalysts with similar SAR but different Al distribution (Cu/GS4 and 
Cu/GS6, Cu/Al = 0.22 ~ 0.23). The results are shown in Fig. 4 and S7. 
Interestingly, under the test conditions of GHSV = 300,000 h− 1, Cu/GS6 
showed significantly high activity and superior N2 selectivity. The NOx 
conversion can reach 90 % at around 175 ℃, and the T90 (NOx con
version of > 90 %) temperature window was maintained up to 600 ◦C. 
Meanwhile, the N2 selectivity in the entire temperature range is close to 
100 %. After hydrothermal aging at 750 ℃ and even 800 ℃ for 16 h, 
HTA-Cu/GS6 can still maintain wide T90 temperature window (250- 
550℃) and the N2 selectivity is higher than 90 % at 600 ℃. Fresh Cu/ 
GS4 also presents good NH3-SCR catalytic performance, but its low- and 
high-temperature activity was clearly inferior to Cu/GS6. Hydrothermal 
aged HTA-Cu/GS4 shows a decline in NOx conversion and N2 selectivity. 
The values were inferior to those of HTA-Cu/GS6.

Fig. 5 presents Arrhenius plots of Cu/GS4 and Cu/GS6, and the 
activation energy (Ea) calculated from the plots. The corresponding NOx 
conversion profiles of the catalysts are shown in Fig. S8. Cu/GS6 has a 
comparable apparent Ea with Cu/GS4. The intercept of the plot was 
defined as pre-exponential factor (A) or frequency factor, which 

Fig. 3. (a) NH3-TPD profiles, (b) 1H MAS NMR spectra, (c) 27Al MAS NMR spectra and (d) XRD patterns of H-type GS4 and GS6.

Fig. 4. (a) NH3-SCR performance of Cu/GS4 and Cu/GS6 before and after hydrothermal aging at 750 ◦C for 16 h. (b) Comparison of NH3-SCR activity of aged 
catalysts. Reaction condition: 500 ppm of NH3, 500 ppm of NO, 14 % of O2, 4.5 % of H2O and N2 as a balance gas, GHSV = 300,000 h− 1. Hydrothermal aging was 
carried out at 750 or 800 ◦C for 16 h in 12.5 % H2O/air with a GHSV of 100,000 h− 1.
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represents the frequency of collisions between reactant molecules and 
catalytic active sites at a standard concentration. As the Cu contents of 
the two catalysts are comparable, the relatively high pre-exponential 
factor for Cu/GS6 means an increased contact probability between 
reactant molecules and active centers (Cu species and/or acid sites) in 
the low-temperature catalytic cycles.

3.4. Characterization of Cu/SSZ-13 catalysts

To understand the different low-temperature activities and hydro
thermal stability of Cu/GS4 and Cu/GS6, detailed investigation on the 
textural properties, Cu species and acidity was conducted. Table S6 lists 
the textural properties of the catalysts, indicating that Cu/GS6 has better 
structural integrity than Cu/GS4, whatever in fresh and aged forms. The 
27Al MAS NMR spectra are shown in Fig. 6. Fresh catalysts present strong 
resonance at 57 ppm arising from tetrahedral framework Al species. The 
weak shoulder peak at about 47 ppm implies the existence of twisted 
four-coordinated Al(IV)-2 species [28], which is considered to be the 
precursor of extra-framework Al species (EFAL) [29]. Similar NMR 
signals have been found for zeolites such as MOR, FAU, and MFI 
[29–32]. After aging, the signal of tetrahedral Al species drops signifi
cantly, indicating their great loss. However, the signal around 0 ppm 
attributed to six-coordinated EFAL did not show an obvious increase. 
According to previous works [33–35], this phenomenon may be com
mon for Cu/zeolite, owing to the spatial proximity of invisible EFAL 
with paramagnetic Cu species, or due to increased heterogeneity of Al 

environments. The corresponding 29Si MAS NMR spectra of the catalysts 
(Fig. S9) demonstrate that the signal of Si(3Si,1Al) species has an 
obvious decrease upon aging treatment, which agrees with the serious 
delamination observed in 27Al NMR spectra. Compared with HTA-Cu/ 
GS4, HTA-Cu/GS6 retains more tetrahedral Al and Si(3Si,1Al) species 
(Table S7), evidencing the better hydrothermal stability of Cu/GS6.

