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a b s t r a c t

In the field of ethane conversion, Cr/ZSM-5 catalysts have received considerable attention for applica
tion in direct dehydrogenation (DH) and CO2-assisted oxidative dehydrogenation (CO2-ODH) reactions, 
which can be attributed to their excellent catalytic performance. Nevertheless, the speciation of Cr on 
the catalyst surface within these two reaction systems, as well as the mechanisms accounting for the 
observed differences in catalytic performance between them, have been scarcely reported. Here, we 
present a comparative study on the catalytic performance and reaction mechanism of chromium oxide- 
loaded high-silica ZSM-5 catalysts in two ethane transformation systems: DH and CO2-ODH. DFT cal
culations reveal that the adsorption energy of ethane in the CO2-ODH system is lower than that in the 
DH system, indicating that the introduction of CO2 can facilitate ethane adsorption on the catalyst 
surface. Experimental and computational results demonstrate that the catalysts exhibit high activity 
and stability in the CO2-ODH process, achieving an ethane conversion of 51.35 mol% and an ethylene 
yield of 44.05 mol%. No catalyst deactivation was observed over a 48-h reaction period. Catalysts were 
characterized before and after the reaction using XRD, N2 adsorption-desorption, SEM, H2-TPR, XPS, 
laser Raman, and UV-Vis. It is revealed that the superior catalytic performance of the catalysts in CO2- 
ODH compared to DH is primarily attributed to the introduction of CO2. Specifically, CO2 promotes the 
redox cycle of Cr species during the catalytic reaction, maintains a higher proportion of Cr6+ in the 
catalysts, and enhances the dispersion of Cr on the support surface. This work is expected to provide 
new insights into the effects of CO2 on Cr species in CO2-ODH reaction system.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

As one of the most highly demanded basic chemicals globally, 
ethylene plays a pivotal role in the petrochemical industry, serving 
as a key feedstock for numerous downstream products. Currently, 
ethylene production processes are well-established and diverse, 
with three primary technological routes: ethylene production via 
naphtha steam cracking, coal-based ethylene synthesis, and 
ethylene production from light alkanes. The rapid development of 

the shale gas industry has significantly  enhanced the cost- 
effectiveness and accessibility of ethane. Consequently, ethane 
dehydrogenation to produce ethylene has emerged as the most 
promising process route for ethylene production in the current 
context (Najari et al., 2021). However, the direct dehydrogenation 
of ethane to ethylene faces challenges including high reaction 
temperatures, insufficient  ethylene selectivity, coke deposition, 
metal sintering, and excessive metal reduction. To overcome these 
technical challenges, numerous studies have proposed the selec
tive oxidative dehydrogenation of ethane to ethylene as a prom
ising alternative process, where diverse oxidants (i.e., O2, CO2, 
N2O) are utilized to improve reaction performance (Alamdari et al., 
2021; Dai et al., 2021).

Among the diverse oxidants investigated for the oxidative 
dehydrogenation of ethane to ethylene, carbon dioxide (CO2) has 
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garnered substantial attention in recent studies, attributed to its 
characteristic as a mild oxidant. CO2 influences  the reaction 
behavior of ethane dehydrogenation through distinct mechanisms. 
The widely accepted perspective holds that, on one hand, CO2 
accelerates the reverse water-gas shift reaction (RWGS: CO2 + H2 
→ CO + H2O)— a process that reduces the partial pressure of H2, 
shifting the ethane dehydrogenation equilibrium to the right. On 
the other hand, CO2 mitigates coke formation via the Boudouard 
reaction (CO2 + C → 2CO), effectively eliminating carbon deposits 
that deactivate catalysts (Cheng et al., 2015; Zheng et al., 2024; 
Guo et al., 2022). In practice, the content of CO2 in the reaction 
system also serves as a rather critical factor affecting the perfor
mance of the ethane dehydrogenation reaction. An excessive 
amount of CO2 in the reaction system can trigger two unfavorable 
side reactions: the dry reforming reaction of ethane (DRM: 
C2H6 + 2CO2 → 4CO + 3H2) and the non-selective cracking of 
ethane (C2H6 → 2C + 3H2). These side reactions subsequently 
generate undesirable by-products, such as carbon monoxide (CO) 
and surface coke deposits (Li et al., 2021; Tian et al., 2022). Studies 
have shown that the CO2 concentration in the feedstock directly 
modulates the valence state of cobalt species in the catalyst: at 
elevated CO2 levels, cobalt nanoparticles are prone to reduction 
into Co0, a species with strong reactivity for C–C bond cleavage 
(promoting side reactions). Conversely, when CO2 content is low, 
the catalyst predominantly retains Co2+ ions, which is conducive 
to enhancing both reaction stability and ethylene selectivity 
(Zheng et al., 2024). Furthermore, research suggests that CO2 could 
improve the stability of reactions by stabilizing metal species or 
providing reactive oxygen species (Zheng et al., 2023a, 2023b). In 
summary, CO2 acts as a double-edged sword in the ethane dehy
drogenation process. Effectively enhancing its beneficial effects on 
this reaction has become one of the key research priorities in the 
field.

