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A B S T R A C T   

Automotive catalysts can be exposed to various poisonous substances that can cause physical or chemical 
deactivation. One of such poisons is phosphorous, which originates from lubricant oils. This study focuses on the 
phosphorus deactivation of Pd/SSZ-13 used as a passive NOx adsorber (PNA). A clear deactivation caused by 
phosphorus was observed, and it was increased by increasing the content of phosphorous. It was concluded that 
phosphorous can cause both physical and chemical deactivation. This was evident from XPS analysis, where the 
presence of phosphorus pentoxide (P2O5) causes physical deactivation whereas metaphosphate (PO3

-) and 
phosphate (PO4

3-) cause chemical deactivation. Also, it was shown that metaphosphates (PO3
-) become the 

dominant phosphorous species at higher P concentrations. Lesser amounts of O2 were released in P-poisoned Pd/ 
SSZ-13, as was found in oxygen TPD when increasing the P concentration, due to the presence of more PO3

- 

species. Furthermore, XRD and 27Al NMR analyses revealed that phosphorus also interacted with alumina in the 
zeolite framework by forming Al-O-P species; this was also supported by SEM-EDX, where there was a clear 
overlap of P with Al and Pd spectra. DRIFTS analysis showed that OH groups in contact with the zeolite structure 
became contaminated by phosphorus and caused a chemical deactivation of Pd/SSZ-13. It was also found that, 
during multiple cycles, the PNA capacity decreased for phosphorus-poisoned samples. This was caused by the 
transformation of P2O5, which causes physical blocking, to PO3

-, which interacts chemically with the palladium 
species.   

1. Introduction 

The abatement of NOx has been one of the main challenges facing 
exhaust after-treatment systems (EATS) in lean-burn combustion en
gines. The two technologies used most often for reducing NOx are Lean 
NOx trapping (LNT) and selective catalytic reduction (SCR) [1–5]. 
However, they both suffer from kinetic limitations with respect to deNOx 
performance at low exhaust temperatures (< 200 ℃) [6–8]. A possible 
solution here is to use a passive NOx adsorber (PNA) prior to the SCR 
catalyst to capture NOx at low temperatures and release it gradually at 
higher temperatures (> 200 ℃), which allows the SCR catalyst to 
convert it by reaction with NH3. Several potential adsorbents have been 
studied for the PNA process by employing different noble metal cata
lysts, such as Pd, Pt and Ag on high surface area supports [9,10]. In one 
study by Crocker et al., a significant increase in NOx adsorption was seen 
at low temperatures when Pt and Pd on CeO2-ZrO2 were used in the PNA 

processes [11]. Moreover, Ag/Al2O3 was found to be a capable NOx 
adsorbent at low temperatures, although small quantities of hydrogen 
were also required [12]. These materials can nevertheless be vulnerable 
to SO2, which is inevitably present in exhaust gases [13,14]. Ma et al. on 
the other hand, established a dynamic equilibrium on CeO2 by sulphate 
formation and decomposition, which reduced the deactivation effect of 
SO2 in NH3-SCR systems. Interestingly, the addition of small MnOx 
clusters to the CeO2 improved the SCR performance and kept the strong 
resistance to SO2 poisoning [15]. Ryou et al. reported high adsorption 
ability of Pd/CeO2 due to presence of Pd, however, sulphur aging 
treatment caused the deactivation of this sample since the presence of 
SO2 reduced the interaction of PdO and CeO2 which led to lower NO 
adsorption [13]. Consequently, new studies on the zeolite supports BEA, 
CHA and MFI have therefore been conducted using mainly Pd as the 
noble metal [14,16,17]. Zheng et al. studied different Pd-supported 
zeolite adsorbents in PNA processes, focusing on the effect of Pd 
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dispersion [17]. They found that different Pd species are involved in NOx 
adsorption, including Pd2+ and Pd4+; it was suggested that, in the 
presence of water in the inlet gas, the main adsorption is related to Pd2+

sites [17]. In another study, Ryou et al. found that hydrothermal aging at 
750 ℃ caused PdO species to transform into Pd2+, which lead to an 
increase in the NOx adsorption of Pd/SSZ-13 [18]. 

Vu et al. investigated the positive effect of adding a small amount of 
CO, which resulted in increases in both NOx adsorption and the 
desorption temperature [19]. However, some recent studies have re
ported a large deactivation of Pd/zeolites due to the presence of high 
concentrations of CO in multiple NO storage and release cycles [20–22]. 
Another common deactivation process that exhaust after-treatment 
catalysts are subjected to is chemical poisoning from the fuel or com
ponents in the engine’s lubricant oils. Zinc dialkyldithiophosphate 
(ZDDP), a common lubricant oil, contains phosphorus that can deacti
vate the catalyst [23,24]. It is known that its high stability makes 
deactivation by phosphorus one of the most severe and causes difficulty 
in regenerating catalysts [24,25]. Phosphorus poisoning has been 
investigated in several studies of SCR and DOC catalysts [23,26–28]. 
Toops et al., who studied the P-poisoning of Pt/CeO2/Al2O3, reported 
the formation of aluminium phosphate in the front of the DOC [24]. 
Wang et al. discovered that phosphorus poisoned both the active sites 
and the OH groups in Pd-Pt/Al2O3 [29]. We investigated the phosphorus 
deactivation of Cu/SSZ-13 used for SCR in an earlier study and found 
that metaphosphates were the main phosphorus compound in the 
sample [26]. Moreover, hydrothermal aging of the phosphorus-poisoned 
samples resulted in the formation of AlPO4, which lead to destruction of 
the support [30,31]. In a very recent study from Chen et al. on phos
phorous poisoning of Pd/zeolite in PNA processes, formation of meta
phosphates were confirmed as a dominant P compound [32]. 

