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and Yuxuan Zhang

Euro VII emission standards demand advanced deNOx catalysts for lean-burn exhaust aftertreatment. Cu-

SAPO-34 is a leading NH3-SCR catalyst, yet its low-temperature activity and hydrothermal stability require

improvement. This study establishes a quantitative structure–activity relationship linking framework Si/Al

ratio to catalytic performance. SAPO-34 supports with varying Si/Al ratios (0.20–0.40) were synthesized,

and corresponding Cu-SAPO-34 catalysts were prepared via ion exchange. Characterization (XRD, XRF,

NH3-TPD, H2-TPR) revealed that optimal Si/Al ratio (0.361) yields highly dispersed Cu2+ ions and

balanced Brønsted/Lewis acidity, achieving nearly 100% NOx conversion at 235 °C and >90% NOx

conversion between 210–540 °C (550 ppm NOx, 550 ppm NH3, 6 vol% O2, 10 vol% H2O, GHSV = 120

000 h−1). Critically, after severe hydrothermal aging (800 °C, 4 h, 10 vol% H2O), this catalyst maintains

>90% activity at 200–400 °C, demonstrating exceptional durability. Excessive silicon (Si/Al = 0.406)

promotes CuxOy cluster formation, degrading performance. These findings demonstrate that

intermediate Si/Al ratios synergistically optimize activity and stability by balancing acidity, Cu dispersion,

and structural integrity. This work provides actionable design principles for developing robust Cu-SAPO-

34 catalysts meeting stringent Euro VII standards.
1. Introduction

Nitrogen oxides (NOx), inevitable byproducts of high-
temperature combustion of fossil fuels, contribute to photo-
chemical smog, acid deposition, and adverse effects on human
respiratory and cardiovascular systems.1–3 Diesel vehicles, gas
turbines, and industrial boilers, characterized by their “high-
temperature lean-burn” operational conditions, represent
major sources of NOx emissions and constitute the primary
targets of stringent emission regulations worldwide.4 The Euro
VII standard has tightened the NOx limit for diesel vehicles to
80 mg km−1 (NEDC), with an anticipated further reduction of
35–56% in total NOx emissions from passenger cars, vans, and
heavy-duty trucks compared to Euro VI by 2035.5

Selective catalytic reduction utilizing ammonia as the
reductant (NH3-SCR) has emerged as the predominant tech-
nology for deep deNOx under lean-burn conditions, owing to its
high efficiency, economic viability, and technological maturity.6

Since the beginning of the twenty-rst century, copper-based
chabazite (Cu-CHA) catalysts have risen to prominence, with
small-pore catalysts such as Cu-SAPO-34 and Cu-SSZ-13 being
discovered and commercialized by researchers from BASF and
Johnson Matthey.7 However, the synthesis of SSZ-13 relies on
expensive and environmentally persistent N,N,N-trimethyl-1-
ineering, Dongying Vocational College,
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the Royal Society of Chemistry
adamantylammonium hydroxide (TMAdaOH). The high cost
of this template greatly increases production expenses and
severely restricts its large-scale application.8,9 In contrast, SAPO-
34 can be synthesized using benign and cost-effective organic
amines such as triethylamine, morpholine, and diethylamine as
structure-directing agents, offering signicant advantages in
cost control and green manufacturing.10,11 Nevertheless, Cu-
SAPO-34 still faces challenges of insufficient low-temperature
activity and structural vulnerability under severe hydrothermal
conditions.12,13 Consequently, there is an urgent need to achieve
rational design and optimization of catalysts based on the
correlation between microscopic structure and intrinsic cata-
lytic properties.