In supported CrOx-based catalysts, chromium species exhibit 
multiple valence states, including Cr6+, Cr5+, Cr3+, Cr2+, and 
crystalline Cr2O3. This diversity in chromium valence states has 
sparked debates regarding the catalytic active sites. A majority of 
studies suggest that, in the catalytic dehydrogenation of light al
kanes, the active species are Cr3+ and Cr6+. In contrast, crystalline 
Cr2O3—an inherent component of the catalysts—exhibits no cat
alytic activity toward the target dehydrogenation reaction (Igonina 
et al., 2023; Baek et al., 2012). The deactivation of CrOx-based 
catalysts is generally attributed to three primary factors: coke 
deposition on active sites, irreversible loss of active metal species, 
and agglomeration of chromium species (Rahmani et al., 2017; 
Wang et al., 2022a,b). Additionally, studies have demonstrated 
that chromium carbide is generated during the reaction process 
involving chromium species, which leads to the deactivation of the 
catalysts (Mashkin et al., 2023). CO2 can modulate the chemical 
state of chromium species on Cr-based catalysts, thereby 
enhancing the reactivity and stability of the ethane dehydroge
nation reaction. A key underlying mechanism is its promotion of 
the interconversion between Cr6+ and highly dispersed Cr3+ on 
the catalysts, as described by the reaction: Cr3+Ox− 1 + CO2 → 
Cr6+Ox + CO (Numan et al., 2020). During this process, the 
dispersion of CrOx on the catalysts surface was also enhanced, 
which is equally crucial for maintaining high reaction activity. 
Further research using DFT calculations and EXAFS spectroscopy 
has revealed that the promotion effect of CO2 in ethane dehydro
genation stems from subtle changes in Cr–O bond length within 
the local coordination environment of the active sites (Zhou et al., 
2024). To summarize, a large body of research has demonstrated 
that CO2 exerts a significant  promotional effect on the dehydro
genation of light alkanes over CrOx-based catalysts. In contrast, 
two critical aspects remain inadequately addressed: the 

mechanism that regulates the dehydrogenation reaction under 
CO2 atmosphere, and the influence of CO2 on the active chromium 
species throughout the reaction process.

In this work, a systematic comparative study was performed on 
the catalytic performance of high-silica ZSM-5-supported cata
lysts with varying chromium oxide loadings. The catalysts were 
evaluated in two reactions: the direct dehydrogenation of ethane 
and the CO2-assisted oxidative dehydrogenation of ethane. Addi
tionally, the reaction mechanism of ethane dehydrogenation was 
investigated under both CO2-free and CO2-containing conditions. 
The adsorption energies of ethane in the DH and CO2-ODH reac
tion systems were calculated separately using DFT. XRD, N2 
adsorption, H2-TPR, XPS, laser Raman and UV-Vis were used to 
characterize the catalysts. By analyzing the coordination envi
ronment and existing state of Cr species on the catalysts, this study 
specifically  investigated the effect of CO2 introduction on the 
active Cr species. Additionally, the influence  of the silica-to- 
alumina ratio of the ZSM-5 support on the reaction performance 
was examined.

2. Experimental section

2.1. Catalyst preparation

Loaded chromium oxide catalysts were prepared by impreg
nation method using Cr(NO3)3⋅9H2O (99%, Aladdin) as precursor 
and high-silica ZSM-5(475) as support. The impregnated samples 
were dried overnight at 110 ◦C and then calcined in air at a heating 
rate of 4 ◦C/min to 550 ◦C for 4 h. The resulting catalysts are 
designated xCr/ZSM-5(475) catalysts, where x represents the 
weight percentage of Cr2O3 in the catalysts, 4Cr/ZSM-5(35) cata
lyst was prepared on a ZSM-5(silica-to-alumina ratio is 35) sup
port by the same method described above.

2.2. Characterization

The structure and surface properties of the catalysts were 
investigated through a series of characterization techniques. The 
conversion of C2H6 and CO2, the selectivity and yield of C2H4 were 
calculated. The detailed characterization and catalytic evaluation 
are described in the Supporting Information.

2.3. Activity evaluation

The performance evaluation of catalysts for the catalytic 
dehydrogenation of ethane to ethylene was conducted in a small- 
scale fixed-bed reactor, and the experimental setup is shown in 
Fig. S1. The conversion of C2H6 and CO2, the selectivity and yield 
of C2H4 were calculated. The detailed catalytic evaluation was 
described in the Supporting Information.

2.4. Computational methodology

The Vienna-Abinitio Simulation Package (VASP) was used to 
perform the quantitative calculations. The detailed calculation 
method was described in the Supporting Information.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. XRD and textural property characterization
The crystal structure of the xCr/ZSM-5 catalysts was deter

mined by XRD patterns, as presented in Fig. 1(a). Typical diffrac
tion peaks corresponding to the MFI structure are observed at 
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2θ = 8.0◦, 8.9◦, 23.1◦, 23.4◦ and 24.0◦ (Guo et al., 2022). However, 
the intensity of these characteristic peaks decreases slightly with 
increasing Cr loading. No characteristic diffraction peaks of chro
mium oxide are detected in the XRD patterns. Two plausible ex
planations account for this phenomenon: first, chromium species 
are highly dispersed on the ZSM-5 support; second, chromium 
oxide exists as ultra-fine particles, that are too small to be detected 
by XRD. To determine the elemental composition of the xCr/ZSM-5 
catalysts, X-ray fluorescence spectroscopy (XRF) was employed for 
elemental analysis. The results obtained from this analysis are 
provided in Table S1. Elemental analysis data indicate that the 
actual loading of chromium oxide in each target catalyst is in good 
agreement with the corresponding theoretical values.