EPR is a powerful tool for determining the coordination state of 
isolated Cu2+ species through the characteristic g factor and A value of 
the samples. The g factor is the gyromagnetic ratio of the electron, which 
can be used to distinguish different electronic states. The A value rep
resents the hyperfine interaction constant, which is used to evaluate the 
interaction between electron spin and nuclear spin. From Fig. 7, the 
fresh dehydrated samples have similar Cu2+ coordination environments, 
corresponding to Cu2+ coordinated with three or four framework O 
within 6MR. The small difference in A values may be related to the 
different Al distributions. Compared with dehydrated samples, hydrated 
samples have increased g value and reduced A value, which suggest 
weakened interactions between the framework and hydrated Cu2+ ions 
[36,37]. After hydrothermal aging, the A value of dehydrated samples 
shows an increase, and there appear new weak peaks near 3450 G and 
2950 G, evidencing the evolution of Cu2+ coordination environments 
[33,36]. These weak peaks might associate with the formation of small 
amount of double Cu2+-2Z species located in one double 6MR [38].

Table 2 lists the quantitative results of different Cu species based on 
EPR spectra [33,39]. Both fresh catalysts contain Cu2+-2Z and [Cu 
(OH)]+-Z, but no CuOx species. The higher Cu2+-2Z amount on Cu/GS6 
is in agreement with its higher Alpairs content (Fig. S6). However, the 
Cu2+-2Z/Al ratio on fresh samples is obviously lower than the corre
sponding Co/Al ratio (Table 1). The reason should be that the formation 
of [Cu(OH)]+-Z is favorable during the kinetic process of ion exchange, 
although the Cu2+-2Z species are thermodynamically more stable. [Cu 
(OH)]+-Z starts to form before the amount of Cu2+-2Z reaches the 
maximum [26,40]. The distinct Cu distribution of the catalysts is also 
supported by their different colors (Fig. S10). After hydrothermal aging, 
Cu2+-2Z species increase together with the formation of CuOx, while [Cu 
(OH)]+-Z species disappear, indicating a redistribution of Cu species to 
more stable sites. The migration and conversion of [Cu(OH)]+-Z to 
Cu2+-2Z should be owing to the relatively high mobility of [Cu(OH)]+-Z 
facilitated by water at high temperature. The phenomenon is consistent 
with previous studies [33,36].

H2-TPR was performed to investigate the reducibility of Cu2+ species 
(Fig. 8). Fresh catalysts exhibit H2 consumption in the range of 
200–250 ◦C and 300–350 ◦C, corresponding to the reduction of Cu2+ to 
Cu+. They can be attributed to the reduction of [Cu(OH)]+-Z and Cu2+- 
2Z, respectively [36,41]. Moreover, there are two reduction peaks in the 
high-temperature range of 450–500 ◦C and 550–600 ◦C, attributed to 
the reduction of Cu+ to Cu0. The Cu+ reduction temperature on Cu/GS6 
is about 50 ◦C higher than on Cu/GS4, indicating a stronger interaction 
between the framework of GS6 and Cu+. It is noted that Cu/GS4 displays 
another weak reduction peak near 750 ◦C, which is preliminarily 

Fig. 5. Arrhenius plots for standard NH3-SCR in the low-temperature regime of 
Cu/GS4 and Cu/GS6.

Fig. 6. (a) 27Al MAS NMR spectra and (b) NH3-TPD curves of the fresh and hydrothermal aging samples. (c) The percentage of different Cu species over the samples 
determined by EPR and H2-TPR.
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attributed to the reduction of framework oxygen [42]. Based on the 
deconvoluted results, fresh Cu/GS6 has a higher proportion of Cu2+-2Z 
than Cu/GS4, consistent with the EPR results. After aging, both samples 
show significant changes in H2-TPR profiles, with two broad peaks 
appearing around 300 ◦C and higher temperatures. The former can be 
attributed to the overlapping reduction of Cu2+-2Z and a small amount 
of CuOx species [42], while the latter is related to the reduction of Cu+ to 

Cu0. Furthermore, the reduction temperatures of HTA-Cu/GS6 are 
higher than those of HTA-Cu/GS4, confirming again the stronger 
interaction between the framework of GS6 and Cu species.

From Table 2, the reducible Cu species of fresh samples constitutes 
around 90 % of total Cu. As the reduction area of Cu2+ to Cu+ is larger 
than that of Cu+ to Cu0, it implies that approximately 10 % Cu was not 
reduced, likely associated with the Cu+ species interacting strongly with 

Fig. 7. EPR spectra of the fresh and hydrothermal aging samples. (a) Dehydrated and (b) hydrated samples.

Table 2 
Cu distributions on Cu/GS catalysts according to EPR results and the percentage of reducible Cu by H2-TPR.

