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Abstract

Propane dehydrogenation (PDH) is a key route for sustainable C;Hg production, where catalyst
composition and preparation critically govern performance. Herein, we systematically
investigate ZrO,-supported Cr catalysts promoted with alkali and alkaline earth metals (Na,
Mg, K, and Ca). Among the promoters, K exhibits the strongest promotional effect and is
optimized across different Cr-loadings. While the optimal K/Cr molar ratio varies with Cr-
loading, the absolute optimal K-amount remains constant (~0.11 wt.% relative to ZrO,). XPS
analysis reveals that K interacts with the ZrO, support, generating low-valent ZrOy species,
enabling the trapped and catalytically inactive Cr*3 species to reducible and PDH-active Cr*®
species. Based on these results, we propose a promotional model. The influence of Cr and K
loading sequence on catalytic performance was also examined; and negligible effects are
observed. The optimized catalyst is further evaluated over a range of contact times for both
PDH and CO,-ODH. At the highest contact time (37.34 g.q;-h-mol™), the 29.46% C;Hyg
conversion and 27.15% Cs;Hg yield during PDH, significantly outperforms the 17.53%
conversion and 15.52% yield observed during CO,-ODH. These results highlight the critical
role of K promotion and rational Cr-based catalyst design for efficient and sustainable propene
production in industrial alkane dehydrogenation.
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PDH; CO,-ODH; Promoter effect; K/Cr molar ratio; K-promotion model; Impregnation
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1. Introduction

Propene, CsHg, is the second most important petrochemical feedstock, and its demand
continues to rapidly increase. However, the supply through conventional routes, such as
refinery FFC and steam cracking, are not increasing at the same rate. Such a disparity between
supply and demand is likely to contribute to the inflation of C;Hg prices [1]. To address this
disparity there are a few on-purpose processes which are in operation to produce C;Hg. Direct
propane (C;Hg) dehydrogenation (PDH) is one of the on-purpose processes, which contributes
a significant share (~50%) towards on-purpose C;Hg production [1].

Chromium oxide (chromia) based heterogeneous catalyst are extensively studied for the PDH
reaction since the pioneering work by Frey and Hupke [2]. Based on this study several
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industries and technologies were developed [3—6]. A few strategies have been used to improve
upon the catalytic activity of the supported chromia catalysts. These strategies include the use
of additives and promoters, such as Sn, Zn, Ni, Ce, K, Na and others [7—15]. Specifically, alkali
metals have been extensively used to promote the activity of the supported chromia catalysts.
Furthermore, K is often the promoter of choice in the synthesis of efficient Al,O; supported
PDH catalysts. Notably, K is a versatile element in catalysis, functioning either as a promoter-
as in PDH, CO,-ODH, and RWGS reactions-or as the principal active species, as exemplified
by the Dow Chemical K-MoS, catalyst [16—18]. Using K as a promoter often results in the
expected neutralization of acidic sites on the catalyst, thereby lowering its overall acidity. This
reduction in acidity appears to be beneficial for enhancing the resistance of the catalyst to
coking during PDH [12-15].

For these promoted catalysts, there appears that at a certain promoter-atom to Cr molar ratio
the catalyst shows the highest activity and changing the ratio reduces the catalytic activity [19].
However, the effect of Cr-loading on the best promoter-atom/Cr molar ratio is not addressed.
Such a study will be useful to improve our understanding of the role of the promoter, which in
future can be helpful in the synthesis and design of the catalyst. Furthermore, the effect of
promoters is usually undertaken for Al,O; supported chromia catalysts [10,19-23]. However,
previous studies reveal that ZrO, supported chromia catalysts show better turn-over frequency
(TOF) for PDH than Al,O; supported catalysts [24-26]. A comparative study of different alkali
and alkaline promoters on ZrO, supported chromia catalysts appears to be limited to the choice
of K as the promoter [27-29]. For example, it was shown that addition of K to a ZrO, supported
chromia catalyst leads to a decrease in acidity of the catalyst. Furthermore, the initial activity
of the catalyst decreases and the selectivity towards CsHg improves when K is added [28]. The
decrease in activity appears to be contrary to the promotional effect of K addition.

Moreover, in these multicomponent systems, the sequence of impregnation of the different
components on the support, such as co-impregnation or sequential impregnation of the
precursors, may play an important role. A previous study has shown the effect of sequence of
impregnation of Cr and K on an Al,O;3 support [23]. This study shows that there is no effect on
conversion of C3Hg due to sequence of impregnation, though the selectivity of Cs;Hg increases
by 5% if K was impregnated before the Cr. A similar study on ZrO, supported chromia catalyst
appears to be missing.

In addition to the above, the catalysts used in the PDH process tend to deactivate within a short
operational period, necessitating periodic regeneration [23]. The ability of the catalyst to
regenerate itself after multiple cycles is a critical attribute. Although previous studies have
demonstrated that catalysts can recover their initial activity after the first regeneration cycle, a
gradual decline in performance is typically observed over successive cycles, indicating a loss
of long-term catalytic stability [9,11,26,30—33]. The causes for deactivation and ability of the
catalyst to recover its original activity over successive regeneration cycles are important factors
that also needs to be addressed.

With recent advances in CO, utilization, it has been suggested to use CO, as an oxidant during
the PDH reaction [34,35]. The resulting CO,-ODH of C;Hg reaction has also been examined
in several studies [4,36,37]. The primary advantage includes the utilization of CO,, whereas
the primary disadvantage includes the loss of H, produced due to the simultaneously occurring
reverse water gas shift reaction taking place [38]. However, studies comparing the PDH and
CO,-ODH reaction over ZrO, supported chromia catalysts are limited [34,35,39].



