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Remarkable stability of Ni-modified polyoxometalates to H2, CO, and CH4 
during propylene oligomerization 
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A B S T R A C T   

Olefin oligomerization is a crucial step in the synthesis of chemicals and fuels via the formation of higher mo
lecular weight intermediate products. Upstream processes that produce olefin building blocks, however, may 
contain impurities that affect catalyst performance and process design strategies. Supported Ni-modified Well
s–Dawson (WD)-type polyoxometalates (POM) have been reported as active and regenerable olefin oligomeri
zation catalysts, but the performance of these catalysts under more extreme conditions has not been reported. In 
this study, we evaluate the stability of a SBA-15 supported Ni-POM-WD catalyst in the presence of possible feed 
stream contaminants, such as CO, H2, and CH4, that could be present in alkane dehydrogenation and shale gas 
valorization plant streams. Propylene dimerization rates over Ni-POM-WD/SBA-15 were unaffected when co- 
feeding H2 and CH4. However, propane formation was dominant when co-feeding H2 through hydrogenation 
pathways, while CH4 was inert in the reaction chemistry. Co-feeding CO resulted in an immediate drop in 
propylene conversion, which was fully restored after the removal of CO and applying thermal regeneration. 
Evaluation of the catalysts by 31P NMR and energy dispersion x-ray (EDX) mapping after exposure to each of the 
impurities provided evidence of structural stability with the Ni2+ sites intact after reaction and with no sign of 
particle or Ni agglomeration.   

1. Introduction 

Light alkene oligomerization is an important step in upgrading small 
chain olefins to a wide range of value-added precursors for petro
chemicals and fuel products [1,2]. The major processes to produce light 
olefins are steam cracking and fluid catalytic cracking (FCC) of alkanes 
and naphtha [3–7]. Along with producing ethylene and propylene, these 
processes are accompanied by byproducts and stream contaminants, 
such as methane (CH4), light alkanes, hydrogen (H2), nitrogen (N2), 
hydrogen sulfide (H2S), water (H2O), carbon dioxide (CO2), and carbon 
monoxide (CO) [7–13]. The rise in shale gas production in the United 
States has increased the production of natural gas liquids, which provide 
olefin feedstocks, such as ethylene, propylene, and butene [14,15]. 
Therefore, there is an increased interest for a direct integrated process 
for conversion of shale gas into liquid products through alkane dehy
drogenation, followed by olefin oligomerization [16–18]. The process 
streams from the proposed shale gas upgrading technologies that are fed 
to the oligomerization unit can contain H2, N2, saturated hydrocarbons, 
H2O, and a considerable amount of CH4 [16,17]. Expensive separation 

processes are used to isolate the olefins from the undesired contaminants 
[12,13,19,20]. Alternatively, process costs can be considerably 
decreased with simplified separation units upstream [19], utilizing 
catalysts downstream that exhibit resistance to byproducts and impu
rities [21–23]. 

Ni-exchanged solid catalysts have received considerable attention for 
olefin oligomerization owing to their selectivity to oligomers compared 
to other transition metals (Zr, Ti, and Cr) that favor polymerization and 
their ability to be recycled compared to homogeneous analogs [21,23, 
24]. Specifically, Ni-based solid catalysts have been tested for ethylene 
oligomerization reactions at a wide range of reaction conditions, 
yielding C4–C10 + products at 20–300 ◦C and 0.4–40 bar and achieving 
99% conversion [21,25]. Whereas, solid acid catalysts, for example ze
olites, require at least 150–250 ◦C to oligomerize ethylene in the liquid 
phase, resulting in diesel products at high pressures above 30 bar and 
200–220 ◦C and gasoline products at ambient pressure with undesired 
cracking reactions occurring at ~200 ◦C [22,26,27]. Ni-exchanged 
catalysts are synthesized on the supports that contain Brønsted acid 
sites that participate in side reactions such as cracking, aromatization, 
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disproportionation, and isomerization. These side reactions lead to 
lower selectivities and catalyst deactivation, especially at high reaction 
temperatures (> 180 ◦C) [21,24,25,28]. Metal-organic-frameworks 
(MOFs) have been studied as promising supports for Ni catalysts due 
to their high selectivity [29–33]. For instance, Ni embedded on Al-MOF 
achieved ~89 % selectivity for 1-butene at ~99 % ethylene conversion 
[33]. The main advantage of MOFs is the versatility of the material, such 
as tunability of the pore structure, electronic effects of the ligands, and 
control over the nature of the Ni sites, such as Ni within the MOF 
framework or Ni tethered to MOF nodes [29–34]. MOFs have been re
ported to exhibit good stability in the presence of H2, H2S, H2O, CH4, CO, 
and CO2 [31,35], but they but they often need added co-catalyst to 
achieve high conversions and are also unstable under high-temperature 
gas-phase oligomerization conditions [34–39]. 