The framework Si/Al ratio of SAPO-34 serves as a critical
parameter governing its acidity, Cu2+ ion-exchange capacity,
and structural stability. Yu et al.14 investigated Cu/SAPO-34
catalysts across a SiO2/Al2O3 ratio range of 0.2 to 1.4 and
found that while increased acidity enhances low-temperature
activity, the formation of Si islands at higher Si loadings
limits the linear correlation between Si content and acidity,
thereby inuencing the trade-off between SCR activity and NH3

oxidation. However, this study primarily focused on kinetic
aspects and NH3 oxidation competition at low Cu loadings,
failing to establish an optimal Si/Al ratio for balanced perfor-
mance or to evaluate the catalysts under severe hydrothermal
aging conditions. Similarly, Li et al.15 demonstrated that within
the SiO2/Al2O3 ratio range of 0.4–0.8, increasing the silicon
RSC Adv., 2026, 16, 24739–24746 | 24739
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View Article Online
content enhances the crystallinity and total acidity of Cu-SAPO-
34, resulting in superior C3H6-SCR performance at a ratio of 0.8.
Nevertheless, this nding is specic to hydrocarbon-based
reduction (C3H6-SCR), which operates under different mecha-
nistic constraints compared to the NH3-SCR systems required
for modern diesel applications, and lacks the quantitative
durability data essential for Euro VII compliance. The durability
aspect has been partially addressed by Xiang et al.,16 who found
that high-silica samples (H–Si) are prone to framework hydro-
lysis (Si–O–Al bond cleavage) under low-temperature steam
conditions (50 °C), whereas low-silica samples (L–Si) exhibit
superior low-temperature hydrothermal stability due to fewer
bridging hydroxyl groups. In contrast, Wang et al.17 correlated
silicon content with acidity and Cu2+ species using commer-
cially sourced or conventionally prepared samples, concluding
that higher Si content generally benets low-temperature
activity. Previous studies have explored the inuence of
silicon content, yet they oen focus on isolated aspects of
performance or specic conditions, lacking the precise
synthetic control to identify the subtle trade-off between
Brønsted acidity and Cu speciation. Consequently, for Cu-SAPO-
34 catalysts applied in NH3-SCR, a quantitative structure–
activity relationship that simultaneously links framework Si
content, Brønsted/Lewis acid balance, copper dispersion, and
hydrothermal durability remains to be established.

In this context, the present study employs hydrothermal
crystallization using inexpensive triethylamine as the sole
template, adopting a single-variable strategy to precisely control
the initial gel Si/Al ratio (0.2–0.4) for the preparation of a series
of SAPO-34 supports with tunable crystallinity and varying
framework silicon substitution degrees. Copper active centers
were subsequently introduced under rigorously identical ion-
exchange conditions. Through systematic characterization
using XRD, NH3-TPD, H2-TPR, ICP-OES, and XRF techniques,
the effects of Si/Al ratio on acid site distribution, Cu2+ exchange
capacity, chemical state of Cu species, and high-temperature
hydrothermal stability were elucidated. Subsequently, these
intrinsic properties were quantitatively correlated with standard
SCR reaction activity. We propose a quantitative framework
linking acidity, Cu dispersion, and hydrothermal durability
within the investigated Si/Al range, offering insights for the
design of high-performance deNOx catalysts.