Thus, the lack of information on examining the effect of: (i) using different alkali and alkaline
promoters, (ii) Cr-loading on the best promoter/Cr molar ratio, and (iii) the sequence of
impregnation of Cr and promoter for ZrO, supported chromia catalyst highlights the need for
further investigation in this area. Furthermore, the ability to regenerate and comparison of the
catalytic PDH and CO,-ODH processes needs to be addressed. These form the primary
objective of the present study.

To achieve our objectives, we investigate the influence of various alkali and alkaline metal
promoters on ZrO, supported chromia catalyst, with the initial objective of identifying the most
effective promoter amongst Na, K, Mg and Ca. Upon selecting the most effective promoter,
we examine its interaction with three different Cr-loadings to determine the most suitable
promoter-atom/Cr molar ratio for each Cr-loading. Subsequently, we explore the impact of the
synthesis sequence on the performance of the most effective promoted catalyst. Based on our
results we propose a model to explain the role of the promoter and how promotion works in
ZrO, supported Cr catalysts. Then we carry out a multiple-regeneration study to evaluate the
regenerative capacity of the catalyst across successive regeneration cycles. Finally, using the
most active promoted and unpromoted ZrO, supported chromia catalyst, we compare PDH and
CO,-ODH under the same operating conditions.

2. Experimental procedure
2.1.  Catalyst synthesis

All the three set of catalyst samples were synthesized by the incipient wetness impregnation
method and calcined in presence of air [27]. The first set of catalysts were synthesized to
examine the effect of different alkali and alkaline promoters for ZrO, supported chromia
catalyst. The promoters comprise, Na, K, Mg and Ca. The effect of these promoters was
examined over 1wt.% Cr catalyst supported on zirconia (Zr0,, Saint Gobain) and the most
effective promoter was identified. The precursor used for all the metals were: Cr - chromium
nitrate nonahydrate (Cr(N03)3.9H,0, Sigma Aldrich), Na - sodium nitrate (NaN O3z, Sigma
Aldrich), K - potassium nitrate (KN O3, Sigma Aldrich), Mg - magnesium nitrate hexahydrate
(Mg(NO3),.6H,0, Sigma Aldrich) and Ca - calcium nitrate tetrahydrate (Ca(NO3),.4H-0,
Sigma Aldrich). All the catalysts are prepared in the same molar ratio of A/Cr, where A = Na,
K, Mg or Ca.

Based on the most effective promoter, the second set of catalysts were synthesized. This set of
catalysts were prepared to determine the best promoter-atom/Cr molar ratio for different sub-
monolayer and near-monolayer loadings of chromia (1 wt. % Cr, 1.5 wt. % Cr, and 2.5 wt. %
Cr). Of the three metal loadings chosen the best promoter-atom/Cr ratio was already
determined for Cr = 2.5% in our previous study [27].

For the third set of catalysts the sequence of impregnation was examined for the most effective
catalysts. In this set three catalysts were compared: one catalyst was synthesized where Cr and
the promoter-atom were co-impregnated on the support, in the second catalyst Cr was initially
deposited on the ZrO, support followed by the promoter-atom, and in the third catalyst the
promoter-atom was initially deposited followed by Cr. For a Cr-loading of 2.5 and a K/Cr ratio
of 0.05 the catalysts chosen for examining the sequence of impregnation were: 2.5Cr0.05K,
2.5Cr,0.05K; and 2.5Cr,0.05K;. The latter two catalysts differed in the sequence with which
Cr and K were impregnated to the pre-treated ZrO, support, where the subscripts 1 and 2 denote
the component that was deposited first and the one deposited second.

2.2.  Catalyst characterization



2.2.1. Surface area measurement and elemental composition

The specific surface area of the catalyst samples was measured by using multi point BET
method. The measurements were carried out on an Autosorb iQ TPX equipment
(Quantachrome, USA), using N,-adsorption data at -196°C. The degassing of the samples was
performed at 150°C for 6 h, and the amount of sample used was ~200 mg.

The elemental composition of selected samples was analysed to verify their conformity with
the expected (nominal) values using energy-dispersive X-ray spectroscopy (EDS). The analysis
was performed with an integral EDS detector attached to a Quanta 200 field emission scanning
electron microscope (JEOL, Japan). The microscope operated at an accelerating voltage of 15.0
kV and a magnification of 250X. Prior to EDS measurements, a thin gold layer was deposited,
using a JEC 300 gold sputter coater (JEOL, Japan) to minimize surface charging during
imaging.

2.2.2. UV-vis spectroscopy

The UV-vis spectra of all the samples were obtained under ambient conditions using a UV-vis-
NIR 5000 (Varian, USA) spectrometer. All the calcined samples were scanned in the range of
200-800 nm, under ambient conditions. The ZrO, support was employed as the reference to
isolate the effects associated with changes in the chromia phase.

2.2.3. Raman spectroscopy

All the calcined and some of the spent samples were scanned using an Acton Spectra Pro 25001
instrument (Princeton Instrument, USA). A 532 nm laser was used which was operated at its
50% of its max strength of 40 mW. The 20X and 50X lenses were used to focus the laser on to
the samples. All the spectra were obtained at room temperature using 20 scans of 2 second
each. The samples were stationary while scanning. Thus, there is a high chance that laser
induced heating occurred during collection of the Raman spectra [40].

2.2.4. X-ray photoelectron spectroscopy (XPS)

XPS measurements were carried out using a Thermo-Scientific NEXSA spectrometer equipped
with a monochromatic Al Ko X-ray source (hv=1486.6 ¢V). The spectra were recorded under
ultra-high vacuum conditions with a base pressure of ~3 x 10 mbar. Survey spectra were
collected with a pass energy of 200 eV, while high-resolution spectra were acquired with a pass
energy of 50 eV, resulting in an overall energy resolution of approximately 0.45 eV. The
binding energy scale was calibrated using the C 1s peak of adventitious carbon at 284.8 eV to
compensate for surface charging effects. Background subtraction was performed using a
Shirley-type background. Peak deconvolution and fitting were conducted using mixed
Gaussian-Lorentzian (GL) line shapes. During the fitting procedure, parameters such as peak
position, full width at half maximum (FWHM), and relative peak areas were optimized while
maintaining physically meaningful constraints, including appropriate spin-orbit splitting and
intensity ratios where applicable.