In our previous work, we showed that a Wells–Dawson-type poly
oxometalate can be effectively used as a platform to isolate Ni2+ sites 
(Ni-POM-WD), and Ni-POM-WD dispersed within the pores of SBA-15 
(Ni-POM-WD/SBA-15) was active for ethylene and propylene oligo
merization reactions without any co-catalyst [40,41]. Further, during 
ethylene oligomerization reactions, the formed butenes were only linear 
[40], and propylene oligomerization resulted in a high selectivity for 
linear dimers (> 76 %) [41]. In addition, the initial activity of 
Ni-POM-WD/SBA-15 could be restored after olefin oligomerization by a 
thermal treatment under helium at 300 ◦C. Moreover, the activation 
energy for ethylene and propylene dimerization were 41 kJ/mol and 
44.5 kJ/mol, respectively, which is comparable to Ni2+

exchanged-zeolites [40,41]. Since the transition metal substituted POMs 
have been studied for shale gas conversion, particularly oxidative 
dehydrogenation of methane, ethane, and propane [42], we hypothesize 
that these materials should be stable in the presence of feed impurities. 
In this work, we investigate the performance of Ni-POM-WD/SBA-15 for 
propylene oligomerization in the presence of H2, CO, and CH4. We 
performed a series of experiments where the feed was modulated be
tween a pure and contaminated feed to evaluate the catalyst response to 
the impurity and the ability of the catalyst to recover after the impurity 
was removed. We also performed post-reaction characterization such as 
transmission electron microscopy (TEM) imaging, energy dispersive 
X-ray spectroscopy (EDX) mapping, and 31P nuclear magnetic resonance 
(NMR) to evaluate the structural stability of the Ni-POM-WD to the 
various contaminants. 

2. Experimental 

2.1. Catalyst preparation 

The immobilized Ni-POM-WD/SBA-15 was synthesized following a 
procedure described in literature [40,43–46]. First, 100 g of Na2WO4⋅2 
H2O (Alfa Aesar, 99.0–101.0 %) was fully dissolved under reflux in 350 
mL of de-ionized water (18.2 MΩ). After that, 150 mL of phosphoric acid 
(Millipore Sigma, 85 %) was slowly added and stirred under reflux for 
24 h. Next, the obtained solution was precipitated by adding 100 g of 
potassium chloride (BDH Chemicals, 99.0–100.5 %) at ambient tem
perature, and the crude precipitate was recovered by vacuum filtration. 
Then the crude mixture was recrystallized to obtain the α/β-K6P2W18O62 
mixture. The pure α-K6P2W18O62 crystals were separated from 
α/β-K6P2W18O62 by sequential base degradation and re-acidification and 
then transformed into lacunary POM-WD (K10P2W17O61) by adding 1 M 
KHCO3 to α-K6P2W18O62. Ni-POM-WD was synthesized by mixing a 
nickel source (Ni(NO3)2•6 H2O, Alfa Aesar, 98 %) and lacunary 
POM-WD in water. The final Ni-POM-WD precipitate was obtained by 
filtration. Lastly, Ni-POM-WD was supported on SBA-15 by the incipient 
wetness impregnation technique to obtain 10 wt % of 
Ni-POM-WD/SBA-15. The SBA-15 material was synthesized by 
following the reported procedure [40,47,48]. Approximately 18 g of 
P123 (Sigma-Aldrich) was fully dissolved in a mixture of 99.5 g of hy
drochloric acid (Millipore Sigma, 37 %) and 550 g of de-ionized water. 

Afterwards, 39.8 g of tetraethyl orthosilicate (Acros Organics, 98 %) was 
added to the mixture and stirred at 35 ◦C for 20 h and further at 80 ◦C for 
24 h. The resulting solid was filtered and washed with ~1 L of de-ionized 
water. As-synthesized SBA-15 was dried at 60 ◦C overnight. Lastly, the 
SBA-15 was calcined by first heating at 200 ◦C at 1.2 ◦C/min with a hold 
time of 1 h, followed by heating at 550 ◦C at 1.2 ◦C/min with a hold time 
of 6 h. Before use, SBA-15 was dried under vacuum at 200 ◦C for 3 h. 

2.2. Catalyst characterization 

Nitrogen physisorption was conducted on a Quantachrome 2200e 
instrument. The samples were degassed at 200 ℃ for 12 h under vacuum 
before the measurements. The nitrogen physisorption was performed at 
77 K controlled by liquid nitrogen. 

Solid-state 31P MAS NMR on Ni-POM-WD/SBA-15 before and after 
the reaction was performed using a JEOL ECX-300. The samples were 
packed in a 3.2 mm zirconia sample tube. The packed sample tube was 
subjected to the measurement under the spinning rate of 10 kHz. 