2. Catalyst preparation
2.1 Hydrothermal synthesis of SAPO-34 molecular sieves

SAPO-34 molecular sieves were synthesized via hydrothermal
crystallization using triethylamine (TEA) as the sole structure-
directing agent.18 Reaction mixtures with target Si/Al atomic
ratios (x = 0.1–0.5) were prepared according to the following
procedure: 24.9 g of 85 wt% orthophosphoric acid, 92 mL of
deionized water, 14.4 g of 70 wt% pseudoboehmite, 36.4 g of
triethylamine, and the requisite quantity of 30–31 wt% silica sol
(calculated based on the target Si/Al ratio) were sequentially
added to a beaker. The mixture was vigorously stirred at ambient
temperature for 2 h to obtain a homogeneous gel. The gel was
subsequently transferred to a Teon-lined stainless-steel
24740 | RSC Adv., 2026, 16, 24739–24746
autoclave, sealed, and subjected to static aging at 110 °C for
12 h, followed by crystallization at 200 °C for 48 h. Aer natural
cooling to ambient temperature, the supernatant was decanted,
and the solid product was ground, thoroughly washed with
deionized water until the ltrate reached neutral pH, dried at
110 °C for 12 h, and nally calcined in static air at 550 °C for 8 h
to completely remove the organic template. The resulting
samples were designated as SAPO-34-x (x = 0.1, 0.2, 0.3, 0.4, 0.5)
according to their Si/Al ratios. It should be particularly noted that
at x = 0.1 and 0.5, insufficient quantities of phase-pure SAPO-34
products were obtained; consequently, subsequent characteriza-
tion was conducted exclusively on qualied samples synthesized
under x = 0.2, 0.3, and 0.4 conditions.
2.2 Ion-exchange preparation of Cu-SAPO-34 catalysts

Cu-exchanged SAPO-34 catalysts were synthesized via a two-step
ion-exchange method. In the rst step, NH4

+ pre-exchange was
performed by dispersing SAPO-34-x molecular sieves in
a 3.24 mol L−1 NH4Cl aqueous solution at a solid-to-liquid ratio
of 1 g : 10 mL, followed by stirring at 80 °C for 2 h; the resulting
products were thoroughly washed with deionized water until
the absence of Cl− in the ltrate was conrmed by AgNO3

titration and subsequently dried at 110 °C. In the second step,
Cu2+ exchange was conducted by dispersing the as-obtained
NH4

+-exchanged intermediates in a 0.025 mol L−1 Cu(NO3)2
aqueous solution at a solid-to-liquid ratio of 1 g : 100 mL with
stirring at 80 °C for 4 h; aer exhaustive washing with deionized
water and drying at 110 °C, the samples were calcined in static
air at 550 °C for 5 h. The resulting catalysts were designated as
Cu-SAPO-34-x (x = 0.2, 0.3, 0.4), consistent with the nomen-
clature of their parent SAPO-34-x precursors.
2.3 Characterization

2.3.1 X-ray Diffraction (XRD). Phase identication was
performed on a Rigaku RINT D/MAX-2500PC diffractometer
(Rigaku Corp., Tokyo, Japan) using Cu Ka radiation (l =

0.15406 nm, Ka1) operated at 40 kV and 200 mA. Data were
collected over a 2q range of 5–50° at a scan rate of 5° min−1 with
a step size of 0.02°. Phase identication was accomplished
using MDI Jade 6.0 soware in conjunction with the ICDD PDF-
4+ database.

2.3.2 X-ray uorescence spectroscopy (XRF). Elemental
composition analysis was performed on a PANalytical Magix
PRO PW2404 wavelength-dispersive X-ray uorescence spec-
trometer (WDXRF) equipped with a Rh target X-ray tube.
Samples were prepared as fused beads, and quantitative anal-
ysis was conducted using the fundamental parameters method
with calibration against certied reference materials.

2.3.3 Inductively coupled plasma optical emission spec-
troscopy (ICP-OES). Copper content was determined using
a Shimadzu ICPS-8100 ICP-OES spectrometer (Shimadzu Corp.,
Kyoto, Japan). Samples were digested with a mixture of
concentrated HNO3 and HF (3 : 1 v/v) in PTFE vessels, subse-
quently evaporated to near dryness, redissolved in 2% HNO3,
and diluted to a nal concentration of 10 mg L−1 for analysis.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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The Cu 324.752 nm emission line was monitored using yttrium
as an internal standard.