In this study, the deactivation of Pd/SSZ-13 caused by phosphorus 
poisoning was investigated for the PNA processes, with focus being 
placed on the effect of the content of phosphorus and the changes of the 
poisoning effect during multiple cycles. The deactivation was studied 
using a flow reactor for the adsorption and desorption of NOx. The PNAs 
were characterised using BET surface area, ICP-SEMS, O2-TPD, SEM- 
EDX mapping, XRD, XPS, NMR and in situ DRIFT spectroscopy to 
obtain an improved understanding of the physical and chemical effects 
phosphorus has on Pd/SSZ-13. 

2. Experimental 

2.1. Catalyst synthesis and phosphorous poisoning 

SSZ-13 was synthesised using a hydrothermal method [3] thus: 0.8 g 
NaOH (Sigma-Aldrich, > 98%) was dissolved in 66 g MilliQ water 
before about 18 g SDA (TMAda-OH, Sigma-Aldrich) and 1.38 g Al(OH)3 
(Sigma-Aldrich) were added to the solution under stirring. Then, 12 g of 
fumed silica (Sigma-Aldrich, average particle size 7 nm) was gradually 
added to the mixture; to achieve a fully homogenised gel, while vigorous 
stirring was applied. The prepared mixture was transferred to a 
Teflon-lined autoclave, stirred and heated continuously at 160 ℃ for 
96 h. Thereafter, the autoclaves were cooled to ambient temperature 
and the slurry was washed 10 times with MilliQ water until a pH < 8 was 
reached. The separated solid was dried overnight at 85 ℃ before being 
calcined at 600 ℃ for 8 h. The ion-exchange procedure was carried out 
twice, using 43.2 g of NH4NO3 (Sigma-Aldrich, 99%) and 100 ml MilliQ 
water at 80 ℃ for 15 h, to produce NH4/SSZ-13 [3]. This step was fol
lowed by drying the powder overnight at 85 ℃ and calcination at 550 ℃ 
for 4 h. A solution of Pd(NO3)2 was used for 1 wt% Pd loading on the 
zeolite support using an incipient wetness impregnation method; the 
retrieved powder was dried overnight at 85 ℃ and then calcined at 
500 ℃ for 5 h in air. 

Ryou et al. observed an increased NOx adsorption for Pd/SSZ-13 after 
hydrothermal aging at 750 ℃ due to the transformation of PdO species 
to Pd2+ [18]. Therefore, in our study, the Pd/SSZ-13 was first degreened 

at 750 ℃ using 400 ppm NO. 8% O2 and 5% H2O for 1 h by placing the 
Pd/SSZ-13 powder in a crucible in the flow reactor (see Section 2.3). The 
phosphorous was then impregnated on the adsorbent, using the incip
ient wetness impregnation, with an aqueous (NH4)2HPO4 solution. This 
was followed by drying overnight prior to calcination at 550 ℃ for 4 h. 
Phosphorus was applied on the adsorbents in three different concen
trations, namely 0.4, 0.6 and 0.8 mmol g− 1, with the two higher con
centrations being prepared by increasing the phosphorous loading for 
part of the 0.4 mmol g− 1 main batch. In this study, the phosphorous 
(P)-poisoned samples were denoted as 0.4P, 0.6P and 0.8P, respectively 
and the reference sample (lacking phosphorous) as Pd/SSZ. 

Washcoated monoliths were prepared for each adsorbent and used 
for further adsorption and desorption measurements in the flow reactor. 
Cordierite monoliths (cpsi 400), 2 cm in length and 2.1 cm in diameter, 
were used and about 700 mg powder (using 5% boehmite as a binder) 
was used in each washcoat. All the prepared monoliths were calcined at 
500 ℃ for 5 h in air prior to being used in the flow reactor. 

2.2. Characterisation techniques 

The samples were characterised twice: those treated for 1 h under 
400 ppm NO, 8% O2, 5% H2O and Ar at 750 ℃ are denoted “degreened” 
and those that underwent NO temperature programme desorption (TPD) 
experiments are denoted “reacted”. The degreened samples are powder 
degreened in the flow reactor, while the reacted samples are scraped off 
washcoats from the used monoliths. However, freshly calcined powder 
was used for ICP-SFMS and BET measurements. Elemental analysis of all 
the calcined samples was conducted using ICP-SFMS from ALS Scandi
navia AB; the BET surface area was measured using N2 physisorption in a 
Tristar 3000 (Micromeritics) device after the samples had been degassed 
overnight at 220 ℃. 

Powder X-ray diffraction (XRD) was performed on both degreened 
and reacted samples in a SIEMENS diffractometer D5000 that operates 
with Cu Kα radiation (λ = 1.5418 Å) at 40 kV and 40 mA. The data 
collection range was between 5◦ to 45◦ with a step size of 0.01. X-ray 
photoelectron spectroscopy (XPS) analysis was conducted using a 
PHI5000 VersaProbe III system equipped with a monochromatic Al K X- 
ray source (E = 1486.6 eV). Narrow scan measurements were aligned 
with the C-C carbon Peak (C1s) with a binding energy of 284.6 eV before 
analysis. An FEI Quanta 200 Environmental SEM (ESEM) coupled with 
an Oxford X-max 80 EDX detector was employed for SEM images and 
EDX mapping. Transmission electron microscopy images were collected 
for degreened samples by using a FEI Titan 80-300 TEM. The samples 
were pestled using an agate mortar and then placed on the porous car
bon films with the support of copper grids. Solid-state 27 Al NMR spectra 
were gathered for both degreened and reacted samples on a Bruker 
Avance III 500 MHZ spectrometer utilising a 4 mm double-resonance 
MAS probe; the rotor was spun at 5000 Hz. A single pulse experiment 
(hpdec) was used with an 1H decoupling (SPINAL64) of about 83 kHz. 
Normalisation of the spectra was conducted by weight and the number 
of scans accumulated. A moderate function was applied to the free in
duction decays prior to Fourier transformation. 

