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ation of Pd-SSZ-13 catalysts
deactivated by alkali metals for passive NOx

adsorption

Dongdong Chen, *ab Weiqi Zhang,a Zhenzhen Jia,a Huibin Liu,b Bo Zhang, a

Shasha Liu,a Feng Liang,a Wuwan Xiong a and Xiang Li*a

Pd-loaded CHA zeolites (e.g., Pd-SSZ-13) have been identified as a promising candidate for passive NOx

adsorption (PNA) in low-temperature environments. The inclusion of lubricant oil additives or biofuels in

automotive exhaust after-treatment systems subjects Pd-SSZ-13 to chemical poisoning from

contaminants such as alkali metals (e.g., Na and K). In this study, we present a straightforward yet highly

effective approach to regenerate Pd-SSZ-13 that has been poisoned by alkali metals, achieved through

washing with a dilute NH4Cl solution. The underlying mechanisms of both poisoning and regeneration

were thoroughly explored, revealing that the deactivation due to alkali-metal poisoning is primarily

attributed to the transformation of the active Pd2+ ion into PdOx and a concomitant reduction in

Brønsted acid sites. The NH4Cl washing not only removes alkali metal contaminants, thereby restoring

the Brønsted acid sites previously occupied by them, but also converts the inert PdOx back into their

active states (i.e., isolated Pd2+). This investigation unveils a simplified yet highly efficient NH4Cl washing

technique for the regeneration of the deactivated Pd-SSZ-13, offering profound implications for

extending the catalyst's lifespan and enhancing its performance in cold-start exhaust after-treatment

applications.
1 Introduction

Nitrogen oxides (NOx) emitted by lean-burn diesel engines
represent a substantial environmental threat, contributing to
acid rain, photochemical smog and global warming, and their
reduction remains particularly challenging in oxygen-rich
conditions.1–3 The selective catalytic reduction of NOx using
ammonia as a reductant (i.e. NH3-SCR) is widely acknowledged
as the most effective strategy for NOx abatement, with high-
performance NH3-SCR catalysts garnering substantial
attention.4–8 However, the formation of NH3 gas through urea
decomposition is impeded at low temperatures during the cold-
start phase, thereby limiting the efficacy of NOx removal.9,10

Passive NOx adsorber presents an elegant solution to this
challenge by being engineered to adsorb NOx at temperatures
below 200 °C and subsequently release the stored NOx at
elevated temperatures (above 200 °C), aligning with the activa-
tion of downstream NH3-SCR catalytic converters.9,11–13
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In recent years, the PNA system has garnered substantial
scholarly and industrial interest, particularly from automotive
manufacturers.9,11,14–17 In comparison to metal-oxide catalysts
(e.g., CeO2 and Al2O3), PNA featuring Pd dispersed on zeolitic
supports exhibit remarkable advantages.18–20 These systems
demonstrate superior NOx adsorption capacity, optimal release
temperatures, and exceptional durability under challenging
conditions (e.g., SO2 exposure).11 Among various zeolite-based
materials, Pd-loaded SSZ-13 catalysts (i.e., Pd-SSZ-13) have
drawn considerable attention due to their outstanding adsorp-
tion efficiency and superior desorption behaviour (typically
within the 200–450 °C range).9,10,13,21 However, under practical
operating conditions, catalysts are inevitably compromised by
the deposition of alkali metals (e.g., K and Na) from urea solu-
tions and lubricating oil, resulting in their deactivation.10,17,22,23

The predominant mechanisms of deactivation for Pd-SSZ-13
zeolites by alkali metal poisoning can be extensively outlined
as follows:10,17 (1) isolated Pd sites aggregate into inert bulk
PdOx species, diminishing the number of active sites and
reducing the catalyst's reducibility; (2) alkali metal ions replace
H+ in Brønsted acid sites (i.e., Si–OH–Al), resulting in a reduc-
tion of the available acidic sites; (3) the zeolite channels and
pores are obstructed by aggregated alkali metal oxides and PdOx

species, thereby impairing the catalyst's capacity to eliminate
low-temperature NOx.
RSC Adv., 2026, 16, 383–393 | 383
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The replacement of a depleted PNA catalyst proves
economically untenable due to the exorbitant costs associated
with both the precious metal Pd and the SSZ-13 zeolitic support.
Consequently, catalyst regeneration emerges as a crucial
strategy for revitalizing deactivated PNA materials, presenting
a pragmatic solution to extend their operational lifespan while
mitigating the environmental issues associated with the
disposal of exhausted catalysts.24 As previously highlighted,
alkali metal ions tend to occupy the ion-exchanged sites,
thereby converting Pd2+ ions into inert bulk PdOx. Therefore,
during the regeneration of alkali-metal-poisoned Pd-SSZ-13
samples, it is imperative not only to remove the alkali metals
that occupy the Brønsted acid sites but also to dismantle the
PdOx aggregates, facilitating their reversion to the ion-exchange
sites, where they can reform into active, isolated Pd2+ ions. To
the best of our knowledge, technical methodologies for reg-
enerating Pd-SSZ-13 catalysts compromised by alkali metal ion
poisoning remain largely unexplored. Thus, research in this
area is of substantial scientic and practical signicance,
offering prospective solutions to the pressing challenges asso-
ciated with the regeneration of catalysts impacted by alkali
metal ion contamination. It is well documented that bulk PdOx

can be reverted to Pd ions through hydro/hydrothermal
treatment;24–26 however, alkali metal ions remain resistant to
removal via such methods due to the robust interaction
between the alkali metal ions and the exchange sites within the
zeolitic structure.27 Recent studies have demonstrated that
alkali-metal-poisoned Cu-loaded zeolites can be regenerated by
washing with a diluent solution containing NH4

+ ions.27–29 This
raises an intriguing and important question: could NH4

+ exert
similar positive effects on the regeneration of more costly alkali-
metal-poisoned PNA catalysts, such as Pd-SSZ-13, which hold
considerable potential in addressing the cold-start NOx emis-
sion issue?