Nitrogen adsorption-desorption isotherms and pore size dis
tributions for the catalysts with varying Cr loadings are shown in 
Fig. 1(b) and (c), respectively. Notably, all these catalysts exhibit 
Type IV adsorption-desorption isotherms, a feature typical of 
microporous materials. Owing to the capillary condensation of N2, 
the relative pressure (P/P0) increases sharply within the narrow 
range of 0.1–0.25. This sharp increase indicates the presence of 
uniformly distributed small microporous in the catalysts. As re
ported in previous studies, ordered microporous channels with 
uniform pore structures can form favorable interactions with 
chromate ions. This interaction is beneficial  for stabilizing and 
dispersing the active chromium species (Yang et al., 2022). The 
textural properties of the catalysts are presented in Table 1. 
Analysis of these data reveals a clear trend: the specific  surface 
area of the catalysts decreases progressively as the chromium 
loading increases. Notably, the 6Cr/ZSM-5(475) catalyst exhibits a 
more pronounced reduction in specific  surface area. This obser
vation further suggests that metal species are prone to agglom
eration in catalysts with high metal loading. Two adverse effects 
arise from this agglomeration: first,  it obstructs part of the pore 
channels, limiting reactant diffusion; second, it lowers the 

dispersion of active metal species, which in turn leads to reduced 
catalytic activity.

3.1.2. OH-IR and Cr OH interaction characterization
To explore the interaction mechanism between Cr species and 

the high-silica ZSM-5 support, a comparative analysis of the IR 
spectra of catalysts with varying Cr loadings was conducted, 
focusing on the hydroxyl stretching vibration region 
(3800–3200 cm− 1). Prior to spectral acquisition, all samples were 
subjected to a pretreatment step: heating at 400 ◦C for 2 h under 
flowing nitrogen. This pretreatment was intended to eliminate the 
influence  of moisture, ensuring the accuracy of the subsequent 
spectral measurements. As shown in Fig. 2(a), distinct character
istic signals are observed for all samples, which can be assigned to 
two types of Si hydroxyl groups: isolated terminal Si hydroxyl 
groups (at 3720 cm− 1) and Si hydroxyl groups at structural defects 
(at 3500 cm− 1) (Guo et al., 2022; Cheng et al., 2017). These char
acteristic hydroxyl peaks are attributed to the formation of com
plexes between chromium species and surface Si hydroxyl groups 
on the ZSM-5 support. This result clearly demonstrates that Cr 
species preferentially anchor to the vicinity of isolated terminal Si 
hydroxyl groups and Si hydroxyl groups associated with structural 
defects. The strong anchoring of Cr species to the –OH groups on 
the catalyst support surface plays a key role in facilitating the 
improved dispersion of CrOx species. As evident from Fig. 2(a), a 
gradual reduction in the intensity of these characteristic hydroxyl 
peaks is observed as the chromium loading of the catalysts in
creases. At excessively high chromium loadings, a fraction of the 
chromium species fails to form interactions with surface hydroxyl 
groups. Instead, these chromium species tend to aggregate into 
chromium oxide agglomerates, and this agglomeration further 
impedes the coordination reaction between chromium and hy
droxyl groups.

3.1.3. H2-TPR, XPS and redox capacity of the Cr species
The H2-TPR profiles  (Fig. 2(b)) reflect  the redox properties of 

chromium species on the catalysts. As observed in the H2-TPR 
profiles, all catalysts display a pronounced reduction peak around 
420 ◦C, accompanied by a shoulder peak at 297 ◦C. These two 
peaks are collectively attributed to the reduction of Cr6+ to Cr3+

(Cai et al., 2024). As chromium loading increases, the reduction 
peak near 420 ◦C exhibits a downward temperature shift, which is 
indicative of a certain degree of agglomeration among the chro
mium species on the catalysts. It is evident that as chromium 
loading increases, a portion of the chromium species fails to co
ordinate with the Si hydroxyl groups on the ZSM-5 support, indi
cating weakened interaction between the metal species and the 
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Fig. 1. (a) XRD, (b) N2 adsorption-desorption isotherm, and (c) pore size distribution of xCr/ZSM-5(475) catalysts.

Table 1 
Textural property of catalysts with different Cr contents.

Sample SBET, 
m2/g

Smicro, 
m2/g

Sext, 
m2/g

Vtotal, 
cm3/g

Vmicro, 
cm3/g

Vmeso, 
cm3/g

ZSM-5(475) 386 152 234 0.223 0.078 0.146
1Cr/ZSM-5(475) 383 149 234 0.220 0.075 0.145
2Cr/ZSM-5(475) 377 152 225 0.218 0.075 0.143
4Cr/ZSM-5(475) 374 145 233 0.218 0.072 0.146
6Cr/ZSM-5(475) 361 136 226 0.210 0.068 0.143
4Cr/ZSM-5(475)- 

ODH
358 184 174 0.213 0.088 0.125

4Cr/ZSM-5(475)- 
DH

335 195 140 0.201 0.095 0.106
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support surface. One reason for this phenomenon lies in the 
limited number of Si hydroxyl groups on the support surface. 
When metal loading is low, metal species can fully bind to these Si 
hydroxyl groups, resulting in strong metal-support interaction. 
However, when metal loading exceeds a certain level, the excess 
metal species tends to agglomerate on the support surface, and 
this agglomeration in turn weakens the interaction between the 
metal and the support. This is corroborated by the aforementioned 
OH-IR characterization results. On the other hand, this phenom
enon can also be rationalized by the following: as the chromium 
loading increases, there is a corresponding increase in the quantity 
of readily reducible α-Cr2O3 crystals on the surface of the catalysts.