2.2.5. H,-TPR

The H,-TPR studies were performed using an AMI 200 (Altamira, USA) set-up and associated
software. Analysis of the H,-TPR profile was performed using the same protocol as reported
in our earlier study [27], which involved sample pretreatment, reduction under a 10% H,-Ar



gas mixture, and effluent gas analysis using a thermal conductivity detector (TCD). From the
plot between TCD signal vs bed temperature, the H,-TPR profile was generated, and the area
under this curve was the amount of H, consumed, which was also referred to as the H,-uptake.
The area was calibrated by using pulse calibration of the same H,-Ar gas mixture. Based on
the H,-uptake and nominal Cr-loading the H/Cr molar ratio was calculated.

2.3.  Reactivity studies

The synthesized catalysts were tested for the PDH and CO,-ODH reactions for 2 h time-on-
stream (TOS) in a down flow quartz tube backed bed reactor. The reactor was placed in a
vertical tubular furnace in which the gases flowed downward. A bed of quartz wool was made
to support 100 mg of fresh catalyst. To measure the temperature, a K type thermocouple was
placed just above the catalyst bed. To control the temperature, the thermocouple was connected
to a PID controller (OMEGA, USA). Before performing the reaction, the catalyst was calcined
at 550°C for 1 h with an O, flowrate of 2.4 L.h-!. For PDH, a gaseous mixture of 7.5% C;Hjg-
N, was fed to the reactor at a rate of 1.8 L.h"!. For CO,-ODH a mixture of C;Hg, CO, and N,
was fed at a total flowrate of 1.8 L.h'!, where Cs;Hg and CO, was fed in stoichiometric molar
proportions, and the inlet partial pressure of C;Hg was maintained at 0.075 atm. At the exit of
reactor, the outflowing gases were mixed with CHy at a rate of 0.12 L.h! to normalize the
effluent gases. This strategy was used since only trace amounts of CH, was formed during PDH
and CO,-ODH. This gas was passed through the condenser to remove the possibility of
moisture in the gaseous mixture. All gas flow rates were controlled by mass flow controllers
(Bronkhorst, Netherlands).

The gas samples were taken to analyse the exit gas composition, and it was injected to a GC
(NUCON, 5700), equipped with a TCD and a flame ionization detector (FID). A HySep-Q
column was used to separate the gases present in the mixture. The area of each component was
determined and used to calculate the conversion of C3Hg (X¢,p,,) yield of CsHg (Y¢,p,) and
selectivity of C3Hg (S¢,n,). Other reactivity parameters were also calculated, such as the
turnover frequencies (TOF ¢y, and TOF ¢, ). The formulae used for these calculations are
given in equations (1) to (7).

Xy, o) = (1 = 5ex252) 4 100 n
Xco, (%) = (1 _ ’?:0—2) «100 )
2,in
Y, (%) = <—‘; Z‘f;:ﬁ) * 100 (3)
Yo%) = (£ « 100 )
2,in
F out
S 00) = () » 100 ®)
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W+H,—uptake

_ FC3H8,in_FC3H8,0ut) -1
TOFC3H8_( WxH,—uptake (S ) (7)

In equations (1) to (7), F; is the molar flow rate of the species i, W is the mass of the catalyst,

and H, —uptake is the mols of H, per unit mass of the catalyst. The carbon balance (%),

l Cnut . .
TZIOOT * 100, was determined for each run and was found to be better than 98%. The reaction
data at each condition was repeated at least 3 times and the average and standard deviation was

reported.

The most active catalyst was also tested for deactivation and regeneration for a more prolonged
time-on-stream (TOS) study. During the deactivation process the reaction was carried out for
6 h and the data was collected intermittently. Subsequently, the catalyst was regenerated by
switching the gas stream to an inert feed and then to an oxidizing atmosphere of pure O, without
changing the temperature. The catalyst was oxidized for 0.5 h. After oxidation the reactor was
purged and then switched to the reactant mixture and the 2™ ¢ycle was analysed for another 6
h. This process was repeated to achieve five cycles of regeneration.

3. Result and Discussion
3.1. Surface area studies and elemental composition

The surface area of all the samples was measured and tabulated in Table S1 of the supported
information file. Analysis of Table S1 reveals that the simultaneous presence of chromium and
promoters do not induce any significant alteration in the specific surface area (m?/gcq:). For

instance, the specific surface area of the support material ZrO, is approximately 48 m?/g, and
all synthesized catalysts exhibit surface areas within a comparable range. Minor variations in
surface area have also been reported by others [41-43].

The last set of catalysts were examined by EDS; to compare the measured amount of promoter
(K) and chromium (Cr) present with the nominal amount. The result of the EDS analysis is
shown in Table S2 of the supplementary information file. The measured and nominal amounts
are similar, suggesting that the targeted composition of the synthesized catalysts was achieved.

3.2.  UV-vis spectroscopy studies

The UV-vis spectra of all the samples are shown in Figure S1 to S5 of the supplementary
information file. The spectra show two bands at 275 and 375 nm. These bands correspond to
Cr*6 species [27,44,45]. However, these spectra do not show any differences with addition of
promoter.