In this investigation, a series of Pd-SSZ-13 catalysts, rendered
inactive by alkali metal poisoning (K and Na), were synthesized
using an impregnation methodology. The regeneration of these
poisoned catalysts was successfully achieved through the
implementation of a robust strategy involving the washing with
a dilute NH4Cl solution. To comprehensively elucidate the
deactivation and regeneration mechanisms of Pd-SSZ-13, a wide
array of characterization techniques (XRD, N2-physisorption,
DR UV/Vis, H2-TPR, NH3-TPD, SEM, TEM, XPS, 27Al solid-state
NMR, NO- and NH3-DRIFT) was employed to investigate the
physicochemical, structural, acidic, Pd-speciation properties, as
well as the alkali metal (e.g., Na and K) species of the fresh,
poisoned, and regenerated catalysts. The outcomes of this
investigation possess signicant practical relevance, as they
offer a successful approach to regenerate the catalytic activity of
alkali-metal-poisoned Pd-based catalysts.

2 Materials and methods
2.1 Catalyst synthesis

The pristine proton-type SSZ-13 zeolite (H-SSZ-13, SiO2/Al2O3 =

11) was procured from Dalian Zhuoran Environmental Protec-
tion Co., Ltd (P. R. China). Palladium nitrate dihydrate
384 | RSC Adv., 2026, 16, 383–393
(Pd(NO3)2$2H2O, Pd $ 39.0%) and ammonium sulfate
((NH4)2SO4, 99 wt%) were sourced from Shanghai Aladdin
Biochemical Technology Co., Ltd (P. R. China). Potassium
nitrate (KNO3) and sodium nitrate (NaNO3) were purchased
from Guangzhou Chemical Reagent Factory.

A Pd-SSZ-13 catalyst, incorporating 1 wt% Pd, was synthe-
sized via an impregnation method, utilizing the commercially
acquired H-SSZ-13 as the zeolitic support. In the typical proce-
dure, 500 mL of 1 M (NH4)2SO4 aqueous solution was combined
with 10 g of the H-type zeolite support and stirred at ambient
temperature for 1 hour.30 Aer washing by deionized water for
three times, the products were recovered by ltered and dried by
an oven at 200 °C to yield ammonia-type SSZ-13 (labeled as NH4-
SSZ-13).30 The NH4-SSZ-13 was subsequently impregnated with
palladium nitrate dihydrate to prepare palladium-modied SSZ-
13 (i.e. Pd-SSZ-13) with a 1 wt% Pd loading. The wetted
precursor was dried at ambient temperature for 24 hours, fol-
lowed by further drying at 60 °C for 12 hours. Finally, the
catalyst underwent calcination at 550 °C for 4 hours, resulting
in the fresh Pd-SSZ-13 catalysts, denoted as Pd-Z-F. The K- or Na-
modied Pd-SSZ-13 catalysts were prepared by impregnating
the Pd-Z-F sample with a specic quantity of NaNO3 or KNO3

solution, targeting a theoretical alkali metal loading of 1 mmol
g−1. The mixture was le to equilibrate at ambient temperature
for 24 hours, aer which it was dried overnight and calcined in
owing air at 500 °C at a rate of 5 °Cmin−1 for 4 hours, resulting
in the successful synthesis of Na- and K-poisoned Pd-SSZ-13
catalysts, labeled as Pd-Z-Na and Pd-Z-K, respectively.

The regeneration of Pd-SSZ-13 catalysts, poisoned by alkali
metals, was effectuated through treatment with a dilute NH4Cl
solution as outlined in recent literatures.27,28 Specically, 2.0 g
of the alkali-metal-contaminated catalysts (Pd-Z-Na and Pd-Z-K)
were mixed with 400 mL of 0.01 M NH4Cl solution and agitated
at 80 °C for 1 hour. Subsequent to ltration, the catalysts were
thoroughly rinsed with deionized water and subjected to drying
at 110 °C in an oven. The regenerated Pd-Z-Na and Pd-Z-K
catalysts were subsequently recovered, designated as Pd-Z-Na-
R and Pd-Z-K-R, respectively.
2.2 Catalyst characterization