A powder flow reactor equipped with mass flow controllers for gas 
feed and a Hiden HPR-20 QUI mass spectrometer (MS) was used in the 
oxygen TPD experiments. For both degreened and reacted samples, 
approx. 50 mg of powder was loaded in the quartz tube. In this experi
ment, 3% O2/Ar at a flow of 20 ml/min was used. The oxygen adsorp
tion step was at 25 ℃ for 5 min, followed by heating up to 400 ℃ under 
the same gas conditions and then maintaining this temperature for 
30 min. After cooling to ambient temperature, 1 h of Ar flush was per
formed followed by increasing the temperature to 800 ℃, at a rate of 
20 ℃/min, in the presence of Ar alone. 

Diffuse Reflectance Infra-red Fourier Transformed Spectroscopy 
(DRIFTS) was used to examine the surface species. The degreened 
samples were placed on a porous grid in a reaction cell equipped with 
CaF2 windows and pretreated with 8% O2, 1% H2O and Ar at 550 ℃ for 
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15 min. Two NO TPD cycles were conducted, with an adsorption step at 
80 ℃, using 200 ppm NO, 1% H2O and 8% O2 for 15 min, followed by a 
desorption step at 550 ℃ under the same gas mixture conditions. The 
samples were subsequently treated with 200 ppm NO, 400 ppm CO, 1% 
H2O and 8% O2 in Ar for 15 min using the same desorption procedure as 
in the first cycle. Prior to each adsorption, a pre-treatment step at 550 ℃ 
with 8% O2, 1% H2O and Ar for 15 min was applied and the spectra were 
collected during the adsorption steps. 

2.3. Adsorbent activity measurements 

It is of great importance to PNA studies that the steps of both 
adsorption and desorption of NOx species are examined. In this study, 
these steps were carried out in a flow reactor: this setup is discussed in 
more detail in our previous paper [33]. In brief, the coated monoliths 
were placed in a quartz tube and a heating coil wound around it was 
used to heat up the reactor. The temperatures of the adsorbent and the 
gases were measured by two thermocouples and the outlet gases by a 
MKS Multi-Gas 2030 HS FTIR. A total flow of 550 Nml min− 1 was used 
in the NO TPD experiments, using Ar as a balance gas at atmospheric 
pressure. A degreening step was conducted at 750 ℃ with 400 ppm NO, 
8% O2, 5% H2O and Ar for a period of 1 h for the calcined Pd/SSZ-13 
monolith. In the case of the P-poisoned samples, the degreening step 
was carried out on the catalyst powder before the phosphorous was 
loaded because high temperature treatment of phosphorus-poisoned 
samples could alter the poisoning or result in severe aging, as was 
found in our earlier study of P-poisoned Cu/SSZ-13 [34]. The NO tem
perature programme desorption (TPD) experiments were performed 

with an adsorption step at 80 ℃ using 200 ppm NO, 8% O2, 5% H2O and 
Ar for 2 h. This was followed by flushing the catalyst with 8% O2, 5% 
H2O for 20 min and thereafter increasing the temperature to 550 ℃, at a 
rate of 20 ℃/min, in the same gas mixture. Finally, the temperature was 
maintained at 550 ℃ for 30 min. Four additional NO-TPD cycles were 
conducted with different parameters: TPD 2, where the NO concentra
tion was changed; TPD 3, where the total flow was changed; TPD 4, 
where the NO concentration was changed; and TPD 5, which was the 
same as TPD 1. The so-called “reacted sample” refers to the powder 
scraped from the monolith that had run all 5 cycles. Moreover, the 
“degreened sample” is related to the powder after the degreening step at 
750 ℃ for both poisoned and non-poisoned samples. Since the focus of 
this study is the effect phosphorus has on a PNA procedure we have 
concentrated on the results of TPD 1, which we also compared with TPD 
5 to examine the changes that occurred after multiple cycles. 

3. Results and discussions 

3.1. Characterisation of P-poisoned catalysts 

The amounts of palladium and phosphorous present were deter
mined using ICP-SFMS; the results are reported in Table 1. The H-SSZ-13 
had a Si/Al ratio of 11.5 and the Na content of the prepared H-SSZ-13 
was < 0.05 wt%, which has been found to be beneficial for the hydro
thermal stability and catalyst activity of the Cu/SSZ-13 used for NH3 
SCR [35,36]. The results in the table also show that there was no effect 
on the content of Pd after the addition of phosphorous; this was also 
observed by Xie et al. after loading P on Cu-SSZ-13 [37]. The intended 
phosphorus contents of 0.4, 0.6 and 0.8 mmol g− 1, resulted in 1.3, 1.5 
and 2.6 wt%, respectively, which were very close to the theoretical 
values. The specific surface area and the pore volume of the fresh and 
P-poisoned samples were examined by nitrogen physisorption, the re
sults of which are given in Table 1. As expected, both the surface area 
and pore volume of the P-poisoned samples decreased when the phos
phorous contents in the adsorbents increased. This indicates that phos
phorous impregnation had a physical effect, i.e. pore blockage of the 
Pd/SSZ-13: an effect that was intensified when the concentration of P 
was increased. 

Table 1 
Elemental analysis, BET surface area and pore volume of the calcined and 
poisoned samples.  