2.3.4 NH3 temperature-programmed desorption (NH3-
TPD). Acidity characterization was conducted on a Quantach-
rome ChemBET 3000 chemisorption analyzer (Quantachrome
Instruments, Boynton Beach, FL, USA). Approximately 200 mg
of sample was loaded into a quartz U-tube reactor. The sample
was pretreated by purging with He (30 mL min−1) at 400 °C for
30 min, cooled to 100 °C, and then saturated with 0.5% NH3/N2

(v/v, 30 mL min−1) for 30 min. Physisorbed NH3 was subse-
quently removed by purging with He (30mLmin−1) at 100 °C for
30 min. Aer baseline stabilization, the temperature was ram-
ped to 700 °C at 10 °C min−1 under He ow (30 mLmin−1), with
desorbed NH3 monitored by a thermal conductivity detector
(TCD). Quantitative calibration was performed using a cali-
brated loop injection of pure NH3.

2.3.5 H2 temperature-programmed reduction (H2-TPR).
Reducibility measurements were performed on the same
Quantachrome ChemBET 3000 analyzer. The sample (ca. 100
mg) was pretreated by purging with Ar (30 mL min−1) at 500 °C
for 30 min and cooled to room temperature. Aer switching to
10% H2/Ar (v/v, 30 mL min−1) and allowing baseline stabiliza-
tion for 30 min, the temperature was increased to 950 °C at 10 °
C min−1. Hydrogen consumption was recorded by TCD and
quantied using CuO as a calibration standard.
Fig. 1 XRD patterns of SAPO-34-x with different Si/Al ratios (x = 0.2,
0.3, 0.4).
2.4 Catalytic performance evaluation

NH3-SCR activity tests were conducted in a xed-bed quartz
tubular reactor with an internal diameter of 10 mm. The catalysts
were pelletized, crushed, and sieved to 40–60 mesh, with a cata-
lyst loading of 0.6000 g (approximately 0.75 mL), resulting in
a bed height-to-diameter ratio of approximately 1.0. The simu-
lated ue gas composition consisted of 550 ppm NOx (NO/NO2 >
95/5), 550 ppm NH3, 6 vol% O2, 10 vol% H2O, balanced with N2,
at a gas hourly space velocity (GHSV) of 120 000 h−1. The reactor
effluent was passed through a cold trap for water removal prior to
online analysis using a Thermo Nicolet 6700 Fourier-transform
infrared spectrometer (FTIR, USA) equipped with a KBr beam
splitter and a DTGS detector. The spectral resolution was
0.1 cm−1, with 32 scans for background and 4 scans for sample
acquisition. NOx conversion was calculated according to eqn (1):

NOx conversionð%Þ ¼ FðNOþNO2Þinlet � FðNOþNO2Þoutlet
FðNOþNO2Þinlet

(1)

In automotive exhaust aertreatment systems, the SCR
catalyst is generally arranged downstream of the diesel partic-
ulate lter (DPF). During active DPF regeneration, the exhaust
temperature at the upstream of SCR can rapidly rise to 750–
800 °C, accompanied by a high concentration of water vapor (5–
10 vol%) in actual diesel exhaust, causing severe hydrothermal
shock and long-term aging damage to the SCR catalyst.7,19,20

Accordingly, the hydrothermal aging test in this work was
reasonably designed to simulate the actual service condition:
the catalyst was treated in situ in a reaction tube, heated to 800 °
© 2026 The Author(s). Published by the Royal Society of Chemistry
C and held for 4 h under an air atmosphere containing 10 vol%
H2O. The gas ow rate was kept consistent with that used in the
catalytic activity evaluation to ensure the accuracy and credi-
bility of the aging simulation.
3. Results and discussion
3.1 Inuence of initial gel Si/Al ratio on the crystal structure
of SAPO-34

Syntheses demonstrated that the initial gel Si/Al ratio
profoundly inuences phase formation. At Si/Al = 0.1, only
trace amounts of amorphous solid precipitated; at Si/Al = 0.2–
0.4, approximately 10 g of crystalline product was obtained;
while at Si/Al = 0.5, gelation occurred, preventing phase-pure
SAPO-34 formation. These contrasting outcomes may be
attributed to pH variations induced by silica sol modulation:
insufficient silica at Si/Al= 0.1 and excessive silica at Si/Al = 0.5
both deviate from optimal gel chemistry, disrupting SAPO-34
crystallization.21 We hypothesize that these extreme ratios
shied the gel pH outside the thermodynamic stability eld of
SAPO-34. Consequently, characterization was restricted to
samples with initial gel Si/Al ratios of 0.2, 0.3, and 0.4.