The crystalline structure of the zeolite samples was examined
via powder X-ray diffraction (XRD) using a Bruker D8-Advance
diffractometer, utilizing Cu Ka radiation with a scan rate set
to 5° min−1. The specic surface areas and the pore volumes of
the catalysts were determined by nitrogen adsorption/
desorption tests, employing the Brunauer–Emmett–Teller
(BET) method on an ASAP 2020 analyzer at 77 K. Diffuse
reectance ultraviolet-visible (DR UV/Vis) spectroscopy was
conducted on a Lambda 650 spectrometer (PerkinElmer)
equipped with an integrating sphere, with BaSO4 serving as the
reference standard. SEM measurements were performed on an
ultra-high resolution eld emission scanning electron micro-
scope (SU8600, Hitachi). TEM images and EDX mappings were
collected using a transmission electron microscope (Tecnai G2
F20, FEI) at an accelerating voltage of 200 kV. Hydrogen
temperature-programmed reduction (H2-TPR) and ammonia
© 2026 The Author(s). Published by the Royal Society of Chemistry
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temperature-programmed desorption (NH3-TPD) analyses were
carried out on a BSD-Chem C200 apparatus. For each H2-TPR
test, approximately 50 mg of the zeolite sample was placed in
a U-type quartz tube, and the temperature was elevated from
45 °C to 700 °C, with 10 vol% H2/Ar serving as the carrier gas.
The NH3-TPD procedure involved pre-treating 50 mg of the
catalyst powder at 550 °C for 1 hour in a helium ow to elimi-
nate adsorbed moisture and impurities, followed by cooling to
50 °C. Subsequently, the catalyst was exposed to 10 vol% NH3 in
He for 1 hour to achieve surface saturation. Aer purging with
He for 60 minutes to remove both gaseous and physically
adsorbed NH3, the temperature was ramped from 50 °C to 700 °
C at 10 °C min−1 to record the NH3-TPD prole. Surface
composition analysis was performed via XPS utilizing an
ESCALAB 250 system (Thermo Fisher Scientic, USA), equipped
with a monochromatic Al Ka X-ray source (hn = 1486.8 eV). The
binding energy calibration was achieved by referencing the C 1s
peak at 284.6 eV. Solid-state 27Al Nuclear Magnetic Resonance
(NMR) spectra were acquired on a Bruker Avance III 600 MHz
spectrometer equipped with a 4.0 mmCPMAS probe, calibrated
at 12 kHz MAS frequency. For NMR analysis, Al(NO3)3 (1 M)
solution was utilized as a reference for the chemical shis of
27Al. The relative concentrations of alkali metals were deter-
mined using inductively coupled plasma optical emission
spectroscopy (ICP-OES, Agilent 720, USA). In situ diffuse reec-
tance Fourier-transform infrared (DRIFT) spectra were recorded
using a Bruker INVENIO R spectrometer, equipped with
a dedicated reaction chamber featuring ZnSe optical windows
and a Harrick Praying Mantis mirror assembly for enhanced
diffuse reection. Spectral data were collected over a wave-
number range of 4000 to 650 cm−1, with a spectral resolution of
2 cm−1, averaging 32 scans per measurement to optimize signal
quality. To establish a linear correlation between surface
concentration and infrared band intensity, data were processed
using the Kubelka–Munk (KM) method. Prior to measurements,
the sample was pretreated at 500 °C for 1 hour in a owing air
atmosphere. Background spectra were recorded aer cooling to
the target temperature, and two distinct sets of DRIFTS data
were obtained: (i) NO as the probe molecule adsorbed on the
zeolites at 100 °C; (ii) NH3 at 25 °C.
2.3 Catalyst evaluation

The NOx adsorption and desorption behaviors of the fresh,
poisoned and regenerated Pd-SSZ-13 catalysts were evaluated
using a custom-designed continuous-ow quartz reactor. For
each standard NOx adsorption/desorption measurement, 50 mg
of the prepared catalyst (sieved to 40–60 mesh) was used. Prior
to testing, the catalysts were subjected to pretreatment at 500 °C
for 60 minutes in an air stream, followed by natural cooling to
target reaction temperature (i.e. 100 °C) without altering the gas
composition. The adsorption process began immediately aer
introducing 200 ppm NOx, 200 ppm CO (when required), and
3 vol% H2O (when required) into the gas stream. The samples
were held at 100 °C for approximately 10 minutes to facilitate
NOx uptake. Subsequently, the furnace temperature was ram-
ped from 100 to 600 °C at 10 °C per minute to assess NOx
© 2026 The Author(s). Published by the Royal Society of Chemistry
desorption. Throughout the experiment, effluent gases and
their concentrations were continuously monitored using an
online FT-IR spectrometer (MKS MultiGas 6030), equipped with
a heated gas cell maintained at 191 °C.

3 Results and discussions
3.1 NOx adsorption/desorption properties of Pd-SSZ-13
catalysts

To explore the potential for regenerating Pd-SSZ-13 catalysts
poisoned by alkali metal ions through washing with NH4Cl
solution, the NOx adsorption/desorption characteristics of Pd-Z-
F, Pd-Z-Na, Pd-Z-K, Pd-Z-Na-R and Pd-Z-K-R catalysts, both in
the presence and absence of CO and H2O, were evaluated, the
results are illustrated in Fig. 1 and S1. It is widely recognized
that the negative peak at low temperatures in the NOx