Sample Pd (wt%) P (wt%) SBET (m2g− 1) Vpore (g/cm3) 

Pd/SSZ  1.1 –  602.7  0.28 
Pd/SSZ-0.4P  1.0 1.3  562.3  0.26 
Pd/SSZ-0.6P  1.04 1.5  535.1  0.25 
Pd/SSZ-0.8P  1.1 2.6  519.5  0.24  

Fig. 1. a) SEM-EDX mapping of Pd/SSZ-0.4P; b) EDX line scan profiles for Pd, P and Al (according to the dashed line shown in the leftmost image in Fig. a).  
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SEM-EDX elemental mapping was conducted to study the distribu
tion of Al, Si, P and Pd in the 0.4 P-poisoned sample and the results 
obtained are shown in Fig. 1. The measurements were made using a scale 
of 2.5 µm. Fig. 1a indicates a uniform distribution for both Al and Si. Pd 
mapping was weaker than the other components due to the low con
centration of palladium. However, mappings of both P and Pd displayed 
several Pd-rich and P-rich areas where many overlaps were detected 
between Pd and P which was also detected in TEM-EDX mappings as 
well (Fig. 2b). Such overlaps were also detected between Al and P 
(shown by arrows), suggesting the interaction of P with both Pd and the 
zeolite framework. The line scan profiles (Fig. 1b) obtained for Al, Pd 
and P also confirm that Al, Pd and P co-exist in the same area. These 
results are similar to those we found from EDX mapping analysis in our 
previous study on the phosphorus poisoning of Cu/SSZ-13 [31]. The 
TEM images in Fig. 2 illustrate an even distribution of Pd particles in 
both non-poisoned and poisoned samples. In Pd/SSZ-13 sample, small 
Pd particles were detected with sizes ranging between 3 and 7 nm. In 
addition, also larger clusters of about 50–100 nm were observed and 
these were likely formed during palladium impregnation in the 

synthesis. TEM images for 0.4P-Pd/SSZ-13 also confirmed an even dis
tribution of Pd particles on the surface and no clear effect regarding 
phosphorous addition on the Pd particle sizes was found. 

X-ray diffraction was used to investigate the crystallinity of 
degreened and P-poisoned samples and the results are illustrated in  
Fig. 3. The reacted samples were scraped from monoliths after the NO 
TPD cycles. All the peak positions were normalised to the main zeolite 
peak at 20.9◦ in order to provide a clear understanding of the effect that 
phosphorous has on the structure. As shown in Fig. 3a, the structure of 
Pd/SSZ-13 was well maintained after the P poisoning: no new peaks 
were detected that could be assigned to the P species (phosphorus 
pentoxide, metaphosphate and phosphate), thereby indicating that a 
high dispersion of phosphorus was attained after impregnation. How
ever, the peaks around 2θ = 9.6◦, 18◦ and 25.3◦ had shifted towards 
lower degrees after P poisoning (Fig. 3c): a shift can be explained by 
Bragg’s law (d = nλ/2sinθ) [38], which suggests an expansion of the 
lattice planes in the framework. The same shift was observed in our 
previous studies in the P-poisoning of Cu/SSZ-13, caused by lattice 
expansion of the zeolite framework [31,34]. We, therefore, suggest that 

Fig. 2. TEM images of degreened a) Pd/SSZ-13 and b) 0.4P-Pd/SSZ-13 samples within two scales of 20 and 100 nm.  
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the same applies to this case too, i.e. some of the phosphorus species 
were probably located inside the zeolite framework and caused this 
lattice expansion. Furthermore, the palladium peaks that were observed 
at 2θ = 33.8◦ and 40.2◦ are assigned to PdO and Pd, respectively [20, 
39]. These peaks clearly maintained their position and intensity in the 
P-poisoned samples, thereby showing that the larger Pd particles were 
preserved. The peaks in the reacted samples in Fig. 3b show that the 
structure of the zeolite was well maintained. The PdO peak at 2θ = 33.8◦

was similar for the degreened and reacted samples (Fig. S1, 

Supplementary material). The intensity was nevertheless slightly higher 
for the reacted samples, which can be explained by the fact that these 
also contain some binder from the coating process. In addition, there is 
possibly an overlap by a peak related to the monolith in the same area, 
which could interfere with the results. 

Fig. 4 shows the XP spectra of degreened P-poisoned Pd/SSZ-13. The 
main peaks observed on the surface were related to P 2P, with the in
tensity of the peak increasing as the loadings of phosphorous increase. A 
slight shift of the P 2P peak could be noticed towards lower binding 
energies by increasing the P concentration. Deconvolution was con
ducted for the phosphorous peaks using three phosphorous species: 
phosphorus pentoxide (P2O5, at ~ 135.6 eV), metaphosphate (PO3

-, at ~ 
134.5 eV) and phosphate (PO4

3- at ~ 133.2 eV) [40,41]. The dominant 
phosphorus species in the 0.4P sample was phosphorus pentoxide: 
increasing the P loading to 0.8P, however, caused more metaphosphate 
species to form and the amount of P2O5 decreased. This was also 
observed in other studies for P-poisoned catalysts, where a high loading 
of P tended to result in more glassy metaphosphates [30,32,34,42,43]. 
According to the literature, phosphorous can cause both physical 
deactivation (by blocking active sites) and chemical deactivation (by 
interacting with active sites or supports) in the catalyst [30,42,44]. The 
decreasing trend in the BET surface area, shown in Table 1, indicates 
that phosphorous masks the surface and blocks the pores of the adsor
bents, thereby leading to physical deactivation. XPS analysis can provide 
more insight into the phosphorus deactivation effect. It is known that 
phosphoric acid and metaphosphoric acid decompose at low tempera
tures (around 160–200 ℃) [34], so the presence of phosphorus in an 
acidic form is therefore not to be expected on the catalyst surface. 
Phosphorous can nevertheless be found in the form of P2O5 on the 
catalyst surface: phosphorus pentoxide is an anhydride form of the acid 
and can block active sites by creating polycyclic dimers [34]. Further
more, phosphates can form due to the interaction of P with the catalyst 
[24,45]. Since XPS analysis shows the presence of both P2O5 and PO3

-/ 
PO4

3- in all loadings of P, it can be concluded that the adsorbents had 
undergone both physical deactivation (due to the presence of P2O5) and 
chemical (due to the presence of PO3

-/ PO4
3-). 