Fig. 1 displays the X-ray diffraction (XRD) patterns of SAPO-
34 molecular sieves synthesized with varying initial Si/Al gel
ratios (x= 0.2, 0.3, and 0.4). All samples exhibited characteristic
diffraction peaks corresponding to the chabazite (CHA) struc-
ture, which were in excellent agreement with the standard PDF
card (No. 87-1527), and no peaks attributable to crystalline
impurities were detected.18

These results conrm the successful synthesis of phase-pure
SAPO-34 molecular sieves within the gel ratio range of 0.2# x#
0.4. Quantitative analysis by X-ray uorescence (XRF) spec-
trometry (Table 1) revealed that as the gel Si/Al ratio increased
from 0.2 to 0.4, the measured Si/Al ratio in the solid products
rose correspondingly from 0.299 to 0.406, conrming the
progressive incorporation of silicon into the framework.
However, the extent of this increase was less pronounced than
that of the gel composition, suggesting that the substitution of
RSC Adv., 2026, 16, 24739–24746 | 24741
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Table 1 Synthesis parameters of SAPO-34 molecular sieves and characterization results by XRF and XRD

Initial Si/Al
molar
ratio in the gel

Synthesized
molecular
sieve designation

XRF analysis XRD analysis

Si/Al atomic
ratio Si/(Al + P + Si) Al/(Al + P + Si) P/(Al + P + Si)

Signal-to-noise
ratio

Crystall-inity
degree

Crystall-ite
size

0.2 SAPO-34-0.2 0.299 0.111 0.372 0.516 40.3 82.97 785
0.3 SAPO-34-0.3 0.361 0.133 0.368 0.500 35.2 92.73 547
0.4 SAPO-34-0.4 0.406 0.146 0.359 0.495 32.6 88.80 543
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silicon is governed by a combination of thermodynamic and
crystal growth kinetic factors. Notably, the relative crystallinity
exhibited a volcano-type dependence on silicon content. As
schematically illustrated in Fig. 2, two silicon substitution
mechanisms (SM2 and SM3) exist in the SAPO-34 frame-
work.17,22,23 When the gel ratio increased from 0.2 to 0.3, crys-
tallinity improved markedly from 82.97% to 92.73%,
predominantly driven by the SM2 substitution mechanism,22,23

in which silicon substitutes for phosphorus, thereby stabilizing
the framework charge. In contrast, a further increase to a gel
ratio of 0.4 led to a decrease in crystallinity to 88.80%, accom-
panied by a reduction in the XRD signal-to-noise ratio from 40.3
to 32.6. This decline implies that excessive silicon promotes the
dominance of the SM3 substitution mechanism,17,22 involving
the coupled substitution of silicon for adjacent aluminum and
phosphorus atoms, potentially resulting in the formation of
silicon islands and localized structural disorder. Moreover, the
average crystallite size decreased substantially with increasing
gel ratio (from 785 nm to 543 nm), attributable to enhanced
nucleation and suppressed crystal growth under silicon-rich
conditions. The convergence of crystallite sizes between SAPO-
34-0.3 and SAPO-34-0.4 suggests that a dynamic equilibrium
between nucleation and growth is established once the Si/Al
ratio exceeds 0.3. These structural variations are expected to
exert a signicant inuence on the acidity and catalytic
performance of the resulting molecular sieves.
3.2 Inuence of Si/Al ratio on the Acidity of SAPO-34 and Cu-
SAPO-34 catalysts

Fig. 3 presents the NH3-TPD proles of SAPO-34-x (x= 0.2, 0.3, 0.4)
with varying Si/Al ratios. All samples exhibit characteristic bimodal
Fig. 2 Scheme of the SM2 and SM3 mechanisms for Si substitution
into the SAPO-34 framework. The oxidation states of Al, P, and Si are
+III, +V, and +IV, respectively, as commonly adopted in alumino-
phosphate-based zeolites.