Solution 31P NMR on Ni-POM-WD as prepared and after exposure to 
different gases was performed on a Bruker AVANCE III HD 500 MHz 
Nanobay. The samples were dissolved in a mixture of water and D2O 
with a 9:1 ratio. 

Ni weight loading of the prepared Ni-POM-WD/SBA-15 was deter
mined via inductively coupled plasma optical emission spectroscopy 
(ICP-OES) using a on Perkin Elmer Optima 8000 ICP-OES. Ni-POM-WD/ 
SBA-15 sample was added to 0.8 M of KOH solution at room temperature 
with a ratio of 0.001 g sample/1 g base and stirred until the sample was 
fully dissolved. After that, the mixture was dissolved in 2 vol % HNO3 
aqueous solution with a ratio of 0.067 g mixture/1 g acid. An external 
calibration curve was prepared from the Ni standard solution (BDH, 100 
µg/mL in 2 % HNO3 matrix). 

High-angle annular dark-field scanning transmission electron mi
croscopy (HAADF-STEM) images and energy dispersive X-ray spectros
copy (EDX) elemental mapping on as prepared and spent Ni-POM-WD/ 
SBA-15 were done using a Spectra 300 transmission electron microscope 
operated at 300 kV. Before analysis samples were dispersed in acetone 
using sonication and then drop cast onto a carbon-coated copper grid. 

2.3. Propylene oligomerization reactions 

Catalyst reactions were performed in a stainless steel fixed-bed 
reactor (i.d. = 6.35 mm) at 180 ◦C, 1.01 bara, and 30 mL/min total 
flowrate. The feed gases were purified by in-line moisture traps (Math
eson). For each reaction run 200 mg of catalyst was pelletized, sieved to 
150–250 µm particle size, and diluted by Davisil® silica (150–250 µm). 
Before each reaction, the catalyst was pre-treated with pure helium 
(Airgas, Ultra High Purity) at 300 ℃ for 12 h to remove water from the 
catalyst, then the reactor was cooled to the reaction temperature at 
180 ◦C. Hydrogen (Airgas, Ultra High Purity), carbon monoxide (Airgas, 
30 % in helium), and methane (Airgas, Ultra High Purity) were mixed 
with propylene (Airgas, polymer grade) and helium for co-feeding 
studies. The feed composition without impurities was 16.7 % propyl
ene and 83.3 % helium. For the contaminants co-feeding experiments, 
16.7 % propylene was mixed separately with 5 %, 3.3 %, and 16.7 % of 
carbon monoxide, hydrogen, and methane, respectively, and balanced 
with helium. The products from the reactor were analyzed by an SRI 
8610 C GC-FID (MTX-Wax 15 m MXT-Alumina BOND/MAPD 30 m 
columns, Restek). The products were identified by external standards 1- 
hexene (Sigma-Aldrich, ≥99 %), trans-2-hexene (Acros Organics, >98 
%), cis-2-hexene (Alfa-Aesar, 96 %), trans-3-hexene (TCI, ≥99 %), cis-3- 
hexene (TCI, ≥97 %), 2-methyl-2-pentene (TCI, ≥95 %), 2-methyl-1- 
pentene (Acros Organics, 99 %), 4-methyl-1-pentene (Thermo Scienti
fic, ≥98 %), trans-4-methyl-2-pentene (TCI, ≥97 %), 3-methyl-1-pen
tene (TCI, >98 %), trans-3-methyl-2-pentene (TCI, >99 %), cis-3- 
methyl-2-pentene (TCI, ≥95 %) and 2,3-dimethyl-1-butene (TCI, ≥98 
%). 
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3. Results and discussion 

3.1. Catalyst physicochemical and structural properties 

The results of the elemental analysis and N2 physisorption for Ni- 
POM-WD/SBA-15 are provided in Table 1 and Fig. S1. N2 phys
isorption results show that the structure of the SBA-15 was preserved 
after Ni-POM-WD immobilization. As expected, the surface area and 
total pore volume of the initial SBA-15 decreased after 10 wt % of Ni- 
POM-WD was loaded into the SBA-15 pores due to pore filling and 
blocking interconnected micropores with the Ni-POM-WD clusters [40, 
41]. 

Fig. 1a depicts the solid-state magic angle spinning (SS MAS) 31P 
NMR of as prepared Ni-POM-WD/SBA-15. The observed phosphorous 
feature at − 21.6 ppm represents the internal phosphate positioned 
further from the substituted Ni site within the Ni-POM-WD structure. 
The same P feature is observed in SS MAS 31P NMR of the SBA-15 sup
ported Ni-POM-WD and unsupported Ni-POM-WD (Fig. 1b) powders, 
indicating the structure remains intact after immobilization [40]. 