Sample EPR active Cu (wt%) Cu (wt%) Cu/Al Cu2+-2Z/ 
Al

Cureduced/ 
Cutotal

d
Hydrated Dehydrated Cu2+-2Za [Cu(OH)]+-Zb CuOx

c

Cu/GS4 2.59 0.97 0.97 1.62 0 0.23 0.09 0.90
Cu/GS6 2.54 1.45 1.45 1.09 0 0.22 0.13 0.91
HTA-Cu/GS4 2.03 2.01 2.01 0.02 0.56 0.23 0.18 0.91
HTA-Cu/GS6 2.20 2.20 2.20 0 0.34 0.22 0.19 0.68

a Determined by the EPR spectra of dehydrated samples.
b Determined by the difference of EPR results of hydrated and dehydrated samples.
c Estimated by the difference of Cu contents determined by XRF and EPR.
d Determined by H2 consumption and Cu content (XRF).

Fig. 8. H2-TPR profiles of the fresh (a) and hydrothermal aging samples (b).

T. Liu et al.                                                                                                                                                                                                                                       Chemical Engineering Journal 514 (2025) 163003 

7 



the framework. After aging, the reducible Cu content on HTA-Cu/GS4 
remains unchanged, while the reducibility of Cu+ on HTA-Cu/GS6 
shows a sharp decrease. The latter may be caused by the redistribu
tion of Cu into special cation sites during reduction treatment [43–45]. 
Fig. 6c presents the comparison of quantified Cu species based on EPR 
and H2-TPR, showing good consistency of the two methods.

The NH3-TPD results of the catalysts are displayed in Fig. 6b. Cu/GS6 
possesses higher amount of weak and strong acid sites than Cu/GS4, 
similar as those observed for H-type samples. Comparable moderate acid 
amounts can be perceived for both catalysts. These acid sites are mainly 
associated with the Cu species [46]. Upon hydrothermal aging, there is a 
significant loss of strong acid sites, which is in fact a common phe
nomenon for aged zeolites due to dealumination [41,47,48]. Moreover, 
the transformation of Cu species from [Cu(OH)]+-Z to Cu2+-2Z, as 
deduced from EPR and H2-TPR, would also reduce the available BAS due 
to a consumption of an Al for every Cu moved. The increased mid- 
temperature peak corresponds to the incremental Cu2+-2Z species 
(higher NH3 adsorption capacity). The peak may also include the 
contribution of Lewis acid sites (LAS) originating from EFAL. Overall, 
HTA-Cu/GS6 possesses slightly higher amount of acid sites than HTA- 
Cu/GS4. Fig. S9 presents the FTIR spectra of the catalysts. Fresh Cu/ 
GS6 possesses relatively abundant acidic hydroxyls and lower content of 
Si-OH. After aging, the acidic hydroxyls of both catalysts show an 
obvious decline, consistent with the NH3-TPD results.

According to the above results, although Cu/GS4 and Cu/GS6 
possess comparable SAR and Cu/Al ratios, their difference in structural 
defects and Al distribution, resulted from the variation in synthesis pa
rameters, leads to different Cu species distribution, hydrothermal sta
bility and acidity. Cu/GS6, which has lower defects and higher amount 
of Alpairs and Alclose, Cu2+-2Z and acid amounts, shows better SCR ac
tivity and hydrothermal stability.

3.5. Discussion

3.5.1. The importance of Al distribution for low-temperature activity
Cu/GS6 with higher amount of Cu2+-2Z species exhibits better low- 

temperature NH3-SCR activity than Cu/GS4 (Table 2, Fig. 4). As [Cu 
(OH)]+ -Z has been demonstrated to have higher mobility and better 
low-temperature SCR activity than Cu2+-2Z [5,6], the SCR results sug
gest that the difference in Cu species is not the unique factor determining 
the low-temperature behavior of the catalysts. It is inferred that Al 
distribution (acidity) may play important role at low temperatures. To 
learn the contribution of Al (acid) distribution of the catalysts on NH3- 
SCR reaction, Cu/GS catalysts were pre-saturated by NH3 and then 
exposed to NO + O2 at 150 ◦C. The collected FTIR spectra are shown in 
Fig. 7. The assignment of the bands associated with NH3 adsorbed on 
BAS (B-NH3) and LAS (L-NH3) has been labeled in the figure. Following 
the exposure to NO + O2 and the consumption of B-NH3, new bands 
around 1626, 1597 and 1574 cm− 1 start to appear, which should be 

associated with the formation of NO2, monodentate and bidentate ni
trates, respectively [49]. Fig. 9c compares the evolution of the intensity 
of B-NH3 species-related signals on the catalysts. Cu/GS6 shows an 
almost constant decrease rate until the disappearance of the band (t =
60 min). However, Cu/GS4 presents comparable NH3 consumption rate 
only in the first 20 min, then the rate significantly slows down. Obvious 
signals attributed to B-NH3 can still be observed at t = 60 min. Moreover, 
the bands associated with nitrates are always more prominent on Cu/ 
GS4 than on Cu/GS6.