adsorption/desorption proles corresponds to the NOx storage
capacity, whereas the positive peaks at elevated temperatures
signify the NOx desorption capacity. As anticipated, the PNA
performance of the alkali-metal-ion-poisoned Pd-SSZ-13, with
1 mmol g−1 of Na or K, exhibited a signicant decline. Speci-
cally, prior to the addition of CO and H2O (Fig. 1a and S1a), the
total adsorption capacity of the unpoisoned Pd-Z-F sample
diminished from 131.79 mmol g−1 to 22.32 mmol g−1 and 17.86
mmol g−1 for the poisoned Pd-Z-Na and Pd-Z-K samples,
respectively. Upon washing with NH4Cl solution, the detri-
mental impact of alkali metals on the NOx storage capacity of
Pd-SSZ-13 was almost completely eliminated, and the NOx

desorption capacity of the regenerated Pd-Z-Na-R and Pd-Z-K-R
catalysts increased to 129.46 mmol g−1 and 127.32 mmol g−1,
respectively. It has been reported that desorption peaks below
200 °C, which are only observable under dry conditions, are
indicative of weakly bound NOx on Brønsted acid sites, Pd(OH)+

species, or bulk PdOx. These results suggest that both K and Na
ions contribute signicantly to the loss of Brønsted acid and
Pd2+ sites. However, almost all of these lost sites were recovered
following NH4Cl solution washing. To more accurately simulate
real-world conditions, the feed gas was subsequently enriched
with 3 vol% H2O and 200 ppm CO. The resulting NOx

adsorption/desorption properties of the ve Pd-SSZ-13 catalysts
are presented in Fig. 1b and S1b. It has been demonstrated that
NOx adsorption onto Pd-SSZ-13 is hindered under wet condi-
tions due to the occupation of partial Pd2+ and Brønsted acid
sites by H2O molecules.9 Nevertheless, CO mitigates the nega-
tive inuence of H2O by reacting with NO to form NO–Pd(II)–CO
species (Fig. S2).9 As observed in Fig. 1b and S1b, the total
adsorption capacity of the Pd-Z-F sample decreased from 56.90
mmol g−1 to 15.71 mmol g−1 and 14.72 mmol g−1 for the poisoned
Pd-Z-Na and Pd-Z-K samples, respectively. Following NH4Cl
washing, the NOx adsorption capacity increased to 46.66 mmol
g−1 and 43.37 mmol g−1 for the regenerated Pd-Z-Na-R and Pd-Z-
K-R catalysts, respectively. Furthermore, unlike the dry condi-
tion, the NOx adsorption/desorption proles of all samples
under CO and H2O conditions exhibited a broad desorption
peak above 350 °C, attributed to the stabilization of NOx by
isolated cationic Pd sites.9,12 As shown in Fig. 1b and S1b, the
intensity of the desorption peak above 350 °C was signicantly
RSC Adv., 2026, 16, 383–393 | 385
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Fig. 1 PNA performances of fresh Pd-Z-F, Na-poisoned Pd-Z-Na and the regenerated Pd-Z-Na-R catalysts under different conditions. (a) Gas
feed: 200 ppm of NOx and 10 vol% O2 in N2; (b) gas feed: 200 ppm of NOx, 200 ppm of CO, 3 vol% H2O and 10 vol% O2 in N2. Samples were
treated at 500 °C in 10 vol% O2 for one hour before all the tests, and a total flow rate of 200 mL min−1 was used.
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reduced aer K or Na poisoning, which was due to the loss of
isolated Pd2+ sites. Aer washing with NH4Cl solution, the peak
intensity above 350 °C increased, indicating the recovery of the
active Pd2+ sites. A more detailed discussion of the NOx

adsorption activity of the poisoned and regenerated catalysts
will follow, integrated with characterizations of the Pd active
sites and surface acid sites.
3.2 Characterizations of the catalysts

The surface morphology and porosity of the catalysts were
rigorously scrutinized through FE-SEM, with the corresponding
data presented in Fig. S3. FE-SEM imaging revealed the reten-
tion of cubic particle morphology across all synthesized
samples, with no signicant morphological change observed
following alkali-metal-poisoning and regeneration (Fig. S3).
Nitrogen physisorption techniques was conducted to
Fig. 2 N2-physisorption curves (a) and micropore size distributions (b) a
the regenerated Pd-Z-Na-R catalysts.

386 | RSC Adv., 2026, 16, 383–393
investigate the specic surface areas and porosity information,
the results are shown in Fig. 2, S4 and Table S1. Prior to
poisoning, the Pd-Z-F catalyst exhibits a specic surface area of
536.05 m2 g−1 and a micropore volume of 0.233 cm3 g−1. Post-
poisoning, the specic surface area and micropore volume of
the Pd-Z-Na catalyst drop to 497.89 m2 g−1 and 0.205 cm3 g−1,
respectively, while those of the Pd-Z-K catalyst decrease to
487.14 m2 g−1 and 0.209 cm3 g−1, which can be attributed to
pore blockage from newly formed PdO aggregates and alkali
metal oxides. Following regeneration, the specic surface area
and micropore volume of the Pd-Z-Na-R catalyst exhibited an
increase to 505.74 m2 g−1 and 0.216 cm3 g−1, respectively, while
the Pd-Z-K-R catalyst showed improvements to 498.28 m2 g−1

and 0.224 cm3 g−1. These enhancements are likely attributed to
the conversion of PdO aggregates back into isolated Pd2+