Fig. 2 depicts the Ni EDX mapping and the corresponding HAADF 
STEM image, showing the high surface area, mesoporous structure of 
SBA-15 for dispersion of the Ni-POM-WD crystals. This observation is 
consistent with previously reported results for these materials, which 
enhances the accessibility of propylene to the Ni active sites under re
action conditions [40]. In addition, Fig. S2 shows W, P, K, Si, and O EDX 
maps of Ni-POM-WD/SBA-15. 

3.2. Catalyst response to CO Co-feeding experiments 

Carbon monoxide was initially studied as an impurity in the pro
pylene feed stream. The off-gas stream from an FCC and the outlet 
stream of a steam cracking process can contain CO [12,49]. Specifically, 
CO was added to a feed stream of propylene diluted with helium (C3H6: 
He = 1: 5) to assess the stability of Ni-POM-WD/SBA-15 at 180 ºC and 
1.01 bara. As shown in Fig. 3, the propylene consumption rate as a 
function of the time-on-stream (TOS) is plotted with and without CO 
co-feeding with catalyst regeneration steps included between each cycle. 
The 1st cycle was performed without the addition of CO in order to 
directly compare the catalyst performance to subsequent experiments 
conducted in the presence of CO. The propylene consumption rate be
gins at the maximum value and deactivates as a function of TOS. After 
the 1st cycle, the catalyst was regenerated under helium flow at 300 ºC 
for 12 h to remove the heavier oligomeric products, which was shown to 
be an effective regeneration procedure on Ni-POM-WD/SBA-15 after the 
oligomerization reaction and deactivation [40]. During the 2nd cycle 
(Fig. 3), CO was co-fed with propylene. Remarkably, the normalized 
propylene consumption rate significantly decreased, and no deactiva
tion trajectory was observed as the propylene consumption rate 
remained at a steady-state value throughout the cycle. The residual 
propylene conversion observed with CO addition is associated with the 
background propylene oligomerization. As shown in Fig. S4, the support 
(SBA-15 without Ni sites) was used as a benchmark material, and a small 
propylene consumption rate at 180 ºC and 1.01 bara was measured, 
which is associated with the reaction of propylene on the support. An 
empty reactor and a reactor loaded with the lacunary form of the 

Wells–Dawson POM supported in SBA-15 (Fig. S5) at the same reaction 
conditions both showed no propylene oligomerization activity. There
fore, the drastic decrease in propylene consumption indicates direct 
competition between CO and propylene for Ni sites, resulting in the 
complete titration of available Ni for the reaction. The adverse effect of 
CO co-feeding during olefin oligomerization reaction has been previ
ously reported by Kimura et al. who showed that a NiO-SiO2 catalyst did 
not have ethylene oligomerization activity after being exposed to CO 
[50]. The deactivation of Ni2+ sites due to CO exposure can be explained 
by the ability of Ni2+ cations to form complexes with O-containing 
species [51,52]. Ni-alkyl species can react with CO reversibly forming 
Ni-acyl sites that are inactive for C–C coupling [53]. In addition, as re
ported in Cai et al., the exposure of NiSO4/ɣ-Al2O3 to CO at 500 ◦C 
lowered the valency of Ni2+ to Ni+ and Ni0, which resulted in a complete 
loss of the catalyst activity [54]. In this work, the Ni-POM-WD/SBA-15 
catalyst was successfully regenerated after CO exposure using the same 
process noted previously, with the initial maximum propylene con
sumption rate fully restored, as shown in the first half of the 3rd cycle 
(Fig. 3). The recovery of oligomerization activity after regeneration in
dicates that the Ni2+ sites in Ni-POM-WD/SBA-15 remain Ni2+ and are 
not reduced by the CO. 

As depicted in Fig. 3, the 3rd cycle started with a CO-free feed. After 
430 min, 5 % CO was subsequently added to the feed, which immedi
ately resulted in negligible propylene conversion. After an additional 
150 min, CO co-feeding was stopped, and the propylene consumption 
rate increased, aligning with the projected values from the deactivation 
trajectory. Lastly, the catalyst was regenerated for the third time. In the 
4th cycle (Fig. 3), the propylene oligomerization over the regenerated 
Ni-POM-WD/SBA-15 was performed in the absence of CO. During this 
cycle, the propylene consumption rate was nearly restored to the initial 
maximum propylene consumption rates obtained from the fresh catalyst 
(1st cycle). This is in line with literature results showing the reactivity of 
NiO/SiO2-Al2O3 after poisoning did not recover significantly after the 
removal of CO from the feed, but the catalyst was successfully regen
erated by combustion of the adsorbed species [55]. 