The elemental analysis from ICP in Table 1 can be used to determine 
the molar ratio of (PO3

-+ PO4
3-)/Pd in the P-poisoned adsorbents: these 

were found to be 4, 5 and 8, respectively, for 0.4P, 0.6P and 0.8P. In the 
case of sample 0.8P, for example, the XPS results given in Fig. 4b show 
the formation of about 60% of the PO3

-+ PO4
3- and that results in a 

molar ratio of (PO3
-+ PO4

3-)/Pd of 4.8. If the ratio would have been < =

1 it would have been possible that the phosphates may only have 
attached to palladium. However, since the ratio is significantly larger 
than 1, it indicates that the phosphorous interacts with both the Pd to 
form Pd(II) metaphosphate and phosphates, as well as forming AlPO4 
and/or Al(PO3)3 through interaction with the zeolite support [24,34]. 

The P spectra after the reaction (Fig. 5) showed a shift towards 
binding energies lower than those of the degreened samples (Fig. 4). The 
results obtained from the deconvolution suggest that this shift is due to 
the formation of more PO3

-. It is interesting to note that these results 
indicate that, during the NO-TPD cycles, a part of the physical deacti
vation due to P2O5 was shifted to chemical deactivation by the trans
formation of P2O5 into PO3

-. These results could explain why the final 
cycle of the NO TPD (repetition of the first cycle) for the P-poisoned 
samples showed a lower adsorption/desorption capacity than the first 
cycle, and this is discussed in more detail in Section 3.2. 

Oxygen temperature programme desorption was performed from 25 
to 800 ℃ to investigate the effect of phosphorus on the oxygen 
desorption from the Pd species. The oxygen desorption peaks related to 
poisoned and non-poisoned samples are shown in Fig. 6. Degreened Pd/ 
SSZ-13 had the main desorption peak at 525 ℃, which could be assigned 
to the release of lattice oxygen generated from the decomposition of 
PdOx species [46,47]. The P-poisoned samples showed a weaker in
tensity of this peak and more of a broader range of oxygen release. It 
should be noted that O2-TPD was also performed for H-SSZ-13 (not 

Fig. 3. XRD patterns of the P-poisoned and non-poisoned Pd/SSZ-13. a) 
degreened samples; b) reacted samples scraped off the monoliths; c) magnifi
cation of four areas in Figure (a). 
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Fig. 4. a) XP P 2p spectra of the 0.4P, 0.6P and 0.8P degreened samples. (b) The corresponding relative concentrations of the three phosphorus compounds obtained 
from spectral deconvolution. 

Fig. 5. a) XP P 2p spectra of the 0.4P, 0.6P and 0.8P reacted samples. (b) The corresponding relative concentrations of the three phosphorus compounds obtained 
from spectral deconvolution. 
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shown) and no release of oxygen was detected. The amount of O2 
desorption was evaluated by integrating the desorption curves up to 
800 ℃; the results are displayed in Table 2. It was clear that increasing 
the content of phosphorus resulted in less oxygen being released 
compared with the non-poisoned sample, and that the desorbed quan
tities reached low values for the highest concentrations of phosphorus 
(Table 2). The reduction in the amount of oxygen released can be due to 
the formation of palladium phosphates (phosphates were observed in 
XPS analysis), with the consequence that less Pd is available for oxygen 
adsorption/desorption. It is also possible that some of the Pd clusters are 
blocked physically by the P2O5 that was formed, which was also found in 
the XPS analysis (Figs. 4 and 5). 

NMR spectroscopy of 27Al was conducted for both non-poisoned and 
poisoned Pd/SSZ-13 (i.e. degreened and reacted), the results of which 
are shown in Fig. 7. Two main chemical shift signals (δ) at 58 and 2 ppm 
can be observed clearly in the 27Al spectra of all samples (Fig. 7a); these 
are assigned to tetrahedrally coordinated Al (AlO4) [48] and octahedral 

Al (AlO6) [49], respectively. The main 27Al signals (58 and 2 ppm) 
decreased slightly when the P-content was increased, thereby indicating 
some degree of dealumination of the zeolite lattice. According to the 
literature, the signal detected around δ − 12 shows the formation of 
amorphous Al-O-P-species after poisoning [50,51]. This was suggested 
earlier in the XRD analysis of the shifts observed in some 
framework-related peaks as well as in SEM-EDX mapping, where the line 
scan profile showed an overlap of P and Al. The signals detected from the 
reacted samples (Fig. 7b) resemble the degreened samples (Fig. 7a), 
indicating that the reaction did not influence the framework. However, a 
new signal around 38 ppm was detected from the reacted samples that 
was assigned to pentahedral Al [49,52]. These latter Al species have 
three bonds or less with the framework in which the coordination sphere 
of Al is filled by H2O molecules [53], which most probably originates 
from exposure to water vapour in the flow reactor. Moreover, the 
amount of amorphous Al-O-P-species at δ − 12 present in the reacted 
sample has decreased, supporting the XPS results, i.e. that some of the 
P2O5 that interacts with the zeolite has transformed into PO3

-. 