species, thereby relieving the pore blockage and restoring the
catalyst's porosity.
nalyzed by the NLDFT method for Pd-Z-F, Na-poisoned Pd-Z-Na and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 DR UV/Vis spectra of Pd-Z-F, Na-poisoned Pd-Z-Na and the
regenerated Pd-Z-Na-R catalysts.
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The structural characteristics of the catalysts were meticu-
lously probed via XRD and 27Al MAS NMR analyses, with the
corresponding datasets illustrated in Fig. 3, S5 and S6. As
depicted in Fig. 3a and S5a, all catalysts preserved their intrinsic
CHA frameworks following exposure to Na- and K-induced
deactivation and subsequent regeneration, indicating that the
long-range ordered zeolitic architectures remain largely unper-
turbed.31 Notably, the intensities of the hallmark diffraction
peaks corresponding to the chabazite structure in alkali-metal
poisoned Pd-Z-Na and Pd-Z-K catalysts were markedly attenu-
ated relative to the pristine Pd-Z-F, attributable to the deposi-
tion of alkali metal species predominantly on the support
surface, which exerts a deleterious effect on the structural
peaks.10,17 Intriguingly, subsequent NH4Cl washing restored the
peak intensities of Pd-Z-Na-R and Pd-Z-K-R to levels comparable
with Pd-Z-F, underscoring the efficacy of the regeneration
process. Moreover, Fig. 3b and S5b reveal that the diffraction
peak at 2q = 33.9°, associated with PdO species, exhibits an
inverse trend relative to the chabazite peaks in alkali-metal
poisoned Pd-Z-Na and Pd-Z-K, compared with the fresh cata-
lyst. This observation suggests that alkali-metal poisoning
promotes the formation of PdO nanoparticles. Upon NH4Cl-
mediated regeneration, the intensity of the 2q = 33.9° peak
diminished relative to the poisoned samples, implying the
reconversion of aggregated PdO species into catalytically active,
isolated Pd2+ ions.32–35 Complementary insights into the struc-
tural perturbations were obtained through 27Al MAS NMR
spectroscopy, providing further evidence of framework integrity
of the catalysts. Notably, in Fig. S6, the Pd-Z-F catalyst exhibits
a prominent peak at 58 ppm, alongside a subtle peak at 0 ppm,
corresponding to tetrahedrally coordinated framework Al and
six-coordinated extra-framework aluminum Al, respec-
tively.22,31,36 In comparison to the Pd-Z-F catalyst, the peaks
corresponding to the framework Al slightly broaden in the Pd-Z-
K and Pd-Z-Na catalysts, aligning with previous studies.10

Moreover, the intensity of the six-coordinated extra-framework
Fig. 3 (a) XRD patterns of Pd-Z-F, Na-poisoned Pd-Z-Na and the regen
the intensity of main band at 2q = 9.6° in the respective spectrum) in 33

© 2026 The Author(s). Published by the Royal Society of Chemistry
Al diminishes post-poisoning, attributable to the interaction
of alkali metals with these Al sites, forming NMR-invisible
species such as KAlO2 (or NaAlO2) or the highly disordered
undetectable Al species.22,37 Upon regeneration via NH4Cl
washing, the deleterious impact of alkali metal contamination
is substantially mitigated.

DR UV/Vis spectroscopy was employed to examine the
coordination environment and oxidation state of Pd species in
the freshly synthesized Pd-SSZ-13 catalysts, with the results
illustrated in Fig. 4 and S7. As illustrated in Fig. 4, the spectrum
of the Pd-Z-F catalyst displays a distinct absorption band within
the 200 to 300 nm range, which is ascribed to charge transfer
interactions between Pd and the oxygen ligands.9,24 This
observation suggests that Pd2+ ions represent the predominant
palladium species in the non-poisoned sample. Both Fig. 4 and
S7 demonstrate a broad, pronounced shoulder between 400 and
500 nm aer Na or K poisoning, in contrast to the Pd-Z-F
erated Pd-Z-Na-R catalysts. (b) Enlarged XRD patterns (normalized to
.5–34.5°.
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Fig. 5 (a, d and g) TEM, (b, e and h) HAADF-STEM images, and (c, f and i) EDXmapping of Pd for Pd-Z-F (panels (a–c)), Pd-Z-Na (panels (d–f)) and
Pd-Z-Na-R (panels (g–i)) catalysts.
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catalyst. This feature is attributed to the characteristic elec-
tronic transitions of Pd2+ within a tetragonally coordinated
oxygen environment (i.e., PdOx).9,21,24 The proliferation of PdOx

aggregates can be ascribed to the propensity of alkali metals to
perturb the interactions between the metal ion-active sites (e.g.,
Pd2+ and Cu2+), thereby fostering the mobilization of these
cationic species and catalyzing the coalescence into aggregated
PdOx or CuOx structures.17,38,39 Nonetheless, NH4Cl washing can
convert the bulk PdOx, which is caused by alkali metal
poisoning, back into ionic Pd species. Specically, as illustrated
in Fig. 4 and S7, Pd-Z-Na-R and Pd-Z-K-R catalysts display an
enhanced peak in the 200–300 nm range and a reduced peak in
the 400–500 nm range compared to their poisoned counter-
parts, indicating that a fraction of PdOx can be reverted to the
active Pd2+ form post NH4Cl washing treatment.