XPS can determine the oxidation states of chromium in the 
catalysts, as shown in Fig. 2(c) and Table 2. The characterized Cr 
2p2/3 spectrum exhibits two distinct bands centered around 576.5 
and 578.8 eV, which are attributed to Cr3+ and Cr6+, respectively 
(Cheng et al., 2016; Ayari et al., 2013). The fitted quantitative data 
indicate that all catalysts exhibit similar binding energy (BE) 
values. As observed from the XPS quantitative data, the Cr6+/Cr3+

atomic ratio increases as chromium loading increases. However, 
this ratio ceases to rise when the loading increases from 4 to 6 wt%, 
which is likely due to the formation of Cr2O3 crystals—either on 
the catalyst surface or within its pore structure—when metal 
loading exceeds a certain threshold.

3.1.4. Acidic properties of catalyst
To characterize the acidic properties of the xCr/ZSM-5(475) 

catalysts, NH3-TPD was employed to obtain information on acid 
site distribution and acid strength. Fig. 2(d) illustrates a clear 
comparison between the ZSM-5(475) support and the xCr/ZSM- 
5(475) catalysts: following chromium loading, the catalysts exhibit 
a marked decrease in both acid strength and total acid sites rela
tive to the support. More specifically, two key changes in acid sites 
are observed for the xCr/ZSM-5(475) catalysts: first,  the moder
ately strong acid sites centered at around 380 ◦C nearly vanish; 
second, the acid strength of weak acid sites (near 180 ◦C) decreases 
as chromium loading increases. These observations indicate that 

Fig. 2. (a) OH-IR, (b) H2-TPR, (c) XPS, and (d) NH3-TPD of xCr/ZSM-5(475) catalysts.

Table 2 
XPS data for catalysts.

Catalyst BE, eV Cr6+/Cr3+

atomic ratio
Cr3+ Cr6+

1Cr/ZSM-5(475) 576.8 578.9 0.42
2Cr/ZSM-5(475) 576.7 578.8 0.52
4Cr/ZSM-5(475) 576.7 578.8 0.75
6Cr/ZSM-5(475) 576.5 578.5 0.57
4Cr/ZSM-5(475)-ODH 576.5 578.7 0.50
4Cr/ZSM-5(475)-DH 576.5 578.5 0.44
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Cr species partially cover the acid sites on the ZSM-5(475) support 
(Wang et al., 2024).

3.2. Evaluation of catalytic performance

3.2.1. Direct dehydrogenation of ethane (DH)
The performance evaluation results of the DH reaction over 

catalysts with different chromium loadings are presented in 
Fig. 3(a). It can be observed that ethane conversion over the Cr/ 
ZSM-5(475) catalysts increase significantly with increasing chro
mium loading at low loadings. However, the conversion ceases to 
increase when the loading rises from 4 to 6 wt%. All Cr/ZSM-5(475) 
catalysts exhibit high ethylene selectivity, a phenomenon that is 
also reflected in the carbon balance data shown in Fig. S2. As 
indicated by the deactivation rate data in Fig. 3(b) (Deactivation 
rate constant = Conversion at 12 min− Conversion at 305 min

Conversion at 12 min × 100%), all 
catalysts undergo rapid deactivation. Importantly, this deactiva
tion behavior becomes more pronounced at higher chromium 
loadings, with a marked increase in the deactivation rate constant 
observed under these conditions. The possible causes of catalyst 
deactivation include carbon deposition, metal sintering, and irre
versible metal reduction (Wang et al., 2023; Yadav et al., 2024).

3.2.2. CO2-assisted oxidative dehydrogenation of ethane (CO2- 
ODH)

Subsequently, the reaction behavior of CO2-assisted oxidative 
dehydrogenation of ethane (CO2-ODH) over the catalysts was 
investigated, using a feed gas mixture consisting of 5 mol% ethane, 
5 mol% CO2, and 90 mol% N2. The performance of the blank ZSM- 
5(475) support in the ODH and DH reactions was first examined, 
with the results presented in Fig. S3. The conversion of both ethane 
and CO2 over this support ≤1 mol%. This result reveals two key 
points: first,  the ZSM-5(475) support itself cannot promote the 
conversion of ethane or CO2, confirming that the catalytic activity 

of the system stems from the loaded Cr species; second, thermo
dynamic factors can be excluded from the ethane conversion 
process. The catalytic performance of the 4Cr/ZSM-5(475) catalyst 
for DH and CO2-ODH is shown in Fig. 3(c) and (d). Over a 22-h 
reaction duration, the catalyst underwent significant  deactiva
tion in the DH reaction, as reflected by the decrease in ethane 
conversion from an initial 37.57 mol% to a final 20.95 mol%. In the 
ODH reaction, the addition of CO2 reduces ethylene selectivity. 
This is because CO2 can react with ethane through two distinct 
pathways: (1) C2H6 + CO2 → C2H4 + CO + H2O; (2) C2H6 + 2CO2 → 
4CO + 3H2 (Chen et al., 2020; Zhang et al., 2024). As revealed by 
thermodynamic calculations, both of the aforementioned re
actions are thermodynamically feasible at temperatures exceeding 
550 ◦C, with ethylene and synthesis gas as the main products 
(Bugrova et al., 2019). The introduction of 5 mol% CO2 into the 
reaction system led to a significant enhancement in ethane con
version. Notably, over the entire 48-h investigation period, no 
deactivation of the catalyst was detected, with detailed experi
mental data presented in Table S2 of the Supporting Information.