3.2. NO temperature programmed desorption experiments 

NO-TPD experiments were conducted to investigate the effect of 
phosphorus on passive NOx adsorption and desorption for different 
concentrations of phosphorus loading on Pd/SSZ-13. The adsorbents 
were exposed to 200 ppm NO, 8% O2 and 5% H2O at 80 ℃ for 2 h, 
followed by flushing with 8% O2, 5% H2O and Ar for 30 min. Finally, the 
temperature was increased, at a rate of 20 ℃/min, in the same gas 
mixture until it reached 550 ℃ for the desorption step; Fig. 8a illustrates 
the desorption profiles of both poisoned and non-poisoned samples. An 
obvious deactivation was observed for the phosphorus poisoning of Pd/ 
SSZ-13; compared with the degreened sample, integration of the des
orbed NOx resulted in deactivation at about 17%, 20% and 31% for 0.4P, 

Fig. 6. O2-TPD profiles of P-poisoned and non-poisoned Pd/SSZ-13.  

Table 2 
Amounts of O2 desorption obtained from O2-TPD profiles of samples of P- 
poisoned and non-poisoned Pd/SSZ.  

Samples Pd/SSZ 0.4P 0.6P 0.8P 

O2 (µmol)  0.96  0.81  0.51  0.55  

Fig. 7. 27Al NMR of P-poisoned and non-poisoned Pd/SSZ-13: a) degreened and 
b) reacted. All spectra were normalised according to the weight of the samples. 

Fig. 8. NO-TPD desorption profiles of non- poisoned and poisoned Pd/SSZ-13.  

Table 3 
NOx storage capacity (NOx/Pd) obtained from the NO-TPD experiments for P- 
poisoned and non-poisoned Pd/SSZ-13.  

Samples NOx/Pd Ratio  

S1 
(83–135 ℃) 

S2 
(137–319 ℃) 

S3 
(320–438 ℃) 

Total 

Pd/SSZ  0.08  0.44  0.16  0.68 
0.4P  0.06  0.44  0.06  0.56 
0.6P  0.05  0.43  0.06  0.54 
0.8P  0.04  0.39  0.04  0.47  

R.F. Ilmasani et al.                                                                                                                                                                                                                             



Journal of Environmental Chemical Engineering 10 (2022) 107608

8

0.6P and 0.8P, respectively. This deactivation was also observed on the 
adsorption curves, following the trend of the phosphorus content 
(Fig. S2, Supplementary material). 

All the measured NOx/Pd ratios in Table 3 were lower than 1, sug
gesting that not all the Pd active sites were available. This can be due to 
H2O blockage, but also likely due to formation of PdO clusters/particles 
formed via the impregnation method. The formation of Pd clusters was 
confirmed by TEM images as well (Fig. 2). The formed clusters can 
adsorb NOx to a lower extent owing to a limited number of exposed Pd 
surface sites [17,22,54,55]. 

The NOx desorption profile revealed three main desorption peaks for 
Pd/SSZ-13. These were centred around 110, 195 and 380 ℃, and could 
be attributed to three different Pd sites. The profiles of NO and NO2 
during desorption are illustrated in Fig. 9 to provide a better under
standing of the desorption mechanism. The temperatures detected for 
the release of NO were 110 ℃, 230–250 ℃ and 380 ℃, and around 
185 ℃ for NO2. Different studies have reported that the main adsorption 
sites in Pd zeolite adsorbents are the ion-exchanged Pd cation sites in the 
zeolite framework [14,17]. These Pd species can bond with either two Al 
to form Z− Pd2+Z− or just one Al and balance the charge with an OH 
group to form Z− [Pd(II)OH)]

+. At 80 ℃, NOx can be adsorbed at these 
three sites (Z− Pd2+Z− , Z− [Pd(II)OH)]

+
, PdO) via different reaction 

mechanisms and will be desorbed at various temperatures in the form of 

NO or NO2. DRIFT spectroscopy detected multiple bands in the area 
1800–1880 cm− 1, which can be attributed to adsorption of NO on 
Z− Pd2+Z− and Z− [Pd(II)OH)]

+sites (Section 3.3). The low temperature 
desorption peak was mostly associated with NO. With the limited 
numbers of PdO species, NO desorption at low temperatures (~110 ℃) 
can be due to the decomposition of palladium nitrates (Pd(II)NO3) 
forming PdO (R1) or other reactions related to the Pd clusters. Forma
tion of Pd nitrates was confirmed by DRIFTS analysis in Section 3.3. Our 
previous study [22] found that the release of NO at 250 ℃ from 
Pd/SSZ-13 was related to NO desorption from Z− Pd2+Z− sites (R2), 
which is assumed to be the case in the present study for NO desorption 
around 195 ℃. DRIFTS analysis also showed a large amount of linear 
nitrosyl species were formed during NO adsorption (Section 3.3). In 
other studies, it was reported that Z− [Pd(II)OH)]

+ sites can be reduced 
by adsorbed NO and form stable bonds that require higher temperatures 
to release NO compared with other ion exchanged Pd sites [22,56,57]. 
Thus, the NO release around 380 ℃ was assigned to the reduced 
Z− [Pd(II)OH)]

+sites (R3). 

Pd(II)O+NO+ 1.5O2 ⇌ Pd(NO3)2 (R1)  

Z− Pd2+Z− +NO⇌Z− Pd(II)Z − NO (R2)  

Z− [Pd(II)OH)]
+
+NO ⇌ Z− [Pd(II)OH)]

+
− NO (R3) 

The middle NOx desorption peak (175–195 ℃) was mostly related to 
NO2 around 185 ℃. According to the step-test that was conducted in an 
empty reactor tube (Fig. S3, Supplementary material), very small 
quantities of NO2 (~ 3.5 ppm) were present during the adsorption step 
in the inlet gas feed. Thus, there is a high possibility of NO2 adsorption at 
Pd2+ sites that can be desorbed at lower temperatures (~195 ℃). In 
addition, NO2 had a small desorption peak at higher temperatures of 
around 400 ℃ that was most probably related to the oxidation of NO to 
NO2 in presence of oxygen catalysed by PdOx clusters [3,55]. We have 
earlier observed a continuous NO oxidation at higher temperature over 
Pd/SSZ-13 [22], which supports this finding. 