HAADF-STEM imaging, accompanied by EDX mapping, was
employed to elucidate the spatial distribution of Si, Al, O, and
Pd in both the poisoned and regenerated Pd-SSZ-13 catalysts,
with particular focus on the distribution of Pd following the
poisoning and regeneration processes. The other elements (Si,
Al, O) in all catalysts are observed to be distributed uniformly,
however, the state of the Pd element varied signicantly among
388 | RSC Adv., 2026, 16, 383–393
the different catalysts (Fig. S8). Specically, the STEM (TEM)
and EDX mapping images (Fig. 5a–c) of the Pd-Z-F sample
clearly depict the formation of a moderate quantity of Pd
nanoparticles on the zeolite surface, while the majority of Pd
species remain extensively dispersed within the CHA cages.
However, following alkali-metal poisoning, signicantly larger
Pd-containing aggregates (up to tens of nanometers in size)
were observed on the zeolitic surface, as shown in Fig. 5d, e and
S9a–c. This observation unequivocally substantiates that alkali
metal ions occupy the exchanged sites, promoting the forma-
tion of bulk PdO particles on the zeolite surface. Aer regen-
eration via NH4Cl solution washing, a marked reduction in the
number of Pd nanoparticles on the external surface of Pd-Z-Na-
R and Pd-Z-K-R zeolites was noted, and the EDX mapping
images of Pd revealed a homogenous distribution (Fig. 5g–i and
S9d–f). This suggests that NH4Cl promotes the conversion of
PdO aggregates, newly generated due to alkali metal poisoning,
into isolated Pd cations. Furthermore, NH4Cl washing effec-
tively removes K and Na ions from the Pd-SSZ-13 system,
thereby reinstating the Brønsted acid sites that were previously
occupied by these alkali-metal ions. The removal of alkali-metal
ions is conrmed through elemental distribution analysis via
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 H2-TPR curves (a) and NH3-TPD profiles (b) of Pd-Z-F, Na-poisoned Pd-Z-Na and the regenerated Pd-Z-Na-R catalysts.
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EDX mapping of Na and K (Fig. S10) as well as high-resolution
XPS of the Na 1s and K 2p spectra (Fig. S11). Remarkably, as
shown in Fig. S10, substantial amounts of K and Na ions are
detected in the Pd-Z-Na and Pd-Z-K catalysts, respectively.
However, most of these ions are effectively removed aer NH4Cl
treatment. The XPS spectra of Pd-Z-Na-R and Pd-Z-K-R in
Fig. S11 further conrm that the alkali-metal ions are success-
fully eliminated from the poisoned Pd-SSZ-13 catalysts aer
regeneration. Consistent with these ndings, the ICP-OES
results in Table S2 show that the Na content decreases from
1.55% in Pd-Z-Na to 0.11% in Pd-Z-Na-R, and the K content
decreases from 1.99% in Pd-Z-K to 0.50% in Pd-Z-K-R following
NH4Cl washing.

To examine the transformation of Pd species under Na or K
poisoning and their subsequent regeneration in Pd-SSZ-13, H2-
TPR experiments were performed to characterize the diverse Pd
species according to their specic reduction temperature
proles. The data, presented in Fig. 6a and S12a, reveal
a distinct broad positive H2 consumption peak spanning 80 °C
to 140 °C, attributed to the reduction of Pd2+ ions, prominently
observed in the Pd-Z-F catalyst, indicating a signicant
concentration of Pd2+ ions within the material.9,10,24,33 Further-
more, a sharp negative H2 desorption peak near 72 °C was also
detected in the Pd-Z-F catalyst, pointing to the existence of
a small quantity of PdO.9,10,24,33 Upon Na poisoning, the intensity
of the positive peak linked to Pd2+ ions in the Pd-Z-Na catalyst
diminishes substantially, while the negative peak associated
with PdO becomes markedly more intense, suggesting
a pronounced aggregation of isolated Pd2+ species driven by Na-
induced poisoning (Fig. 6a). These ndings indicate that alkali
metals poisoning facilitate the conversion of Pd2+ ions into bulk
PdO, aligning with the conclusions of Li et al.10 Interestingly, as
illustrated in Fig. 6a, the intensity of the PdO peak in the Pd-Z-
Na-R catalyst experiences a marked reduction, while the signal
corresponding to Pd2+ ions undergo a substantial enhance-
ment. This observation underscores the efficacy of washing with
a dilute NH4Cl solution in converting bulk PdO back into its
© 2026 The Author(s). Published by the Royal Society of Chemistry
active, isolated Pd2+ ionic form. To further substantiate this
phenomenon, the K-poisoned and regenerated Pd-SSZ-13 cata-
lyst (i.e., Pd-Z-K and Pd-Z-K-R) were also subjected to H2-TPR
analysis, as depicted in Fig. S12a. Remarkably, the PdO species
previously present in the Pd-Z-K sample were nearly entirely
eliminated, and the peak intensity corresponding to the active
Pd2+ ions was mostly restored in the Pd-Z-K-R catalyst. This
validates the regenerationmechanism involving NH4Cl washing
as highly effective for mitigating both Na and K-induced
poisoning.