3.3. Raman spectroscopy studies

The three sets of supported metal oxide samples were characterized using Raman spectroscopy.
The spectra corresponding to the 1Cr0.10A samples are shown in Figure 1, where A = Na, K,
Mg, K and Ca. The spectra clearly show well-defined bands due to ZrO, at 476, 615, and 635
cm! [46,47]. In addition to the support peaks, 1CrZr exhibits a broad peak at 853 cm™! and
1004 cm™!'. A shoulder at 1031 cm! is also evident. These spectra clearly indicate the presence
of molecularly dispersed chromia species and absence of Cr,0O; species. These three peaks are



also visible in all the promoted samples. It appears that the intensity of the three peaks of the
molecularly dispersed chromia species increase for A = Mg, K and Ca, but not for A = Na. For
1Cr0.1Na and 1CrZr, the intensity of the three peaks is similar.

|
| “n1Cr0.10Ca
|
0 | ! :
= I
5 : "™N1Cr0.10K
g ! X N
h | L
> 1Cr0.10Mg|
.g : I :
g | N
= | ! 1Cr0.10Na
)
~ 1CrZr
400 600 800 1000 1200

Raman shift (cm™)

Figure 1: Raman spectra of 1CrZr and 1Cr0.10A catalyst showing the effect of different
promoter addition, A = Na, Mg, K and Ca.

The Raman spectra of 1CryK, where y = 0.00, 0.05, 0.10, 0.15 and 0.20, is shown in Figure 2.
The spectra also show same three distinct peaks between at ~850, 1003 and shoulder at 1027
cm!'. The Raman peaks associated with crystalline Cr,0O; continue to be absent. Relative to the
1CrZr spectrum, the addition of K increases the intensity of the broad peak at ~850 cml.
However, to determine the quantitative variation of the intensity of the chromia peaks with
change in K/Cr molar ratio is challenging.
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Figure 2: Raman spectra of 1CryK catalysts, showing the effect of potassium addition, y
=0.00, 0.05, 0.10, 0.15 and 0.20.

The Raman spectra of 1.5CryK, where y = 0.00, 0.05, 0.10 and 0.15, are shown in Figure S6.
Similar spectra are seen for the 1.5CryK samples as those of the 1.0CryK samples. Three
Raman bands are also seen at 850 (broad), 1003 and 1027 (shoulder) cm™!. The Raman bands
due to Cr,0O5 continues to be absent. However, the changes in intensity of the three peaks with
increase in K/Cr ratio is more evident. As the amount of K increases until the K/Cr molar ratio
is 0.10, the intensity of the bands increases, and with further addition of K the intensity of bands
decreases.

The Raman spectra of 2.5CryK, where y = 00, 0.05, 0.10, 0.15 and 0.20, was analysed in our
previous study [27] and is reproduced in Figure S7 of the supplementary information file. The
spectrum for 2.5CrZr shows a Raman band at 550 cm!, which is due to Cr,0j5 crystallites [38].
The three Raman bands at 848, 1008 and 1031 cm! due to the surface chromia species are also
present. The presence of Cr,O; crystallites suggest that monolayer coverage is exceeded, as
was concluded in our previous study [38]. Thus, the Cr,O5 crystallites and molecularly
dispersed chromia species are simultaneously present at these loading of chromia. With
addition of K, the intensity of the Cr,O3 band at ~550 cm! appears to fluctuate. A previous
study suggests that K,Cr,05 is initially formed, which decomposes into K,CrO,4 and a-Cr,0;
[48]. Analysis of the changes in intensities of the Raman bands with an increase in K is difficult,
though it appears that the intensity of the band at 848 cm! increases, and the intensity of the
shoulder at 1031 cm™! initially increases and then decreases.

The Raman spectra of the last set of catalysts are shown in Figure S8 of the supplementary
information file. The KZr and 2.5CrZr are included for reference. The KZr sample shows a
broad band at 850 — 1000 cm!. The remaining samples show similar Raman bands due to the



surface molecularly dispersed chromia species at 850, 1010 and 1031 cm'. It is again difficult
to decipher any changes in the band intensities due to changes in impregnation method.
3.4. XPS studies

The Cr 2p XPS spectra of some freshly calcined samples were obtained. The spectra of 1CrZr,
1.5CrZr, 2.5CtZr, 1Cr0.15K, 1.5Cr0.10K, and 2.5Cr0.05K are shown in Figure 3. The presence
of both Cr*3 and Cr*¢ species in the spectra is evident. The 2.5CrZr sample shows an additional
Cr*3 peak corresponding to crystalline Cr,O; species, which is visible in both the 2p;/, and 2p;»
regions at binding energies of 577.4 eV and 587.0 eV, respectively. This observation is
consistent with the Raman spectra, which show the appearance of Cr,O; crystalline bands at
approximately 551 cm! for Cr loadings above 2 wt.%.

The Cr*3 species strongly interacting with ZrO, in the unpromoted samples, and not due to
Cr,05, appear at 576.3 eV and 586.0 eV in the 2p;, and 2p,, regions, respectively. In the
presence of K, these Cr*3 species are converted to Cr*® species. In the spectra shown in Figure
3, two types of Cr*® species are identified: (i) surface Cr*® species, present in all samples, and
(i1) K-associated Cr'® species, observed predominantly at higher Cr loadings, particularly in
the 2.5Cr0.05K sample [49]. The surface Cr*® species appear at relatively high binding
energies, which further increase with metal loading, from 577.1 eV and 587.1 eV for 1CrZr to
579.1 eV and 588.4 eV for 2.5Cr0.05K in the 2p;, and 2p,,, regions, respectively. Similar
trends have been reported in the literature, indicating that variations in metal loading influence
the binding energies of specific chromium species [50]. An additional feature is observed in
the 2.5Cr0.05K sample at 581.4 eV and 590.6 eV, which appears to be due to potassium
chromate-type complexes [51].

The Zr 3d XPS spectra of the same freshly calcined samples are presented in Figure 4. All
samples exhibit the characteristic peaks of Zr** (ZrO,) at 181.5 eV (3ds);) and 184.3 eV (3d3),).
Upon K addition, the emergence of lower oxidation state Zr*3 (ZrOx) species is observed at
182.5 eV (3ds;) and 185.9 eV (3ds3;) [52,53]. The presence of K in the supported chromia
catalyst appears to generate the lower oxidation state of zirconia ZrOx [53].