24742 | RSC Adv., 2026, 16, 24739–24746
desorption features: the low-temperature desorption (LTD) peak at
200–300 °C is attributed to NH3 desorption from weak Lewis acid
sites and physisorbed NH3, whereas the high-temperature
desorption (HTD) peak at 450–550 °C corresponds to NH3

desorption from strong Brønsted acid sites.18,24,25 As the framework
Si/Al ratio increases from 0.299 to 0.406, the LTD peak temperature
rises from 214 °C to 246 °C, and the HTD peak temperature
increases from 450 °C to 494 °C. The concurrent increase in peak
temperatures and areas indicates a synergistic enhancement of
acid strength and acid amount with increasing silicon content.
This phenomenon can be rationalized by silicon substitution
mechanisms: at low Si/Al ratios, Si predominantly substitutes
isolated P sites via the SM2 mechanism, forming Si(4Al) coordi-
nation environments that generate isolated Brønsted acid sites of
moderate strength; at high Si/Al ratios, the SM3 mechanism
prevails, facilitating silicon island formation and creating silicon-
rich coordination environments such as Si(0Al) and Si(1Al),
thereby enhancing acid strength and density. Additionally, the
smaller crystallite size of SAPO-34-0.4 (543 nm) signicantly
shortens the intracrystalline diffusion path length. According to
the Maxwell–Stefan (M–S) diffusion theory and the concept of the
Thiele modulus, a shorter path length reduces the Thiele
modulus,26 thereby alleviating intracrystalline diffusion limitations
and potentially improving the effective accessibility of reactants
like NH3 to the internal active sites. This theoretical prediction is
corroborated by the enhanced NH3-TPD signal intensity observed
in our sample, which suggests a higher utilization efficiency of the
micropore volume compared to bulkier crystals.27
Fig. 3 NH3-TPD profiles of SAPO-34-x with different Si/Al ratios
(x = 0.2, 0.3, 0.4).

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01986b


Fig. 5 H2-TPR profiles of Cu-SAPO-34-x with different Si/Al ratios
(x = 0.2, 0.3, 0.4).
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The acidic characteristics of these phase-pure SAPO-34
samples provide a fundamental basis for understanding the
evolution of acidity upon Cu ion exchange. Fig. 4 displays the
NH3-TPD proles of Cu-modied samples. All samples exhibit
two NH3 desorption peaks at approximately 210 °C (LTD) and
400 °C (HTD). According to the literature,28 the LTD peak is
assigned to NH3 desorption from weak Lewis acid sites asso-
ciated with Cu species, P–OH groups, and extra-framework
aluminum species, while the HTD peak corresponds to
Brønsted acid sites and strong Lewis acid sites related to
Cu2+.14,16,18 The introduction of Cu results in a signicant
decrease in HTD peak temperature (e.g., from 470 °C for SAPO-
34-0.3 to 352 °C for Cu-SAPO-34-0.3), indicating that Cu2+ can
modulate the acid strength distribution. The Cu-SAPO-34
catalysts with different Si/Al ratios follow the same order in
both LTD and HTD peak positions: Cu-SAPO-34-0.3 (support
Si/Al = 0.361) shows the lowest LTD and HTD peak tempera-
tures (210 °C and 352 °C), followed by Cu-SAPO-34-0.2 (215 °C
and 362 °C), and Cu-SAPO-34-0.4 (227 °C and 373 °C). Notably,
Cu-SAPO-34-0.3 exhibits the lowest HTD peak temperature
with the largest peak area, suggesting the formation of abun-
dant and moderately strong Cu2+-associated Lewis acid sites in
this sample, which provides a crucial acidic structural foun-
dation for its superior low-temperature activity in NH3-SCR
reactions. These variations may be associated with differences
in Cu loading and chemical states on supports with different
Si/Al ratios.
3.3 Inuence of Si/Al ratio on copper reducibility and
loading