The product distribution for propylene oligomerization of the fresh 
catalyst and regenerated catalyst without CO co-feeding, corresponding 
to the 1st, 3rd (partial), and 4th cycles, is given in Table 2 with only 
propylene dimers observed throughout 4 cycles. The product distribu
tion remained relatively stable with TOS, and Table 2 represents the 
average of the products for the duration of the corresponding cycle. The 
product distribution for each cycle without CO remained unchanged. 
The main formed products were trans-2-hexene (~30 %), trans-3- 
hexene (~20 %), cis-2-hexene (~14 %), cis-3-hexene (~11.5 %), and 
trans-4-methyl-2-pentene (~11.5 %). Such product distribution can be 
explained by the Cossee–Arlman mechanism [23]. The high selectivity 
towards linear hexenes, ~80 %, suggests the preferred pathway for 
propylene dimerization is 1,2-insertion of the first propylene to the 
nickel site, which is followed by 2,1-insertion of the second propylene to 
the nickel-propyl site [23,56]. Moreover, the molar ratios of 
trans-2-hexene/cis-2-hexene and trans-3-hexene/cis-3-hexene without 
CO co-feeding are lower than the equilibrium ratios (Table S1). 
Agirrezabal-Telleria et al. also reported differences in the measured and 
equilibrium ratios of the hexene isomers [57]. 

During the CO co-feeding reactions, the main products were trans-3- 
hexene, trans-2-hexene, followed by trans-4-methyl-2-pentene, 1-hex
ene, and 2-methyl-2-pentene (Table 2). The product distribution of the 
background reaction, which is the propylene conversion over SBA-15, 
had a similar distribution of C6s, the main formed products were 
trans-3-hexene, trans-2-hexene, 1-hexene, 2-methyl-2-pentene, and 
trans-4-methyl-2-pentene (Table 3). Because the selectivity for the 
hexenes is similar during CO co-feeding with Ni-POM-WD/SBA-15 
catalyst and SBA-15 only, the small but measured propylene consump
tion rate during the CO co-feeding experiments is associated with the 
background reactivity of propylene, and CO molecules fully blocked Ni 
active sites. Moreover, the TGA analysis showed no sign of coke 

Table 1 
Elemental analysis and nitrogen physisorption pore properties of Ni-POM-WD/ 
SBA-15 and SBA-15.  

Sample Ni wt 
% 

BET Surface 
Area (m2/g) 

BJH Adsorption 
Pore Diameter (Å) 

Total Pore 
Volume (cm3/ 
g) 

SBA-15 –  790  68  0.64 
Ni-POM- 

WD/SBA- 
15 

0.12  540  68  0.60  
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formation (Fig. S11c). 
The catalyst was characterized after the CO co-feeding experiments 

to further investigate the catalyst stability. From 31P NMR (Fig. S3) re
sults, no new NMR peaks or peak shifts were observed for Ni-POM-WD/ 
SBA-15. Additionally, unsupported Ni-POM-WD exposed to CO under 
similar conditions also showed no change in the 31P NMR spectrum. This 
shows that Ni sites remained intact with no signs of leaching from the 

POM structure. EDX mapping of Ni-POM-WD/SBA-15 after CO co- 
feeding was also performed (Fig. S9). The Ni, W, P, and K remain 
highly dispersed with no signs of particle agglomeration. Moreover, ICP 
analysis on spent catalyst provided no signs of Ni leaching, resulting in a 
similar Ni weight loading as the fresh Ni-POM-WD/SBA-15 (0.1 wt % 
Ni). 

Fig. 1. Solid state MAS 31P NMR of (a) fresh Ni-POM-WD/SBA-15 and (b) unsupported Ni-POM-WD.  

Fig. 2. HAADF STEM image (a) and Ni EDX map (b) of Ni-POM-WD/SBA-15.  

Fig. 3. Propylene consumption rate vs TOS in the presence of CO and CO free feed with regeneration in between cycles. The reaction is performed at 180 ºC, 1.01 
bara, 30 mL/min total flowrate, 16.7 % C3H6 + 83.3 % He or 16.7 % C3H6 + 5 % CO+ 78.3 % He. 
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3.3. Catalyst performance evaluation in the presence of H2/propylene 
mixtures 

The performance of the Ni-POM-WD/SBA-15 propylene oligomeri
zation catalyst was evaluated in presence of H2. FCC off gas contains 
significant amount of H2, 5–20 wt % [12]. Moreover, H2 is produced 
along with propylene in the catalytic propane dehydrogenation process 
[58,59], and can be a byproduct from the direct shale gas upgrading 
plant after the alkane dehydrogenation step [16,19]. A complete sepa
ration of the alkenes from H2 might not be possible, therefore, some 
amount of H2 could be present in the oligomerization units [16]. Fig. 4 
depicts the propylene consumption and propylene dimerization rates 
with respect to TOS. In these experiments, the Ni-POM-WD/SBA-15 was 
tested in a dilute propylene feed (C3H6: He = 1: 5) with and without H2 
co-feeding (H2: C3H6 = 1: 10) at 180 ◦C and 1.01 bara total pressure. In 
the 1st cycle, the fresh catalyst was tested in the absence of H2 in the 
feed. After 340 min, the catalyst was regenerated at 300 ◦C with helium, 
and subsequently tested with H2 present in the feed (the 2nd cycle). In 
the last cycle, after the second thermal regeneration, the catalyst was 
tested in the 3rd cycle without H2 co-feeding. 