Table 3 presents the NOx/Pd ratio of the P-poisoned and degreened 
Pd/SSZ-13 for the three desorption temperature ranges, namely S1: 
83–135 ℃, S2: 137–319 ℃ and S3: 320–438 ℃: a clear deactivation of 
the Pd/SSZ-13 can be seen with increasing phosphorus content. This is 
consistent with the findings of other studies of the phosphorous 
poisoning of Cu/SSZ-13 used for NH3-SCR [29,31,42]. A more severe 
decrease in NOx desorption at higher temperatures was observed 
(Table 3) that is associated with NO species with stronger bonds formed 
on the Z− [Pd(II)OH)]

+ [22,58,59]. The NO2 profile in Fig. 9b displayed 
deactivation in both desorption areas around 200 ℃ and 400 ℃ in the 
P-poisoned samples. Lower NO2 release at high temperatures was 
attributed to the presence of less available PdOx nanoparticles in the 
poisoned samples; this was also observed in the O2-TPD profiles of these 
adsorbents, where less released O2 was detected. In addition, DRIFTS 
analysis (Section 3.3) showed that the nitrates had an obvious reduction 
in intensity after P-poisoning, which can explain the lower release of 
NO2 at 200 ℃ after poisoning. Moreover, a temperature shift of about 
10 ℃ was observed in the NO2 release of P-poisoned samples (Fig. 9b) 
towards lower values, indicating that phosphorus caused changes to the 
binding strength on [Pd(OH)]+. Furthermore, it was observed that the 
NO desorption peak around 380 ℃ decreased drastically and, for higher 
concentrations of phosphorus (0.6P and 0.8P), a small peak between 300 
and 320 ℃ appeared. 

As mentioned previously, all the samples had been subjected to 5 
cycles and the reacted samples were studied after the fifth step, which 
had the same conditions as the first cycle (200 ppm NO, 8% O2 and 5% 
H2O). It was observed that the Pd/SSZ-13 was still very active after the 5 
varying conditional cycles, where the total NOx release was the same 
(see Fig. 10). However, the stability increased somewhat for the stron
gest bonded NOx after repeated experiments. These results suggest that 

Fig. 9. Desorption profiles of the non- poisoned and P-poisoned Pd/SSZ-13. a) 
NO profiles and b) NO2 profiles. 
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the binding strength of NO at reduced Z− [Pd(II)OH)]
+ sites was 

increased after repeated experiments. In the case of the P-poisoned 
samples, on the other hand, the total capacity decreased after 5 cycles by 
6%, 7% and 9% for the 0.4, 0.6 and 0.8 samples, respectively (Fig. 10). 
The effect of P-poisoning was therefore greater after repeated experi
ments and the increased deactivation after repeated cycles was more 

severe when larger quantities of phosphorus were used. 
Fig. 11 shows the amount of NOx released (µmol) from the different 

desorption sites (S1: 83–135 ℃, S2: 137–319 ℃ and S3: 320–438 ℃) in 
Cycles 1 and 5 for the non-poisoned and poisoned samples. After mul
tiple cycles, the greatest changes occurred in NOx releases at higher 
temperatures (S2 and S3), which are related to NOx desorption from 
Z− [Pd(II)OH)]

+ and Z− Pd2+Z− adsorption sites. XPS analysis of P- 
poisoned adsorbents showed the formation of greater quantities of PO3

- 

and lesser quantities of P2O5 post reaction. Some of the P2O5 that caused 
physical deactivation was therefore transformed into PO3

- during the 
cycling experiments, which is responsible for chemical deactivation. The 
chemical deactivation of the Pd sites was irreversible during our reac
tion conditions; the increased formation of PO3

- can explain why the 
storage and release of NOx were reduced after repeated cycles of P- 
poisoned samples. 

3.3. In-situ DRIFT spectroscopy 

In situ NO and NO+CO DRIFT spectroscopy was conducted to 
observe the effect of phosphorus on the adsorption of NO and CO. The 
adsorbents were exposed initially to 200 ppm NO, 1% H2O and 8% O2 in 
Ar at 80 ℃ for 15 min; after the desorption step at 550 ℃, 400 ppm CO 
was added during the next adsorption step at 80 ℃ for 15 min to provide 
a better understanding of both the NO and CO adsorption sites (Fig. 12). 
Under NO-DRIFTS analysis it was observed that Pd nitrate species 
(1317–1523 cm− 1) [60] were reduced in the P-poisoned samples 
(Fig. S4 Supplementary material). This can explain the decrease seen in 
the NO2 desorption peak at 200 ℃ with the presence of phosphorus that 

Fig. 10. NOx concentrations measured in the TPD experiments with 8% O2, 5% H2O and 200 ppm NO for the first and fifth cycles. a) Pd/SSZ-13, b) Pd/SSZ-0.4P, c) 
Pd/SSZ-0.6P and d) Pd/SSZ-0.8P. 