It is generally accepted by researchers that crystalline Cr2O3 
inherently present in CrOx-based catalysts is inert toward the 
dehydrogenation of light alkanes. Conversely, Cr6+ species in the 
catalyst and coordinately unsaturated Cr3+—generated through 
the reduction of Cr6+—are typically identified  as the effective 
active sites for this reaction (Al-Awadi et al., 2021). Thus, the initial 
content and dispersion of Cr6+ species in CrOx-based catalysts are 
key factors that significantly affect the catalytic performance of the 
dehydrogenation reaction. The catalytic performance of catalysts 
with different chromium loadings in ODH and DH reactions, 
together with the quantitative correlation between the perfor
mance and the Cr6+/Cr3+ atomic ratio of the catalysts, is illustrated 
in Fig. 3(e). Within the Cr/ZSM-5(475) catalyst system, the Cr6+/ 
Cr3+ atomic ratio initially increases and subsequently decreases 
with the gradual increase in chromium loading, with the highest 
value observed in the 4Cr/ZSM-5(475) catalyst. Notably, in both 
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ethane DH and ODH reactions, the trend of ethane conversion with 
chromium loading shows two distinct stages: below 4 wt% 
loading, conversion increases rapidly; above 4 wt% loading, the 
increase in conversion is merely marginal. As illustrated in 
Fig. 4(a), the observed slight increase in overall conversion is 
attributed to the dry reforming reaction. In contrast, the conver
sion of the target dehydrogenation reaction even experiences a 
marginal decrease. Ethylene selectivity shows a more pronounced 
difference between the DH and ODH reactions. In the DH reaction, 
ethylene selectivity remains consistently high and varies slightly 
with changes in metal loading. In the ODH reaction, ethylene 
selectivity exhibits an overall decreasing trend with increasing 
chromium loading. Notably, the ethylene selectivity declines 
markedly when the loading exceeds 4 wt%. For the dehydrogena
tion of ethane over Cr/ZSM-5(475) catalysts, the initial content of 
Cr6+ species exhibits a positive correlation with the catalytic ac
tivity of the reaction, but this relationship is limited to Cr loadings 
below 4 wt%. A further increase in chromium loading does not 
necessarily result in improved catalytic performance. When the 
chromium loading surpasses 4 wt%, the initial content of Cr6+

species starts to decline, which is accompanied by a notable 
decrease in ethylene selectivity. This behavior is likely attributable 
to the poor dispersion of CrOx species in the catalysts, with a 
portion of chromium species aggregating into agglomerates or 
further converting into inactive crystalline Cr2O3. To explicitly 
demonstrate the superior performance of the 4Cr/ZSM-5(475) 
catalyst, the performance of different CrOx-based catalysts in 
ethane dehydrogenation is compiled in Fig. 3(f) and Table S3. 
Notably, the 4Cr/ZSM-5(475) catalyst achieves an initial ethane 
conversion of 49 mol% while retaining a high ethylene selectivity 
of 89.1 mol%.

Fig. 4(a) demonstrates that, in the ODH reaction, CO2 conver
sion increases significantly with increasing Cr loading, accompa
nied by overall upward trend in the proportion of the dry 
reforming reaction. This trend is especially prominent when the Cr 
loading is increased from 4 to 6 wt%, at which point the catalytic 
activity of the dry reforming reaction is significantly enhanced. By 
integrating the results of H2-TPR and XPS characterization, it is 
inferred that the relatively poor dispersion of CrOx within the 
catalysts is conducive to promoting the dry reforming reaction. It 
can be observed that the CO2 conversion of the Cr/ZSM-5(475) 
catalysts in the ODH reaction is significantly  lower than that of 
ethane. This indicates a relatively small proportion of the dry 
reforming reaction, with ethane conversion occurring primarily 
via direct dehydrogenation. Through thermodynamic calculations, 
Bugrova et al. (2019) found that the ΔG of ethane direct dehy
drogenation (C2H6 → C2H4 + H2) is comparable to that of CO2- 
assisted ethane dehydrogenation (C2H6 + CO2 → 

C2H4 + CO + H2O). Analyzing the product composition facilitates a 
more in-depth understanding of the reaction pathway for ODH. 
Fig. 4(b) and (c) present the H2/C2H4 and CO/C2H4 molar ratios in 
the products of ODH and DH reactions, obtained from catalysts 
with different chromium loadings. The theoretical H2/C2H4 molar 
ratio for ethane direct dehydrogenation products should be 1. 
However, this ratio exceeds 1 in practical reactions, primarily due 
to side reactions—such as ethane C–C bond cleavage, which forms 
carbon deposits and hydrogen. Fig. 4(b) reveals that for all cata
lysts, the H2/C2H4 molar ratio in the ODH reaction is both lower 
than that in the DH reaction and close to 1. This key observation 
confirms  that the RWGS reaction — (CO2 + H2 → H2O + CO) — 
takes place in the ODH reaction, and this reaction shifts the overall 
reaction equilibrium toward ethylene formation (Meng et al., 
2024; Tedeeva et al., 2022). For the CO2-assisted oxidative dehy
drogenation of ethane, the expected CO/C2H4 molar ratio in the 
products is theoretically 1. However, experimental data from 
Fig. 4(c) indicate that this ratio is notably less than 1. To summa
rize, the Cr/ZSM-5(475) catalysts do not exhibit ideal behavior for 
either direct dehydrogenation or oxidative dehydrogenation in the 
ODH reaction. Nevertheless, the H2/C2H4 molar ratio in the ODH 
reaction is very close to 1, leading to the conclusion that ethane 
direct dehydrogenation predominates, while the RWGS reaction 
makes a notable contribution.