The O 1s XPS spectra of the freshly calcined samples, shown in Figure S9 of the supplementary
information file, reveal three distinct oxygen species in the unpromoted catalysts. The oxygen
species possesses binding energies of 529.6 eV, 530.8 eV, and 532.4 eV, corresponding to O-
Zr (ZrO,), O-Cr, and hydroxyl species, respectively [53]. The intensity of the O-Cr peak
increases with Cr loading. In K-promoted samples, an additional peak appears at 531.5 eV,
assigned to O-Zr in ZrOx species, and its intensity also increases with higher metal loading.
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Figure 3: Cr XPS spectra of freshly calcined samples of 1CrZr, 1.5CrZr, 2.5CrZr,
1Cr0.15K, 1.5Cr0.10K and 2.5Cr0.05K
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Figure 4: Zr XPS spectra of freshly calcined samples of 1CrZr, 1.5CrZr, 2.5CrZr,
1Cr0.15K, 1.5Cr0.10K and 2.5Cr0.05K
3.5. H,-TPR studies
The H,-TPR profiles of 1CrZr and 1Cr0.10A, are shown in Figure 5. All the samples show a
single reduction peak in the H,-TPR profile, which indicates that there is only a one-step
reduction involved.
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Figure 5: H,-TPR profile of 1CrZr and 1Cr0.10A catalyst showing the effect of different
promoter addition, A = Na, Mg, K and Ca.
The temperature at which the TCD current is maximum, also referred to as Tyax of the sample,
is also mentioned in Table 1. It was observed that the simultaneous presence of chromium and
promoter in the 1Cr0.10A catalyst, leads to an increase in Tyax, due to increase in interaction
with the promoter.
The H,-uptake was also calculated and are mentioned in Table 1. Based on the H,-uptake and
nominal Cr-loading the H/Cr molar ratio was determined and are also included in Table 1. The
simultaneous presence of chromium and promoter increases the H/Cr ratio suggesting in an
increase in the amount of reducible surface chromium oxide species, except for Na. For the
1Cr0.01Na sample, the amount of reducible chromium oxide species decreases. The 1CrZr
catalyst has a H/Cr ratio of 2.69, whereas the H/Cr ratio for 1Cr0.01Na is 2.57. Only the
1Cr0.10K sample has a H/Cr ratio of 3.06, implying that all the chromium oxide species are
initially present as Cr*® species and are reducible. The other alkali and alkaline promoters have
a H/Cr value less than 3, suggesting the presence of some of chromium oxide species that were
difficult to reduce. The H/Cr value less than 3 may be due to Cr*3 species strongly interacting
with ZrO, or those that are strongly interacting with the promoter. The difficult to reduce Cr*3
species strongly interacting with the ZrO, support were identified in previous XPS study [27].
The H,-uptake or H/Cr ratio follows the sequence:

1€r0.10K > 1€r0.10Mg > 1€r0.10Ca > 1CrZr > 1Cr0.10Na

This trend also suggests that the maximum amount of non-reducible chromia species is present
in 1Cr0.10Na, followed by 1CrZr, 1Cr0.10Ca and 1Cr0.10Mg. In contrast, there appears to be
only reducible Cr*® in the freshly calcined 1Cr0.10K sample.
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Table 1: H,-TPR studies showing the effect of different promoters on 1Cr0.10A catalysts,
where A =0, Na, Mg, K and Ca

Catalyst Tyax H,-uptake H/Cr
(°O) <mol) .+ 106
cat

1CrZr 305 259 2.69
1Cr0.10Na 313 248 2.57
1Cr0.10Mg 315 281 2.92
1Cr0.10K 308 295 3.06
1Cr0.10Ca 319 273 2.83

The H,-TPR profile of the second set of catalysts 1CryK, where y = 0.00, 0.05, 0.10, 0.15 and
0.20, is shown in Figure S10 of the supplementary information file. The H,-TPR profile shows
that all the samples continue to exhibit one reduction peak. With the addition of K, Tyax
increases, and the specific values are included in Table 2 along with the H,-uptake and H/Cr
molar ratio.

Table 2: H,-TPR studies showing the effect of different promoters on 1CryK catalyst,
where y = 00, 0.05, 0.10, 0.15 and 0.20.

Catalyst Trax H,-uptake H/Cr
(°C) (mol) . 106
cat
1CrZr 305 259 2.69
1Cr0.05K 307 288 2.99
1Cr0.10K 308 295 3.06
1Cr0.15K 310 301 3.13
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1Cr0.20K 312 289 3.00

The addition of K increases the Hy-uptake up to K/Cr = 0.15, and above this value the H;-
uptake starts to decrease. Since the amount of Cr is the same in all samples listed in Table 2,
the H/Cr ratio also follows the same trend as Hj-uptake values. In Table 2, the H/Cr values
slightly more than 3.00 may be associated with the errors involved in determining the H,-
update and the actual Cr-loading. Despite these minor differences it appears that for this set of
catalysts the surface chromia species is predominantly present as Cr™® when K is present.
The H,-TPR profiles of 1.5CryK and 2.5CryK, where y = 0.00, 0.05, 0.10, 0.15 and 0.20, are
shown in Figure S11 and S12 of the supplementary information file and follow a similar trend
as 1CryK. The presence of K leads to an increase in Tyax from 301 °C to 312 °C for 1.5CryK
and from 294 °C to 306 °C for 2.5CryK and the specific values are included in Tables S3 and
S4. These tables also show that with the addition of K, the H,-uptake increases up to a certain
value of K/Cr ratio and then the uptake value decreases. The highest H,-uptake value is
achieved at K/Cr of 0.10 for the 1.5CryK samples and at K/Cr of 0.05 for the 2.5 CryK samples.
The corresponding H/Cr values for the samples with the highest H,-uptake are close to 3 for
the three series of the samples 1CryK, 1.5CryK and 2.5CryK, which suggests that all the
chromium oxide species present on the ZrO, support are Cr*¢ at these K/Cr ratios. These
samples are: 1Cr0.15K, 1.5Cr0.10K and 2.5Cr0.05K.
For the last set of catalysts, 2.5CrZr, 2.5Cr,0.05K,; and 2.5Cr,0.05K,, the H,-TPR profiles are
shown in Figure S13 of the supplementary information file. In this set of catalysts, the sequence
of impregnation methods is compared. The Tyax of the three catalysts vary between 5 °C and
the specific values are included in Table S5 of the supplementary information file. The amount
of H,-uptake for the catalyst prepared by co-impregnation and sequential impregnation are also
within 2%. There is little to distinguish between these three catalysts in terms of Tyax, Ho-
uptake and H/Cr ratio; however, they are very different from 2CrZr.
3.6. Reactivity studies
3.6.1. Effect of different promoters
The X¢.1,(%) and Y, 1, (%) at 550 °C and atmospheric pressure over 1CrZr and 1Cr0.10A
are given in Table 3 along with the two TOFs. The H/Cr molar ratio of these samples, given in
Table 1, are also included for comparison. The 1Cr0.10K showed the highest activity and TOF
among all the 1Cr0.10A samples and the trend is:

1€r0.10K > 1€r0.10Mg > 1€r0.10Ca > 1CrZr > 1Cr0.10Na
The same trend was observed for the H,-uptake and H/Cr ratio over these catalysts. It appears
that the correlation between the H/Cr ratio and activity holds for the PDH reaction while using
different alkali and alkaline promoters. Such a correlation suggests that a larger fraction of Cr*®
species in the sample give rise to a more active catalyst during PDH [27].

Table 3: PDH studies over 1CrZr and 1Cr0.10A showing the effect of the addition of
different promoters, A = Na, Mg, K and Ca. Reaction conditions: Temperature 550°C,
Total pressure =1 atm, W=100 mg, W/F3us,0 = 16.59 g.h/mol, Pc3us,0 = 0.075 atm, balance
N,. The H/Cr ratio is included for reference.
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Catalyst H/Cr C3H8 Cor C3H6 Yiel TOFC3H3 TOFC3H6

1CrZr 2.69 12.89+0. 11.72+0.0 11.22+0.1 10.20+0.0
11 5 0 5

1Cr0.10Na 2.57 12.77+0. 11.09+0.1 10.68+0.0 9.65+0.10
08 1 7

1Cr0.10Mg 2.92 14.30+0. 13.31+0.1 12.44+0.0 11.59+0.1
08 5 8 3

1Cr0.10K 3.06 15.42+0. 15.00+0.2 13.42+0.0 13.05+0.1
09 0 8 7

1Cr0.10Ca 2.83 13.17%0. 12.72+0.1 11.46+0.0 11.07+0.0
06 0 5 8

3.6.2. Effect of Cr-loading on the K/Cr ratio
Since the K promoted catalyst was the best performing, the effect of Cr-loading on the K/Cr
ratio is examined for 1CryK, 1.5CryK and 2.5CryK catalysts. The results for the 1CryK
catalysts for the PDH reaction is shown in Figure 6. The reaction results show that an increase
in K/Cr ratio leads to an initial increase in X ¢y, (%) and Y ¢, (%) for the PDH reaction and
at a K/Cr ratio of 0.15 the conversion and yield is maximum. The H,-uptake, H/Cr ratio and
TOF for this 1Cr0.15K were also maximum, as shown in in Table S6. Again, there is a strong
correlation between the H/Cr ratio and activity of the catalysts during PDH.
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Figure 6: C;Hg conversion and C;Hg yield for PDH over 1CryK catalysts showing the
effect of potassium loading, y = 0.00, 0.05, 0.10, 0.15 and 0.20. Reaction conditions are
those mentioned in Table 3.
The reactions result for 1.5CryK, where y = 0.00, 0.05, 0.10 and 0.15 and 0.20, are shown in
Figure S14 of the supplementary information file. The catalytic activity improves with an
increase in K/Cr ratio up to 0.10 and with a further increase in the ratio the conversion and
yield drops. This non-monotonic behaviour of catalytic activity with K/Cr ratio is also seen for
the 2.5CryK series of catalysts and the most effective ratio was 0.05. Details of the 2.5CryK
series of catalysts are available in our previous study [27] and is provided as Figure S15 in the
supplementary information file for convenience. The trend of H,-uptake, H/Cr ratio and TOFs
for 1CryK, 1.5CryK and 2.5CryK are similar. However, the catalytic activity is maximum at
different values of K/Cr. The corresponding K/Cr values are 0.15 for 1CryK, 0.10 for 1.5CryK
and 0.05 for 2.5CryK, which are mentioned in Tables S6, S7 and S8. Thus, with an increase in
Cr-loading, the K/Cr molar ratio of the most active catalyst decreases.
3.6.3. Effect of impregnation sequences
The final set of catalysts was prepared to examine the impregnation sequence of K and Cr on
the pre-treated ZrO, support. The prepared samples were evaluated for the PDH reaction, and
the results are shown in Table 4 along with the H/Cr ratio. Table 4 reveals that all the three
catalysts of this set were more active than the unpromoted 2.5CrZr catalyst. Furthermore, the
presence of K in supported chromium oxide catalyst increases the H/Cr ratio, bringing it closer
to 3, irrespective of the impregnation sequence. Clearly the addition of K increases the amount
of the reducible Cr*¢ species. It appears that the co-impregnated catalyst, 2.5Cr0.05K, is better
than the catalysts synthesized by sequential impregnation, 2.5Cr;0.05K; and 2.5Cr,0.05K;.
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However, the minor differences between the actual Cr/Zr and Cr/K ratios determined by EDS,
as shown in Table S2, may play a role in proper comparison between these three catalysts of
this set.