As shown in Fig. 4a, during the 1st cycle, the catalyst was tested in 

the absence of H2 in the feed, and the propylene consumption rate fol
lowed identical trajectory as the fresh catalyst in Fig. 3. The propylene 
consumption rate with H2 co-feed increased more than twice compared 
to the fresh catalyst cycle without H2 co-feed, as shown in Fig. 4a. The 
increased propylene consumption rate is due to the propylene to pro
pane hydrogenation reaction. The deactivation of the catalyst was 
associated with the heavy product build-up since the oligomerization 
reactions still occurred during propylene and H2 co-feeding. After 
exposing Ni-POM-WD/SBA-15 to H2 co-feeding, the catalyst was re
generated at 300 ◦C overnight with helium, and the subsequent pro
pylene oligomerization rate without H2 co-feeding resulted in full 
recovery of the catalyst as its initial activity. Co-feeding H2 resulted in a 
slight decrease in hexene production rate (Fig. 4b), possibly due to some 
of the sites previously catalyzing oligomerization now performing pro
pylene hydrogenation reactions. As a control experiment, the lacunary 
form of the Wells–Dawson POM showed no activity for propylene con
version in the presence of H2 (Fig. S6). 

One of the proposed mechanisms for olefin oligomerization over Ni- 
based catalysts is the Cossee–Arlman pathway, which involves the for
mation of nickel-hydride intermediate species [60–63]. The olefin co
ordinates with a metal site, and another olefin inserts on the formed 
metal-carbon species [64,65]. The product desorbs via ß-hydride elim
ination or ß-hydride transfer, resulting in the formation of metal-H or 
metal-olefin-H [64,65]. A few studies have been performed to provide 
evidence on the formation mechanism of Ni-hydride sites on Ni-zeolite 
catalysts and proposed Ni-H as active sites [66,67], including 

Table 2 
The product distribution of propylene oligomerization on Ni-POM-WD/SBA-15 
in the presence of CO and CO free feed with regeneration in between cycles. 
The reaction is performed at 180 ºC, 1.01 bara, 30 mL/min total flowrate, 16.7 % 
C3H6 + 83.3 % He or 16.7 % C3H6 + 5 % CO+ 78.3 % He.   

1st 
cycle - 
no CO 

2nd 
cycle - 
CO co- 
feed 

3rd 
cycle - 
no CO 

3rd 
cycle - 
CO co- 
feed 

3rd 
cycle – 
no CO 

4th 
cycle - 
no CO  

Average selectivity ( %) 
trans-2- 

hexene 
29.9  17.8  30.8  15.6  27.6  30.6 

trans-3- 
hexene 

20.2  37.1  19.5  35.8  21.6  19.7 

cis-2- 
hexene 

14.0  3.6  14.3  4.9  13.3  14.5 

cis-3- 
hexene 

11.5  0.7  11.7  0.0  11.1  11.6 

1-hexene 4.4  13.3  4.1  16.2  5.8  4.4 
trans-4- 

methyl-2- 
pentene 

11.6  16.1  11.9  16.1  12.0  11.5 

4-methyl-1- 
pentene 

5.2  1.2  5.1  4.5  5.0  5.0 

2-methyl-2- 
pentene 

2.4  10.2  1.9  7.0  3.7  1.9 

2,3- 
dimethyl- 
1-butene 

0.8  0.0  0.8  0.0  0.0  0.7 

Total linear 
hexenes 

80.0  72.4  80.4  72.4  79.3  80.9  

Table 3 
The product distribution of propylene oligomerization on SBA-15. The reaction 
is performed at 180ºC, 1.01 bara, 30 mL/min total flowrate, 16.7 % C3H6 + 83.3 
% He.   

Average selectivity of C6 products ( %) 

trans-2-hexene 11.9 

trans-3-hexene  49.8 
cis-2-hexene  3.4 
cis-3-hexene  2.2 
1-hexene  12.0 
trans-4-methyl-2-pentene  5.8 
4-methyl-1-pentene  5.8 
2-methyl-2-pentene  9.0 
2,3-dimethyl-1-butene  0 
Total linear hexenes  79.4  