The effect of temperature on the performance of the ODH and 
DH reactions over the 4Cr/ZSM-5(475) catalyst is shown in 
Fig. 5(a)–(c). When the reaction temperature is lower than 
620 ◦C, the rate of increase in ethane conversion is relatively 
sluggish as the temperature gradually rises. When the reaction 
temperature is elevated from 620 to 650 ◦C, the rate of increase in 
ethane conversion becomes notably more pronounced. Ethylene 
selectivity decreases slightly with increasing temperature, while 
ethylene yield shows a positive correlation with reaction tem
perature. Within the temperature range of 580–650 ◦C, the 
apparent activation energies for ethane conversion in ODH and DH 
reactions over the 4Cr/ZSM-5(475) catalyst were calculated via the 
Arrhenius equation, and the results are presented in Fig. 5(b). The 
apparent activation energy for ethane conversion in the ODH re
action is 97 kJ/mol, which is lower than the value of 113 kJ/mol for 
the DH reaction. This indicates that ethane conversion occurs more 
readily in the ODH reaction.

Fig. 5(d) shows the influence of ethane space velocity on the 
ODH catalytic performance of the 4Cr/ZSM-5(475) catalyst. The 
residence time of the feed gas on the catalyst surface was adjusted 
by changing the catalyst weight. With an increase in ethane space 
velocity, the residence time of ethane molecules on the catalyst 
surface decreases, causing a reduction in ethane conversion. 
Nevertheless, this reduced residence time simultaneously 
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suppresses the deep cracking of ethane, thereby increasing 
ethylene selectivity. Fig. 5(e) presents the influence  of the CO2/ 
C2H6 molar ratio on the ODH reaction performance. When the CO2/ 
C2H6 molar ratio is increased from 0 to 4, there is a notable in
crease in ethane conversion (from 35.67 to 53.10 mol%)— 
accompanied by a decrease in ethylene selectivity (from 94.44 to 
80.76 mol%). This confirms that the introduction of CO2 exerts a 
marked enhancing effect on ethane conversion. However, the dry 
reforming reaction that involve ethane occur during the process, 
leading to a certain degree of reduction in ethylene selectivity. The 
effect of ethane content on reaction performance in the ODH 
reaction—with the CO2/C2H6 molar ratio kept constant at 1—is 
presented in Fig. 5(f). When ethane content is increased from 5 to 
30 mol%, there is a decrease in both ethane conversion (from 48.07 
to 28.73 mol%) and ethylene selectivity (from 89.00 to 
82.39 mol%). It is well established that increasing ethane content 
shifts the reaction equilibrium away from ethane conversion. 
Consequently, both ethane conversion and ethylene selectivity 
decrease as ethane content rises (Li et al., 2025; Jiang et al., 2024).

3.3. Mechanism of CO2 enhancing reaction stability

Fig. 6(a) shows the XRD patterns of the 4Cr/ZSM-5(475) catalyst 
following the DH and ODH reactions, respectively. Specifically, 
after the DH reaction, the intensity of the catalyst's characteristic 
XRD peaks decreased slightly, though their positions remained 
unaltered. Fig. 6(b) and (c) show the nitrogen adsorption- 
desorption isotherms and pore size distribution of the 4Cr/ZSM- 
5(475) catalyst post-reaction, respectively, while the correspond
ing data are summarized in Table 1. Notably, the specific surface 
area and mesoporous volume of the catalyst decreased post- 
reaction, and this reduction was more pronounced in the DH re
action compared to the ODH reaction. This decrease can be 
attributed to two possible factors: carbon deposit formation 

during the reaction, or pore obstruction by crystalline Cr2O3 
generated on the catalyst surface. The TG curve in Fig. 6(d) shows 
that the carbon deposits after the ODH reaction are lower than that 
after the DH reaction. This difference may be attributed to the 
Boudouard reaction (CO2 + C → 2CO) between CO2 and carbona
ceous species generated during the ODH reaction (Numan et al., 
2021; Myint et al., 2016). Nevertheless, the carbon deposition 
amount in the DH reaction is not sufficient  to induce catalyst 
deactivation. This observation implies that the primary role of CO2 
is not to initiate the Boudouard reaction. Fig. 7 presents the SEM- 
EDS images of the 4Cr/ZSM-5(475) catalyst after reaction. Notably, 
the metal exhibits uniform distribution on both the fresh catalyst 
and the catalyst post-reaction, and no metal cluster particles are 
detected. This observation confirms that no significant metal sin
tering took place on the catalysts (Wang et al., 2023; Tian et al., 
2024).

During the reaction, ethane is initially adsorbed onto Cr species, 
located near Si hydroxyl groups. When CO2 is absent, the initial 
stage of the dehydrogenation reaction proceeds in two steps: first, 
oxidative dehydrogenation catalyzed by Cr6+ sites, second, direct 
dehydrogenation catalyzed by Cr3+ sites. Notably, the reaction rate 
of the Cr6+-catalyzed oxidative pathway is significantly  greater 
than that of the Cr3+ catalyzed direct pathway. Research indicates 
that tetrahedral Cr6+ is reduced to octahedral Cr3+ during the re
action, while octahedral Cr3+ aggregates as the reaction progresses 
(Shishido et al., 2012). The aggregation of Cr3+ reduces catalyst 
activity, leading to a rapid decline in ethane conversion. For CO2- 
assisted oxidative dehydrogenation of ethane, the addition of CO2 
enhances the redox cycle involving the interconversion between 
tetrahedral Cr6+ and octahedral Cr3+. The mechanism of ethane 
direct dehydrogenation is illustrated in Fig. 8(a). In the initial stage, 
ethane undergoes oxidative dehydrogenation while Cr6+ is 
reduced to Cr3+. Since Cr3+ cannot be re-oxidized to Cr6+, subse
quent dehydrogenation reactions only proceed on Cr3+ sites. The 