Table 4: PDH studies over 2.5CrZr, 2.5Cr0.05K, 2.5Cr;0.05K, and 2.5Cr,0.05K,
catalyst showing the effect of impregnation sequence. Reaction conditions are those
mentioned in Table 3. The PDH study over KZr is included for reference.

Catalyst H/Cr C3H8 C C3H6 Yi TOFC3H8 TOFC3H5
KZr - 2.30+0.07 1.09+0.03 - -
2.5CrZr 2.42 16.44+0.1 15.17£0.17  5.72+0.05 5.28+0.06

6
2.5Cr0.05K 2.95 19.71+0.1 19.06+0.14  6.86+0.05 6.63+0.05
6
2.5Crq 2.89 18.7140.1 17.48+0.17  6.51%0.05 6.08+0.06
0.05K, 3
2.5Cr, 2.89 17.54+0.1 16.66+0.13  6.11+0.05 5.80+0.05
0.05K, 4
3.7. Causes for promotion

The above results reveal that promotion of the ZrO, supported chromium oxide catalyst occurs
by increasing the H/Cr ratio to values close to 3. At a H/Cr ratio of 3 all chromium oxide species
in the calcined samples are present as Cr'® species and these species are reduced to Cr*3 during
H,-TPR. In the unpromoted calcined catalyst the chromium oxide species are present as Cr*®
and Cr*3, as shown previously in Figure 3 [27,38]. The Cr® species present in the calcined
catalyst are inactive and are strongly interacting with the ZrO, matrix rendering them
catalytically inactive. However, in the promoted catalysts containing the optimum amount K/Cr
ratio, the K-promoter appear to be preferentially interacting with the ZrO, matrix generating
ZrOx species as shown by XPS in Figure 4, and all the chromium oxide species is present as
Cr*S. Thereby, the H/Cr ratio increases to 3 and the activity increases since the amount of
reducible Cr*¢ species increases. Such a model explaining the role of K-promoter in the
promotion of ZrO, supported chromium oxide catalysts, which is illustrated in Figure 7, can
also be used to explain the effect of Cr-loading on the K/Cr ratio. For each Cr-loading, an
increase in K/Cr ratio results in an increase in catalytic activity and H/Cr ratio up to a value
close to 3, and a further increase in K/Cr ratio results in a decrease in H/Cr ratio and catalytic
activity.
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Interestingly, the amount of K in the three most active catalyst of each Cr-loading, 1Cr0.15K,
1.5Cr0.10K and 2.5Cr0.05K, are similar and correspond to about 0.11 wt.% K. It appears that
this is the “saturation amount” of K required for this ZrO, support. Amount of K less than this
“saturation amount” causes part of the chromium oxide species to be present as Cr™ that
strongly interacts with the ZrO, matrix. Furthermore, K amounts more than the “saturation
amount” gives rise to K being available for chromium oxide to form a compound, which are
not reducible and is inactive. Consequently, the H/Cr ratio and catalytic activity decreases, and
an optimum K/Cr ratio is achieved.

Potassium containing chromia oxide compounds, such as K,Cr,0; and K,CrO,, are common.
In these two compounds, chromium is present as Cr*¢, which cannot be readily differentiated
from the surface molecularly dispersed Cr® species by UV-vis, but these species are visible
and it is differentiated in Cr XPS spectra of 2.5Cr0.05K catalysts. Consequently, the UV-vis
spectra would not change, which is seen in the present study in Figures S1 to S5. It is also
possible that for each alkali and alkaline promoter chosen, the “saturation amount” is different
and a more detailed study might have provided a more complete understanding. Furthermore,
the presence of Cr*® and Cr*3 in unpromoted supported catalysts are also seen or proposed with
other supports [9,32,42]. The “saturation amount” for each of these supports for the alkali and
alkaline promoters may also be different. It is left for future studies to explore these effects in
more detail.
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Figure 7: A model showing the effect of potassium promotion for ZrQ, supported chromium oxide catalysts.
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3.8. Regeneration study

The most active catalyst, 2.5Cr0.05K, was chosen to study the catalyst stability and its ability
to regenerate over several oxidation-reduction cycles, and the results are shown in Figure 8. It
is evident that the CsHg yield initially increases and then starts decreasing almost linearly with
TOS. The selectivity of CsHg is initially ~98% and after that it stays around 99% or more for
all cycles. Similar deactivation results are also seen for a Al,O; supported chromia catalyst
[32].

For the 2.5Cr0.05K catalyst the yield decreases to about 45% of its initial value for Cycle I
after 6 h TOS. After regeneration the next cycle was initiated. For all cycles, the initial C3;Hg
yield, its increase and subsequent decrease were similar. However, the amount of deactivation
for Cycles III, IV and V progressively decreased. After about a 45% decrease in C;Hg yield for
Cycles I and I1, the decrease in C;Hg yield was about 25% for Cycle 111, 19% for Cycle IV and
21 % for Cycle V. Despite these differences, it is evident that 2.5Cr0.05K has an excellent
ability to be regenerated over several cycles.

The spent and regenerated 2.5Cr0.05K samples were collected from regeneration study after
each cycle. The Raman spectra of the samples collected after cycles I, Il and V are shown in
Figure 9. It is evident that the carbon bands are absent for the regenerated catalysts of all
catalysts. Furthermore, the spent catalyst after 6 h of TOS show distinct Raman bands due to
carbon deposited on the surface. These Raman bands appear to decrease in intensity with the
increase in number of cycles. Thus, the deactivation of the catalysts in different cycles are due
to carbon formation, and this deposited carbon can be completely removed by calcination at
550°C.
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Figure 8: Regeneration study over 2.5Cr0.05K catalyst during the PDH reaction at
different TOS. Reaction conditions are those mentioned in Table 3.
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Figure 9: Raman spectra of the spent and regenerated 2.5Cr0.05K catalysts during PDH
reaction at 550 °C, after different cycles 1, 3 and 5. The spent spectra was obtained on the