Fig. 4. Propylene consumption rate (a) and C6 production rate (b) vs TOS in 
the absence and with H2 in the feed with regeneration in between cycles. The 
reaction is performed at 180 ºC, 1.01 bara, 30 mL/min total flowrate, 16.7 % 
C3H6 + 83.3 % He or 16.7 % C3H6 + 3.3 % H2 + 80 % He. 
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co-feeding H2 during ethylene oligomerization [28]. Joshi et al. found 
that the activation period of butene site-time yield disappeared in the 
presence of H2 on Ni-Li-[Al]Beta, which usually is present at the 
beginning of the reaction without H2 in the feed [28]. The authors 
suggested H2 in the feed reacts with Ni2+ sites and promotes the for
mation of active intermediate [Ni(II)-H]+ sites [28]. They also observed 
the production of ethane from ethylene hydrogenation, acknowledging 
that Ni-hydride sites can catalyze alkene hydrogenation reactions. For 
Ni2+ sites in Ni-POM-WD/SBA-15, we observe similar reaction trends to 
Ni-zeolite catalysts, which may point to the formation of similar active 
sites that participate in simultaneous propylene oligomerization and 
hydrogenation reactions. However, the activation period on 
Ni-POM-WD/SBA-15 has not been observed with or without H2 
co-feeding and possibly observable in early TOS data. 

The oligomerization product selectivity throughout all three reaction 
cycles was unchanged, and without H2 in the feed, the selectivity was 
100 % for propylene dimers (Table 4). During H2 co-feeding cycle, the 
propane selectivity was 73.3 % and C6 olefins selectivity was 26.7 %. At 
the tested reaction conditions, saturated C6s were not observed, which is 
consistent with similar studies [28,68,69]. The distribution of the C6 
products between all three cycles was invariant, which could imply that 
the literature proposed Ni-H active sites might be formed in-situ without 
H2 co-feeding and during H2 co-feeding. Moreover, no activation period 
at the onset of the reaction was observed on Ni-POM-WD, which in
dicates (1) that the active Ni-H sites are already present in the catalyst 
[28,68], (2) the active sites are formed from the Ni-alkyl intermediates 
[67], or (3) the activation period is very rapid and not captured in the 
initial TOS data. 

The SS MAS 31P NMR of Ni-POM-WD/SBA-15 after the reaction with 
H2 co-feeding showed no change in features relative to the fresh catalyst 
(Fig. S7a). Additionally, the solution 31P NMR of Ni-POM-WD crystals, 
which were exposed to pure H2 at 180 ◦C for 2 h (Fig. S7b), did not 
indicate the degradation of the POM structure or Ni leaving the POMs. 
Similarly, EDX mapping showed no sign of aggregation of the POM or Ni 
(Fig. S9). These results highlight the structural stability of the Ni-POM- 
WD/SBA-15 to H2, which is corroborated by the reaction results. 

3.4. Catalyst evaluation in the presence of methane impurities 

The behavior of Ni-POM-WD/SBA-15 for propylene oligomerization 
in the presence of CH4 (CH4: C3H6 = 1:1) was evaluated at 180 ◦C and 
1.01 bara. Methane can be present in the olefin oligomerization feed if 
shale gas is directly used to produce oligomers [16]. The propylene 
consumption rate is shown in Fig. 5, where three reaction cycles with 
regeneration in between the cycles is provided. The regeneration 

treatment was performed using the same method as in the previous 
experiments. The 1st cycle was conducted on a fresh catalyst (Fig. 5). 
The catalyst behavior was similar to the 1st cycles depicted in Fig. 3 and 
Fig. 4, which is starting at a maximum propylene consumption rate and 
undergoing deactivation. After the regeneration treatment, the catalyst 
was tested with propylene and CH4 in the feed during the 2nd cycle 
(Fig. 5), and the consumption rate and the deactivation behavior 
remained unchanged. This implies that methane does not participate in 
the oligomerization reactions or impact the catalytic site of the 
Ni-POM-WD/SBA-15; methane simply acts as an inert gas under these 
conditions. Activation of methane is challenging due to the high bond 
strength of C–H bonds (~434 kJ/mol) [70]. With Ni-based catalysts, 
methane decomposition to CHx fragments and solid carbon formation 
can be observed with reduced Ni particles in a temperature range of 
200–350 ◦C [71,72]. The ability to regenerate the Ni-POM-WD/SBA-15 
catalyst with only He indicates no coke-like carbon deposits formed and 
blocked Ni sites in the presence of CH4. In addition, the TGA analysis 
showed no sign of coke formation (Fig. S11d). The 2nd cycle had an 
identical deactivation profile to the 1st and 3rd cycles, which further 
indicates that the Ni2+ sites were not reduced. A slight enhancement of 
the propylene conversion during the 3rd cycle, compared to the 1st 
cycle, could be due to improved dispersion of the Ni-POM-WD within 
SBA-15 from the thermal effect of regeneration. 

At the tested reaction conditions, only propylene dimers were 

Table 4 
The product distribution of propylene oligomerization on Ni-POM-WD/SBA-15 
in the absence and with H2 in the feed with regeneration in between cycles. 
The reaction is performed at 180 ºC, 1.01 bara, 30 mL/min total flowrate, 16.7 % 
C3H6 + 83.3 % He or 16.7 % C3H6 + 3.3 % H2 + 80 % He.   