Fig. 5. (a) Effect of temperature on the ODH reaction, (b) activation energies for ethane conversion in ODH and DH reactions, (c) effect of temperature on the DH reaction, (d) 
effect of space velocity on the ODH reaction, the horizontal axis represents the space velocity of the feed gas (mL/(g⋅h)), (e) effect of CO2/C2H6 molar ratio in the feed, the 
horizontal axis represents the CO2/C2H6 molar ratio in the feed gas, (f) effect of ethane content in the feed, the horizontal axis represents the molar ratio of C2H6 in the feed gas of 
4Cr/ZSM-5(475) catalyst.
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gradual aggregation of Cr3+ causes a progressive decline in cata
lytic activity. Fig. 8(b) illustrates the mechanism under oxidative 
dehydrogenation conditions with CO2 participation. Here, a 
portion of Cr3+ is re-oxidized to Cr6+, enabling ethane to proceed 
via two pathways: direct dehydrogenation at Cr3+ sites and 
oxidative dehydrogenation at Cr6+ sites. This dual-pathway reac
tion not only enhances the catalyst's reactivity but also suppresses 
Cr3+ aggregation, ultimately improving the reaction's stability 
(Wang et al., 2003; Hoffman et al., 2023; Wan et al., 2022).

The H2-TPR profiles of the 4Cr/ZSM-5(475) catalyst before and 
after reaction are shown in Fig. 6(e). The H2 reduction peak at 
416 ◦C—corresponding to the reduction of Cr6+ to Cr3+—shifted to 
370 ◦C after the reaction. This indicates the formation of more 
easily reducible Cr polymers during the reaction. It can also be 
observed that the H2 reduction peak area at 370 ◦C following the 
ODH reaction is significantly greater than that of the DH reaction. 
This result demonstrates that the introduction of CO2 promotes 
the redox cycle of Cr species, as described by the reaction 
Cr3+Ox− 1 + CO2 → Cr6+Ox + CO, thereby maintaining a higher 

proportion of Cr6+ in the dehydrogenation reaction system (Cheng 
et al., 2015; Zhou et al., 2024; Franceschini et al., 2023). Fig. 6(f) 
and Table 2 show the XPS data of the 4Cr/ZSM-5(475) catalyst after 
reaction. It is observed that the Cr6+/Cr3+ atomic ratio of the post- 
reaction catalyst is lower than that of the fresh catalyst. Notably, 
this ratio decreased more significantly after the DH than after the 
ODH, confirming that the ODH process retained a relatively higher 
proportion of Cr6+. This observation is consistent with the previ
ously obtained H2-TPR results.

The oxidation state and coordination environment of Cr species 
in the 4Cr/ZSM-5(475) catalyst exert a significant  impact on its 
catalytic activity. UV-Vis analysis provides supplementary infor
mation regarding the chemical state of Cr species, with the ac
quired results depicted in Fig. 6(g). Two absorption bands at 
approximately 272 and 370 nm were observed in both the fresh 
and post-reaction 4Cr/ZSM-5(475) catalyst. These bands are typi
cally assigned to the O2− →Cr6+ charge transfer transition, which is 
characteristic of tetrahedral coordinated chromate species (Wang 
et al., 2022a,2022b; Mashkin et al., 2022). The peak at 468 nm is 
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also attributed to Cr6+, and this peak is closely associated with the 
distortion of tetrahedral symmetric Cr6+ groups. It is observed that 
the peak intensities at 272, 370, and 468 nm are markedly higher 
for the catalyst after the ODH reaction than for that after the DH 
reaction. This intensity difference confirms that the ODH reaction 
retains a larger amount of Cr6+ in the catalysts compared to DH 
reaction. Notably, the peak at 605 nm corresponds to the charac
teristic octahedral symmetry transition of microcrystalline chro
mium oxide. This peak is detected in both the catalyst after the 
ODH and the DH reactions, implying that the dispersion of Cr 
species on the post-reaction catalysts has decreased to varying 
extents.

Laser Raman spectra was employed to characterize the mo
lecular properties of Cr species dispersed on the catalysts, and the 
corresponding results are shown in Fig. 6(h). In the Laser Raman 
spectroscopy of the 4Cr/ZSM-5(475) catalysts (fresh and post- 
reaction), a characteristic band at 551 cm− 1 is observed. This 

band is assigned to Cr2O3 crystals, and its intensity is notably lower 
for the post-ODH catalyst than for the post-DH catalyst. This dif
ference confirms  that CO2 can partially re-oxidize Cr3+ to Cr6+

during the ODH reaction, which in turn suppresses the formation 
of Cr2O3 crystals. Franceschini et al. (2023) further verified through 
in situ Raman analysis that, during the ethane dehydrogenation 
process over CrOx/Al2O3 catalysts, the introduction of CO2 enables 
the partial re-oxidation of Cr3+ to Cr6+. In the spectra of all cata
lysts, two additional characteristic bands are observed at approx
imately 980 and 1000 cm− 1. Specifically, these bands are 
attributable to isolated Cr6+ and aggregated Cr6+ species, respec
tively. Concurrently, a band at 810 cm− 1 appears, which is attrib
uted to the bending mode of the Cr–O–Cr bond in polymerized 
chromate (Cheng et al., 2015, 2017; Karami et al., 2023). The in
tensity of these bands is higher in post-ODH catalyst than in post- 
DH catalyst. This indicates that the transformation of surface- 
dispersed Cr6+ (from monochromate and polychromate species) 

Fig. 7. SEM-EDS of (a), (b) 4Cr/ZSM-5(475)-fresh; (c), (d) 4Cr/ZSM-5(475)-ODH; (e), (f) 4CrZSM-5(475)-DH.