To gain deep insights into the inuence of the SAPO-34
framework Si/Al ratio on the existing morphology and siting
of Cu species aer ion exchange, H2-TPR technique was
employed to systematically characterize the reduction behavior
of Cu-SAPO-34 samples with varying Si/Al ratios, and the results
are presented in Fig. 5. The H2-TPR proles of Cu-SAPO-34-0.2
and Cu-SAPO-34-0.3 exhibit similar features, both displaying
Fig. 4 NH3-TPD profiles of Cu-SAPO-34-x with different Si/Al ratios
(x = 0.2, 0.3, 0.4).

© 2026 The Author(s). Published by the Royal Society of Chemistry
two characteristic reduction peaks at approximately 350 °C and
800 °C. Specically, the low-temperature reduction peak at
∼350 °C corresponds to the one-step reduction of isolated Cu2+

ions located at the six-membered ring site I to Cu+, whereas the
high-temperature reduction peak at ∼800 °C is attributed to the
subsequent reduction of the resulting Cu+ to Cu0.18,29,30 As the
Si/Al ratio increases from 0.299 to 0.361, the integrated areas of
both low- and high-temperature reduction peaks increase
concomitantly, which correlates well with the Cu loading
determined by ICP-OES rising from 1.59 wt% to 2.37 wt%. This
observation indicates that an appropriate Si/Al ratio can effec-
tively facilitate Cu2+ ion exchange and favor the formation of
highly dispersed active sites. Nevertheless, upon further
increasing the Si/Al ratio to 0.406 (Cu-SAPO-34-0.4), an addi-
tional medium-temperature reduction peak emerges at∼630 °C
in its H2-TPR prole, which can be assigned to the reduction of
CuxOy clusters.31–33 Simultaneously, the high-temperature
reduction peak shis from 800 °C to ∼735 °C, implying that
a fraction of Cu2+ ions may preferentially occupy weakly inter-
acting sites such as site IV at the eight-membered ring window
of the zeolite framework.18,30 This excessive Si/Al ratio-induced
migration of Cu species siting and the formation of binuclear/
oligomeric Cu species may lead to a decreased dispersion of
active sites, thereby exerting adverse effects on low-temperature
SCR activity and posing a potential threat to high-temperature
hydrothermal stability.
3.4 Inuence of Si/Al ratio on SCR activity and high-
temperature hydrothermal stability of Cu-SAPO-34 catalysts

To elucidate how the initial Si/Al ratio regulates the catalytic
performance and hydrothermal stability of Cu-SAPO-34 in
NH3-SCR, NOx conversions were measured for both fresh and
hydrothermally aged samples (Fig. 6). The catalytic activity of
fresh samples (Fig. 6, solid symbols) revealed that Cu-SAPO-34-
0.3 (Si/Al = 0.361) exhibited the optimal catalytic performance
among all samples, achieving nearly 100% NOx conversion at
235 °C and maintaining >90% conversion over a broad
RSC Adv., 2026, 16, 24739–24746 | 24743
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Fig. 6 Effect of Si/Al ratio on NH3-SCR activity and hydrothermal
stability of Cu-SAPO-34-x catalysts (x = 0.2, 0.3, 0.4).
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temperature window of 210–540 °C. Compared with bench-
mark Cu-SSZ-13 and Cu-SAPO-34 catalysts reported in the
literature,7,34,35 our optimized Cu-SAPO-34 exhibits a compa-
rable fresh activity window (e.g., a Cu/SSZ-13 catalyst main-
tains >90% NO conversion from 200 °C to 550 °C).34 By
comparison, Cu-SAPO-34-0.2 and Cu-SAPO-34-0.4 achieved
NOx conversions of approximately 90% and 85% at 235 °C,
respectively; notably, the latter exhibited the lowest catalytic
activity across the entire temperature range, declining to
merely ∼63% at 590 °C. The superior low-temperature activity
of Cu-SAPO-34-0.3 can be attributed to its relatively high
crystallinity (92.73%), appropriate acidity, and optimal Cu2+