1st cycle - no 
H2 

2nd cycle - H2 co- 
feed 

3rd cycle - no 
H2  

Average selectivity of C6 products ( %) 

trans-2-hexene  30.3  29.2  30.9 
trans-3-hexene  20.6  21.4  20.5 
cis-2-hexene  13.2  12.5  13.6 
cis-3-hexene  10.8  10.5  10.9 
1-hexene  4.5  5.0  4.4 
trans-4-methyl-2- 

pentene  
12.1  12.1  11.7 

4-methyl-1-pentene  4.9  4.9  4.8 
2-methyl-2-pentene  2.4  3.0  2.2 
2,3-dimethyl-1-butene  1.2  1.4  1.0 
Total linear hexenes  79.3  78.6  80.3 
Propane selectivity  0  73.3  0 
C6 selectivity  100  26.7  100  

Fig. 5. Propylene consumption rate vs TOS in the absence and with CH4 in the 
feed with regeneration in between cycles. The reaction is performed at 180 ºC, 
1.01 bara, 30 mL/min total flowrate, 16.7 % C3H6 + 83.3 % He or 16.7 % C3H6 
+ 16.7 % CH4 + 66.6 % He. 

Table 5 
The product distribution of propylene oligomerization on Ni-POM-WD/SBA-15 
in the absence and with CH4 in the stream with regeneration in between cy
cles. The reaction is performed at 180 ºC, 1.01 bara, 30 mL/min total flowrate, 
16.7 % C3H6 + 83.3 % He or 16.7 % C3H6 + 16.7 % CH4 + 66.6 % He.   

1st cycle - no 
CH4 

2nd cycle – CH4 co- 
feed 

3rd cycle - no 
CH4  

Average selectivity ( %) 

trans-2-hexene  29.9  30.4  30.8 
trans-3-hexene  20.5  20.2  20.0 
cis-2-hexene  13.3  13.7  14.2 
cis-3-hexene  10.9  11.1  11.4 
1-hexene  4.6  4.5  4.4 
trans-4-methyl-2- 

pentene  
12.4  12.0  11.7 

4-methyl-1-pentene  5.2  5.0  4.9 
2-methyl-2-pentene  2.3  2.1  1.7 
2,3-dimethyl-1- 

butene  
1.0  0.9  1.0 

Total linear hexenes  79.2  79.9  80.7  
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observed. The averaged selectivity for each identified product is given in  
Table 5, and it shows that all three cycles provide the same product 
distribution. Analysis of the Ni-POM-WD/SBA-15 after reaction with 
CH4 co-feeding using EDX mapping again showed no agglomeration of 
Ni or other elements in the POM structure (Fig. S9). Moreover, the so
lution 31P NMR of Ni-POM-WD crystals, which were exposed to pure 
CH4 at 180 ◦C for 2 h (Fig. S8), remained unchanged, which implies no 
degradation of the POM structure or Ni leaving the POMs. 

4. Conclusion 

In this work, the stability of Ni-POM-WD/SBA-15 was evaluated in 
the presence of potential feed impurities that olefin oligomerization 
catalysts may encounter. Even though the oligomerization reaction was 
less favored in the presence of CO and H2, the catalytic nature of active 
sites remained unaltered, and the dimerization rates could be fully 
restored with thermal treatment. Further, the high selectivity for linear 
products with these catalysts, even with the mixed feeds, is attractive for 
the production of detergents and lubricants. The indifference of Ni-POM- 
WD to methane co-feeding opens the possibility of using shale gas or 
other alkanes as inert diluents, such as ethane and propane, which can 
be present in the stream after alkane dehydrogenation. These results 
highlight the remarkable catalytic behavior and stability of Ni- 
substituted polyoxometalates and their potential application to indus
trial settings. 
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236–243. 

G. Magazova et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref55
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref56
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref56
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref57
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref57
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref58
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref59
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref60
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref60
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref61
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref62
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref63
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref64
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref65
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref66
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref66
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref67
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref68
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref68
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref68
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref69
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref70
http://refhub.elsevier.com/S0926-860X(22)00437-9/sbref70

	Remarkable stability of Ni-modified polyoxometalates to H2, CO, and CH4 during propylene oligomerization
	1 Introduction
	2 Experimental
	2.1 Catalyst preparation
	2.2 Catalyst characterization
	2.3 Propylene oligomerization reactions

	3 Results and discussion
	3.1 Catalyst physicochemical and structural properties
	3.2 Catalyst response to CO Co-feeding experiments
	3.3 Catalyst performance evaluation in the presence of H2/propylene mixtures
	3.4 Catalyst evaluation in the presence of methane impurities

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Appendix A Supporting information
	References