To elucidate the impact of alkali metal ions on the acidic
characteristics of Pd-SSZ-13, NH3-TPD experiments were con-
ducted to probe the alterations in the material's acidity before
and aer exposure to a dilute NH4Cl solution. The data, pre-
sented in Fig. 6b and S12b, disclose three distinct NH3

desorption peaks for the Pd-Z-F catalyst. The initial peak,
observed at temperatures below 200 °C, indicates NH3 adsorp-
tion on weak Lewis acid sites, such as surface hydroxyl groups
and aluminum species located outside the zeolite frame-
work.9,22,31,36 The additional peaks at about 275 °C and 430 °C
correspond to NH3 desorption from medium and strong acid
sites.9,22,31,36 These peaks are attributed to the release of NH3

from cationic Pd2+ species at the zeolite exchange sites (i.e.,
stronger Lewis acid sites) and Brønsted acid sites, respectively,
thus emphasizing the presence of both acidic functionalities
within the Pd-Z-F catalyst.9,22,31,36 As indicated in Table S3, upon
Na or K poisoning, the intensities of all NH3 desorption peaks in
the poisoned Pd-Z-Na and Pd-Z-K samples diminished signi-
cantly as compared to Pd-Z-F sample, particularly those asso-
ciated with medium and strong acid sites. This suggests that
both K+ and Na+ ions induce a reduction in the number of active
Pd2+ and Brønsted acid sites. Notably, the Brønsted acid sites in
the Pd-Z-Na and Pd-Z-K catalysts almost entirely vanish due to
the occupation by K+ and Na+ ions, respectively. Following
washing with a dilute NH4Cl solution, the NH3 desorption
peaks of the regenerated Pd-Z-Na-R and Pd-Z-K-R catalysts were
nearly restored to levels akin to those of the pristine Pd-Z-F
RSC Adv., 2026, 16, 383–393 | 389
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catalyst, implying that the previously occupied Brønsted acid
sites were liberated. This restoration is attributed to the ability
of NH4

+ ions to effectively displace K+ and Na+ ions via ion-
exchange, a conclusion that is corroborated by the high-
resolution K 1s and Na 1s XPS spectra shown in Fig. S11.

NO can be adsorbed onto Pd cations situated at exchanged
sites in Pd-SSZ-13 in the absence of H2O, yielding distinguish-
able FT-IR spectra. Consequently, DRIFTS experiments utilizing
NO as a probe molecule (i.e. NO-DRIFTS) were conducted to
investigate the alterations in Pd states within the Pd-SSZ-13
catalysts post-poisoning and regeneration. The FT-IR spectra
obtained upon NO adsorption on fresh, alkali-metal-poisoned,
and regenerated catalysts are presented in Fig. 7, S13 and S14.
Two prominent FT-IR bands at 1857 and 1818 cm−1 were
observed in Pd-Z-F prior to poisoning, attributed to the n(NO)
vibrations of Pd2+–NO and Pd(OH)+–NO, respectively.9,12,40 It is
postulated that two distinct divalent Pd2+ species are involved:
isolated Pd2+ species coordinated with two adjacent Al sites in
six-membered ring (6MR) units and Pd(OH)+ species stabilized
by individual Al sites in eight-membered ring (8MR) units.9,32,41

Previous studies have suggested that the formation of Pd(OH)+–
NO and Pd2+–NO arises from the adsorption of NO on isolated
Pd(OH)+ and Pd2+ cations, respectively.12,32,40,41 Thus, the relative
intensities of the peaks at 1818 and 1857 cm−1 can be correlated
with the relative abundance of Pd(OH)+ and Pd2+ in the Pd-SSZ-
13 catalysts.32 As indicated in Fig. 7 and S13, compared to the
Pd-Z-F sample, the NO adsorption IR peaks at 1818 and
1857 cm−1 are nearly absent aer Na or K poisoning, signaling
the near-total disappearance of Pd cations in both the poisoned
Pd-Z-Na and Pd-Z-K samples. However, aer treatment with
NH4Cl solution, the NO adsorption peaks at 1818 and
1857 cm−1 in the Pd-Z-Na-R and Pd-Z-K-R samples become
signicantly more pronounced compared to the poisoned
samples, suggesting a notable re-emergence of divalent Pd2+

species, including Pd(OH)+ and Pd2+ cations, in the regenerated
catalysts.
Fig. 7 NO-DRIFTS profiles of Pd-Z-F, Na poisoned Pd-Z-Na and the
regenerated Pd-Z-Na-R catalysts.

390 | RSC Adv., 2026, 16, 383–393
NH3-DRIFTS serves as a potent analytical tool for probing the
interaction between metal cations (e.g., Pd2+ and Cu2+) and the
zeolite framework.9,27,42,43 It has been well-established that FT-IR
bands in the 1000–850 cm−1 range reect the T–O–T vibrations
of the zeolite framework, which are perturbed by Cu2+

ions.27,42,44 A similar disruption of T–O–T vibrations induced by
exchanged Pd ions was observed in Pd-SSZ-13, a nding that
was unequivocally corroborated through in situ NH3-DRIFTS
analysis.9,43 As depicted in Fig. 8a, S15a and S16, the IR spec-
trum of the Pd-Z-F catalyst reveals two prominent peaks at 872
and 903 cm−1, corresponding to Pd2+ and Pd(OH)+ species in
6MR and 8MR, respectively.9,43 Upon poisoning, these peaks at
872 and 903 cm−1 nearly vanish, signifying that the introduc-
tion of Na and K leads to a signicant depletion of active Pd2+

and Pd(OH)+ cations. Notably, these peaks attributable to iso-
lated Pd2+ and Pd(OH)+ species are partially restored following
treatment with a dilute NH4Cl solution. This alteration in the Pd
states is likely ascribed to the ability of NH4