catalyst after 6 h of reaction.
3.8. Contact time studies of PDH and CO,-ODH

To improve the catalytic activity further, the contact time (W /F 49, gcat-h/mol) for carrying
out the PDH reaction was varied for 2.5Cr0.05K. The CO,-ODH reaction over the same
catalyst using the same contact times and inlet partial pressure of C;Hg was also carried out
and the results of both reactions are compared in Figure 10. Furthermore, the inlet partial
pressures of CO, and C;Hg were the same for the CO,-ODH reaction. Figure 10 shows that the
conversion and yield of C;Hg and C;Hg monotonically increase and then appear to approach a
constant value when the contact time was increased about 10 times from 3.76 to 37.33 g.a:
.h/mol. For CO,-ODH, the conversion of CO, and yield of CO for CO,-ODH reaction are
shown in Figure S16 of the supplementary information file. Figure S16 shows that the trend in
CO, conversion and CO yield is similar to the conversion and yield of CsHg and C;Hg. It
appears that during CO,-ODH two parallel reaction pathways (PDH and RWGS) occur
simultaneous on the surface Cr sites. Consequently, on some of the Cr sties RWGS takes place,
which leads to a decrease in PDH activity [38]. Figure 10 also shows that the conversion of
C;Hg and the yield of CsHg for PDH is always better than that for CO,-ODH under the same
conditions. The X¢,p,(%)and Y, (%) achieved for the PDH reaction at a contact time of
37.33 gcar-h/mol and temperature of 550 °C were ~30% and ~27%, respectively. In contrast,
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the X¢.p,(%) and Y¢, py (%) during CO,-ODH under identical conditions were 17.5 % and

15.5 %, respectively. Furthermore, with an increase in contact time, the difference between
conversion and yield increases, suggesting carbon growth.
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Figure 10: C;Hg conversion and C;Hg yield for the PDH and CO, ODH over 2.5CrZr and
2.5Cr0.05K catalyst showing the effect of contact time. Reaction conditions: Temperature
550°C, Total pressure =1 atm, W=100 mg, W/Fc3us,0 = 0.00-37.33 g o, .-h/mol.

Previous studies have reported the catalytic performance of Cr-based PDH catalysts, and
selected examples are summarized in Table S9 of Supplementary Information file. The
catalytic evaluations were conducted under broadly comparable reaction conditions (550 °C
and atmospheric pressure). As shown in the table, the Cr loading varies significantly (2.5-20
wt.%), primarily depending on the nature of the support material. Similarly, the reported GHSV
values range from 3800 to 18,000 mL g} h—1. Notably, the optimized catalyst developed in
the present study exhibits one of the lowest Cr loadings (2.5 wt.%) while operating at the
highest GHSV (18,000 mL g_1 h—1). Despite these comparatively stringent operating
conditions, the catalytic performance of the present catalyst remains highly competitive with
those reported in the literature.

4. Conclusion

In the present study, we initially investigated the effect of various alkali and alkaline earth
metal promoters (Na, Mg, K, and Ca) on chromia-supported zirconia (CrZr) catalysts for the
PDH reaction. The K-promoted catalysts exhibited superior activity compared to those
promoted with Na, Mg, and Ca. The H/Cr ratio was also the highest for the K-promoted sample.
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For different Cr-loading, the K/Cr molar ratio for the best catalyst was different. It was 0.15
for 1CrZr, 0.10 for 1.5CrZr, and 0.05 for 2.5CrZr. The H/Cr ratio of these catalysts were the
highest in each series and approached a value of 3. A value of 3 corresponds to all the supported
chromium oxide species being in the Cr*¢ state, which can be reduced to Cr™ during H,
treatment or the PDH reaction. The impregnation sequence of K and Cr does not appear to have
an effect on the catalyst properties and catalytic activity. The amount of K present in the best
catalyst for each Cr-loading is ~0.11 wt.% K, which we refer to as the “saturation amount” of
K for this ZrO, support. Amounts of K less than the saturation amount results in some of the
chromium oxide species being present as inactive Cr*3 species; whereas K amounts more than
saturation amounts give rise to Cr*6-K compounds that are also inactive. Thus, an optimum
amount of K/Cr ratio is required to maintain the surface chromium oxide species as active and
reducible Cr*® species. The ability of the best catalyst, 2.5Cr0.05K, to regenerate was also
examined, and excellent reusability was seen. Contact times studies showed that the PDH
reaction consistently outperformed the CO;-assisted oxidative dehydrogenation (CO,-ODH)
for C;Hg production, for the given conditions. The C3Hg conversion and C3Hg yield for PDH
were 30% and 27% and 17.5% and 15.5% for CO,-ODH at a contact time of 37.33 g.,..h/mo
lc,H, and 550 °C. Future studies may consider generalizing the similarity and differences of
the two reactions.

Supplementary Information

The Supporting Information includes detailed characterization data for the Cr-containing
catalysts, comprising BET surface area analysis, EDX, UV-vis spectroscopy, Raman
spectroscopy, XPS, and H,-TPR measurements. Additionally, catalytic performance data for
the Cr-containing catalysts and a contact time study for the 2.5Cr0.05K catalyst are provided.
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Highlights

K promoter is better than Na, Ca and Mg for Cr/ZrO, and catalyst can be regenerated
Optimum K/Cr molar ratio varies with Cr loading, while K % on ZrO, is the same
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e Changing sequence of impregnation of Cr and K on ZrO, results in similar catalysts
e Kinteracts with ZrO, forming low-valent ZrOy sites and releasing irreducible Cr*3
e Propene yield for PDH reaction is better than for CO,-ODH at all contact times

C,H+ H, C,Hj C,H+ H,

@ ZrO, (o O ZrQ, O
Optimum K amount
| Unpromoted | | Promoted |

Saturation amount of K for ZrO, = 0.11 wt.%
PDH shows better activity than CO,-ODH
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