Fig. 11. Amounts of NOx released at the S1, S2 and S3 sites in Cycle 1 and 
Cycle 5 for Pd/SSZ-13, 0.4P, 0.6P and 0.8P. S1: 83–135 ℃, S2: 137–319 ℃ and 
S3: 320–438 ℃. 
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reduced the possibility of nitrates forming (Section 3.2) and that fewer 
PdOx species were available, as seen during the O2 TPD experiments 
(Fig. 6 and Table 2). Peaks around 1861 and 1803 cm− 1 in NO-DRIFTS 
were assigned to linear nitrosyl species, where NO is attached to the 
cationic Pd2+ (Pd2+-NO) [18,61]. However, no reduction in intensity 

was observed for these peaks after P-poisoning. The nitrate peaks cannot 
be detected as clearly in the NO + CO adsorption step because Pd(NO3)2 
species cannot be formed easily due to the reduction of PdO species 
caused by CO [22]. According to the literature other species, such as Pd 
(CO)x, Pd-NO and Pd-(NO)(CO), can be detected around 2146, 1859 and 
1801 cm− 1, respectively, appear with the presence of CO [54,62]. In the 
NO + CO step, the 1860 and 1803 cm− 1 peaks showed a lower intensity 
for the P-poisoned samples, which can be due to deactivation of these 
samples. The band detected around 3730 cm− 1 was related to AlVI(OH) 
AlVI bonded to octahedral aluminium [63] and a clear intensity reduc
tion was observed for this peak P-poisoning of the samples, suggesting 
that the OH groups had been interacting with phosphorus. This concurs 
with the findings of XPS, XRD and NMR. The XPS results showed the 
formation of P2O5, which can lead to physical deactivation of the sup
port (Figs. 4 and 5). The reaction of the OH groups were also observed 
for Pd loaded zeolite in other studies as well [31,32]. The XRD pattern 
showed a shift caused by the interaction of P with the support (Fig. 3) 
and NMR showed the appearance of a new peak for the Al-O-P species 
(Fig. 7). It may be concluded that the support material can react with 
phosphorus and form species such as AlPO4 and/or Al(PO3)3. 

4. Conclusions 

The main aim of this study was to investigate the effect of phos
phorus poisoning on the activity of Pd/SSZ-13 in a passive NOx 
adsorption process. Using an incipient wetness impregnation technique, 
samples of 1 wt% Pd on SSZ-13 were prepared with three different levels 
of phosphorus poisoning: 0.4, 0.6 and 0.8 mmol g− 1. Comparison of the 
activity of the P-poisoned and non-poisoned Pd/SSZ-13 showed an 
obvious deactivation of the adsorbent as the P loading was increased. It 
was more severe for the release of NO at high temperatures (380 ℃) and 
NO2 at 185 ℃. This was also observed in the DRIFTS analysis, where the 
intensity of the nitrate peaks reduced after poisoning. 

The physical effect of phosphorus was observed distinctly in the 
reduction of the surface area and pore volume of the Pd/SSZ-13 after P- 
poisoning. Surface blockage could also possibly be the reason why the P- 
poisoned samples released less O2, as shown by the O2-TPD analysis. A 
clear overlap of phosphorus on Pd and Al was detected by SEM-EDX 
mapping: this suggests the interaction of phosphorus with the metal 
and zeolite framework, which can cause both chemical and physical 
deactivation in the adsorbent. XPS analysis clearly showed that phos
phorus caused both physical and chemical deactivation: the former 
through the presence of P2O5 and the latter through the presence of PO3

- 

and PO4
3. Moreover, higher concentrations of phosphorus led to the 

formation of larger quantities of PO3
-. We therefore also suggest that a 

possible reason for the lower release of O2 from the P-poisoned samples 
in O2-TPD was the formation of palladium phosphates, which lead to less 
oxygen being adsorbed. Both XRD and 27Al-NMR clearly showed the 
interaction of phosphorus with the zeolite structure, where shifts around 
2θ = 9.6◦, 18◦ and 25.3◦ in the XRD spectra were due to the expansion of 
lattice planes from phosphorus located in the zeolite structure, whilst 
27Al-NMR measurements exposed a new peak at around δ − 12 due to 
the presence of Al-O-P-species after P-poisoning of the adsorbents. This 
result was consistent with the DRIFT spectroscopy, which revealed a 
lower intensity of the AlVI(OH)AlVI bonds in the zeolite structure and 
thereby supports the finding that phosphorus poisons the OH groups. 

The activity of the samples also confirmed that phosphorus could 
cause permanent deactivation of the adsorbent. Moreover, the storage 
ability of P-poisoned samples declined after multiple cycles. We suggest 
that this was due to the transformation of P2O5 to PO3

- during multiple 
cycles, as shown by XPS: P2O5 blocks the catalyst and deactivates 
physically, whereas PO3

- interacts with the Pd species and deactivates 
chemically. Thus, some of the phosphorus is transformed and results in 
further chemical deactivation of the Pd species which, in turn, decreases 
the functionality of the PNA. 

Fig. 12. DRIFT spectra obtained from a) 200 ppm NO and b) 200 ppm NO and 
400 ppm CO between 1200 and 2000 cm− 1 at 80 ℃; and c) 200 ppm NO and 
400 ppm CO between 3500 and 3900 cm− 1 at 80 ℃. 1% H2O and 8% O2 were 
present in all experiments. 
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studies on CO and NO adsorption and NO plus CO reaction over Pd2+-substituted 
CeO2 and Ce0.75Sn0.25O2 catalysts, J. Catal. 303 (2013) 117–129. 

[61] K. Khivantsev, N.R. Jaegers, L. Kovarik, J.C. Hanson, F. Tao, Y. Tang, X. Zhang, I. 
Z. Koleva, H.A. Aleksandrov, G.N. Vayssilov, Y. Wang, F. Gao, J. Szanyi, Achieving 
atomic dispersion of highly loaded transition metals in small-pore zeolite SSZ-13: 
high-capacity and high-efficiency low-temperature CO and passive NOx adsorbers, 
Angew. Chem. Int. Ed. 57 (2018) 16672–16677. 

[62] K. Chakarova, E. Ivanova, K. Hadjiivanov, D. Klissurski, H. Knözinger, Co- 
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