exchange capacity (2.37 wt%), which synergistically facilitated
the formation of isolated Cu2+ active sites.18,36 Conversely, the
activity decline observed at elevated temperatures was
primarily associated with non-selective NH3 oxidation and
N2O formation, involving structural evolution processes such
as CuOx species aggregation and Brønsted acid site
dehydroxylation.

Following hydrothermal aging (Fig. 6, open symbols), all
catalyst samples exhibited varying degrees of deactivation;
however, the extent of activity degradation and the temperature-
dependent activity proles differed substantially, further
underscoring the critical regulatory role of the initial Si/Al ratio
in hydrothermal stability. Notably, Cu-SAPO-34-0.3 (Si/Al =

0.361) demonstrated the highest hydrothermal durability,
maintaining NOx conversions above 90% within the tempera-
ture range of 200–400 °C; Cu-SAPO-34-0.2 ranked second, with
its catalytic activity peaking at 280–340 °C and reaching
a maximum conversion of approximately 90%; whereas Cu-
SAPO-34-0.4 (Si/Al = 0.406) suffered the most severe deactiva-
tion, with the maximum conversion never exceeding 85% across
the entire temperature range and dropping to merely ∼47% at
590 °C. This disparity in stability can be attributed to the
balanced framework charge distribution resulting from the
moderate Si/Al ratio (0.361), which effectively suppressed
framework dealumination and Cu species migration/
agglomeration during hydrothermal aging.18,37
24744 | RSC Adv., 2026, 16, 24739–24746
4. Conclusions

This study reports the successful synthesis of a series of high-
crystallinity SAPO-34 molecular sieves with varying framework
Si/Al ratios (0.299–0.406) achieved by modulating the incorpo-
ration of silica sol in the initial gel. The corresponding Cu-
SAPO-34 catalysts were subsequently prepared using an iden-
tical ion-exchange procedure. This approach systematically
elucidates the regulatory mechanisms of the initial gel Si/Al
ratio on support structure, acidity, Cu species siting, and NH3-
SCR catalytic performance. Phase-pure SAPO-34 was synthe-
sized within a Si/Al range of 0.20–0.40 using triethylamine as
the sole template. An optimal Si/Al ratio of 0.361 endows the
catalyst with a high density of strong Brønsted acid sites and
highly dispersed isolated Cu2+ species, achieving nearly 100%
NOx conversion at 235 °C, maintaining over 90% conversion
across the temperature range of 210–540 °C, and retaining
above 90% activity between 200 and 400 °C aer hydrothermal
aging at 800 °C. It should be emphasized that the optimal NH3-
SCR activity of Cu-SAPO-34 prepared with a Si/Al ratio of 0.361 is
system-dependent. This optimal value is strictly constrained by
factors such as synthesis parameters, pretreatment procedures,
ion-exchange conditions, and copper loading during the actual
preparation process. Nevertheless, the regulatory effect of the
framework Si/Al ratio on the structural properties and catalytic
behavior of Cu-SAPO-34 is generally applicable to its deNOx

system. This superior performance originates from the syner-
gistic effects of isolated Cu2+ ions located at six-membered ring
sites, moderate acidity, and a balanced framework composition.
In contrast, a low Si/Al ratio (0.299) limits the density of active
sites, while a high Si/Al ratio (0.406) induces the formation of
CuxOy clusters due to framework charge imbalance, thereby
compromising catalytic activity and stability. These quantitative
structure–activity relationships provide guidelines for the
rational design of Cu-SAPO-34 deNOx catalysts capable of
meeting stringent emission standards, including Euro VII.
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