+ ions in the NH4Cl
solution to facilitate the transformation of PdO species, which
are initially formed due to alkali-metal poisoning, back into
their active Pd2+ counterparts. Additionally, as indicated in
Fig. 8b, S15b and S17, NH3-DRIFTS was also employed to
investigate the OH vibrational (nOH) region of the catalysts,
providing insight into the modications of hydroxyl groups
within the Pd-SSZ-13 framework.31,32,34,45 Thus, NH3 adsorption
DRIFTS measurements were conducted to assess the impact of
Na or K poisoning and the subsequent regeneration process on
the hydroxyl groups within Pd-SSZ-13 catalysts. As shown in
Fig. 8b and S15b, four distinct nOH features at 3737, 3668, 3619,
and 3588 cm−1 were identied in the Pd-Z-F catalyst. As is
known that the bands at 3737 and 3668 cm−1 are attributed to
terminal Si–OH and Pd(OH)+ species, respectively, while the
peaks at 3619 and 3588 cm−1 corresponded to Brønsted acid
sites (i.e., Si–O(H)–Al) remain unoccupied by positively charged
Pd2+ ions.9,34,45 Following poisoning, the band at 3668 cm−1,
associated with Pd(OH)+ species, almost completely di-
sappeared due to the exchange of alkali-metal ions into the ion-
exchange sites in CHA cages. Furthermore, the majority of
Brønsted acid sites became occupied by alkali-metal ions,
leading to a marked reduction in the peaks at 3619 and
3588 cm−1 in the poisoned Pd-Z-Na and Pd-Z-K samples.
Remarkably, the peak at 3668 cm−1, representing Pd(OH)+

species, reappeared post-regeneration with NH4Cl solution.
This indicates that the PdO species can be effectively converted
back to divalent Pd2+ species. Additionally, the intensities of the
peaks at 3619 and 3588 cm−1 in the regenerated Pd-Z-Na-R and
Pd-Z-K-R catalysts were signicantly stronger than in the
poisoned samples. These ndings conclusively demonstrate
that the Brønsted acid sites in SSZ-13 can be effectively rein-
stated through the removal of alkali-metal ions from the catalyst
via NH4Cl washing.
3.3 Proposed mechanism of alkali-metal-induced
deactivation and regeneration of Pd-SSZ-13

The deactivation of Pd-SSZ-13 catalysts induced by alkali metals
and the subsequent regeneration mechanism following NH4Cl
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 NH3-DRIFTS profiles of Pd-Z-F, Na poisoned Pd-Z-Na and the regenerated Pd-Z-Na-R catalysts: (a) T–O–T regions; (b) OH vibrational
region.

Fig. 9 Schematic illustration of the Na-induced deactivation and subsequent regeneration mechanism of the poisoned Pd-SSZ-13 catalysts
following NH4Cl washing.
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washing is comprehensively elucidated, as illustrated in Fig. 9.
Upon careful analysis of the experimental results and associ-
ated discussion, it is evident that the effect on the CHA frame-
work of Pd-SSZ-13 resulted by alkali metals is negligible.
However, alkali metals, such as Na, exert a detrimental effect on
the active isolated Pd2+ sites and Brønsted acid sites, thereby
signicantly reducing the adsorption efficacy of the poisoned
Pd-SSZ-13. Specically, the incorporation of Na leads to the
displacement of Pd active sites from their ion-exchange loca-
tions, resulting in pronounced aggregation of Pd species and
the formation of non-active PdO particles. In addition, Na+ ions
can interact with Brønsted acid sites, replacing H+ ions to form
Si–O(Na)–Al linkages, thereby diminishing the surface acidity of
the zeolite. Crucially, the NH4Cl washing treatment promotes
the redispersion of Pd species, thereby alleviating both the
physical and chemical deactivation of Pd-SSZ-13. Furthermore,
this washing process facilitates the recovery of Brønsted acid
© 2026 The Author(s). Published by the Royal Society of Chemistry
sites by effectively removing the Na+ species that have accu-
mulated on the catalyst surface.
4 Conclusions

In this study, a facile and highly effective methodology was
employed to regenerate Pd-SSZ-13 catalysts poisoned by alkali
metals, utilizing a dilute NH4Cl solution washing. The mecha-
nisms of alkali metal-induced poisoning and subsequent
regeneration were elucidated through an extensive suite of ex
situ physicochemical characterizations and in situ DRIFTS
analysis. It was observed that alkali metal poisoning leads to
a signicant decline in the NOx adsorption capacity of Pd-
loaded SSZ-13 zeolite catalysts, as alkali metals not only
occupy the Brønsted acid sites but also promote the trans-
formation of active Pd2+ into PdO aggregates. Notably, washing
with NH4Cl solution not only reverts the inactive PdOx species
RSC Adv., 2026, 16, 383–393 | 391
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to Pd2+ ions but also facilitates the removal of alkali metals,
thereby restoring the Brønsted acid sites. This discovery unveils
a straightforward yet potent method for regenerating Pd-loaded
zeolites that have been poisoned by alkali metals, thereby
offering a promising strategy for the recovery of Pd-loaded
zeolites subjected to other chemical poisons (e.g., P and S)
and signicantly extending their operational lifespan in prac-
tical applications.
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