According to these results, both the consumption rate of BAS-related 
NH3 species and the decomposition of nitrate intermediates on Cu/GS4 
are inferior to those on Cu/GS6, implying the importance of the Al (acid) 
distribution for low-temperature SCR reaction. Given the lower content 
of [Cu(OH)]+-Z and Alisolated species on Cu/GS6 (Table 2 and Fig. S6), 
the Al species with close spatial proximity (Alpairs and Alclose) should be 
more efficient for the migration of active Cu species. This finding is in 
consistence with the recent results investigated based on Cu-based 
zeolitic catalysts with different Al (acid) density [7–9,50].

3.5.2. Understanding the NH3-SCR performance of aged catalysts
Upon hydrothermal aging, [Cu(OH)]+-Z species transferred to ther

modynamically stable Cu2+-2Z together with the formation of small 
amount of CuOx. Meanwhile, severe dealumination occurred, causing 
the significant loss of BASs. Both changes led to the decline of low- 
temperature activity of the catalysts. The low-temperature activity loss 
on aged catalysts was inferior to the loss of BASs, which suggests that the 
preservation of active Cu species is more important than that of BASs for 
SCR reaction. The relatively high conversion on HTA-Cu/GS6 at T ≤
200 ◦C should be owing to its larger amount of Cu2+-2Z species.

Decayed NOx conversion is also observed at T ≥ 450 ◦C, implying an 
increased proportion of NH3 oxidation. Interestingly, HTA-Cu/GS6 
shows comparable high-temperature activity as fresh Cu/GS4. Previ
ous works have reported the phenomenon that Cu/SSZ-13 catalysts with 
more BASs exhibited enhanced NOx conversion at high temperature, 
which suggests an inhibitory effect on NH3 oxidation [26,51,52]. 
Herein, given the large amount of BASs on Cu/GS4 and dominant Cu2+- 
2Z on HTA-Cu/GS6, it is speculated that [Cu(OH)]+-Z related species 
(likely in status of Cu dimers at high temperatures, 2Cu(OH)+→Cu-O-Cu 
+ H2O [26,53]) have higher activity than Cu2+-2Z for catalyzing NH3 
oxidation. This finding is consistent with the conclusions of Gao and 
colleagues [40].

3.5.3. Implications for the synthesis control of SSZ-13
The present synthesis results demonstrate that the increase of Na+

amount in the initial gel facilitates the generation of Al pairs, which is in 
line with the findings of previous works [12,13]. The low OSDA dosage 
in the gel (Table 1) is also believed to enhance the effect of Na+ (high 
Na/OSDA ratio) on inducing the formation of Al pairs, as evidenced by 
that observed for GS6. On the other hand, relatively high amount of 

Fig. 9. FTIR spectra of Cu/GS4 (a) and Cu/GS6 (b) exposed to NO + O2 after being saturated by NH3 at 150 ◦C. (c) Intensity comparison of NH3-BASs species-related 
signals (1500–1350 cm− 1) during the processes.
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structural defects was observed in GS4 synthesized with lower alka
linity, which may result from uncomplete condensation of Si/Al species 
in low alkalinity. The existence of these defects, especially for relatively 
Al-rich SSZ-13, would result in severe dealumination during the prep
aration and hydrothermal treatment of Cu-based catalysts, causing the 
loss of BASs and the decay of SCR activity. It is thus proposed that for the 
development of highly active and stable zeolite-based SCR catalyst, 
synthesis efforts should be taken to increase the structural integrity 
(fewer defects), while constructing relatively high content of Al pairs (to 
enhance the Cu2+-2Z species).

4. Conclusions

A CBA pretreatment method was developed to prepare dealuminated 
coal gangue with high reactivity and adjustable composition. By utiliz
ing dealuminated coal gangue as inorganic source, efficient synthesis of 
SSZ-13 has been achieved with ultra-low TMAdaOH usage and fast 
crystallization rates (5–12 h). The product Si/Al ratio and framework Al 
distribution can be facilely tuned by modulating the synthesis parame
ters. Both fresh and aged Cu/GS6 catalysts exhibit a broad NH3-SCR 
working temperature window, demonstrating their superior catalytic 
performance. It is revealed that the (Alpairs and Alclose) species are more 
effective than Alisolated species for the transfer of active Cu species, which 
contributes to the excellent low-temperature activity of Cu/GS6. The 
existence of structural defects aggravate the framework dealumination 
during catalyst preparation and hydrothermal treatment, and causes 
decayed catalytic activity. It is proposed that to develop high- 
performance zeolite catalysts for SCR reaction with enhanced hydro
thermal stability, synthesis regulation should be taken to increase the 
framework Al pairs content and improve the structural integrity (fewer 
defects).
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