Fig. 8. Mechanism of ethane dehydrogenation reaction, (a) without CO2, (b) with CO2.

M.-F. Niu, Q.-Y. Sun, Y.-H. Tan et al. Petroleum Science 23 (2026) 4336–4348

4344



into Cr2O3 crystals is suppressed during the ODH reaction—likely 
the key reason for the superior reactivity and stability of the ODH 
over the DH, this observation aligns with the UV-Vis spectroscopy 
results.

To gain deeper insight into the ethane adsorption behavior in 
the DH and the ODH reactions, the adsorption energies of ethane 
on the Cr/ZSM-5(475) catalysts were calculated separately for the 
two reactions. The results are shown in Fig. 6(i), and the corre
sponding model structures are presented in Fig. S4. For the Cr/ 
ZSM-5(475) catalysts, the calculated ethane adsorption energy 
is − 70.88 kJ/mol in the DH reaction and − 103.19 kJ/mol in the ODH 
reaction. Since a more negative adsorption energy indicates 
stronger adsorption, this result confirms that the CO2 addition in 
the ODH reaction strengthens the catalysts’ ability to adsorb 
ethane—an effect that likely explains the higher ethane conver
sion observed in the ODH reaction.

3.4. Effect of support Si/Al ratio on reaction performance

The Al sites in the ZSM-5 support exert a significant influence 
on the catalytic activity and stability of CrOx-based catalysts. On 
the one hand, relevant studies have confirmed that framework Al 
in ZSM-5 zeolite facilitates the formation of Cr6+ species with 
higher catalytic activity. This is achieved by forming stable 

chloroaluminate structures, which in turn enables more effective 
activation of the C–H bonds in ethane molecules (Gong et al., 
2022). However, increasing the Al content in the catalyst support 
does not always lead to improved reaction performance. Felvey 
et al. (2020) suggested that Cr species exhibit favorable stability 
during ethane dehydrogenation solely when they are preferen
tially anchored near isolated framework Al sites. In contrast, in the 
absence of accessible Al sites, the Cr active sites undergo rapid 
deactivation. On the other hand, a wealth of studies has indicated 
that dealumination of zeolites leads to the formation of a sub
stantial number of Si hydroxyl groups. These Si hydroxyl groups, 
distributed on the zeolite surface, play a role in enhancing the 
dispersion of CrOx-based active species (Cheng et al., 2017; Guo 
et al., 2020). The OH-IR spectrum in Fig. 9(a) illustrates the inter
action mechanism between Cr species and ZSM-5 supports with 
different Si/Al ratios. For the 4Cr/ZSM-5(35) catalyst, two charac
teristic bands were observed in the OH-IR spectrum: one at 
3500 cm− 1, corresponding to Si hydroxyl groups at structural de
fects, and another at 3610 cm− 1, which is associated with OH vi
brations of strongly acidic bridging Si–OH–Al groups within the 
ZSM-5 zeolite. This result confirms  that Cr species are anchored 
at two types of sites: Si hydroxyl groups at structural defects and 
bridging hydroxyl groups. The H2-TPR in Fig. 9(b) also indicates 
stronger interactions between Cr species and the support for the 

Fig. 9. (a) OH-IR, (b) H2-TPR, (c) NH3-TPD, (d) TG curve of 4Cr/ZSM-5(475) and 4Cr/ZSM-5(35) catalysts.
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4Cr/ZSM-5(35) catalyst. Fig. 10 presents the effect of the Si/Al ratio 
of the ZSM-5 support on the catalytic performance of CrOx-based 
catalysts. As shown, the 4Cr/ZSM-5(35) catalyst achieves a rela
tively high initial ethane conversion, and this superior perfor
mance is ascribed to the coordination interaction between Cr- 
based active species and the bridging hydroxyl groups of the 
support. After a 22-h stability test under the ODH reaction con
ditions, the ethane conversion of the 4Cr/ZSM-5(35) catalyst 
decreased from 51.36 to 46.01 mol%, and the ethylene yield 
decreased from 41.18 to 38.87 mol%. In contrast, the ethane con
version and ethylene yield over the 4Cr/ZSM-5(475) catalyst did 
not decrease, remaining above 49 and 43 mol%, respective
ly—demonstrating relatively high reaction stability (see detailed 
experimental data in Table S2).

The NH3-TPD profiles  in Fig. 9(c) reveals significant  acidity 
differences among catalysts supported on ZSM-5 with varying Si/ 
Al ratios. Among these catalysts, the acidic sites of 4Cr/ZSM-5(475) 
are predominantly weak acid sites near 165 ◦C; in contrast, 4Cr/ 
ZSM-5(35) exhibits two broad, intense peaks at approximately 178 
and 378 ◦C, corresponding to weak acid and moderately strong 
acid sites, respectively. This result indicates that both the acid 
strength and acid content of 4Cr/ZSM-5(475) are significantly 
lower than those of 4Cr/ZSM-5(35). Excessive acid sites in the 
catalysts have a negative effect on the ethane dehydrogenation 
reaction (Park et al., 2020; Qiu et al., 2021). This is mainly reflected 
in the excessive cracking of the target product (ethylene), which 
generates unwanted by-products such as aromatics and carbon 
deposits (Fig. S5). The TG curve presented in Fig. 9(d) further il
lustrates this phenomenon. Following the ODH reaction, the car
bon deposit content on 4Cr/ZSM-5(475) was only 0.81%, while that 
on 4Cr/ZSM-5(35) reached 8.38%. These carbon deposits, formed 
during the reaction, cover the catalyst's active sites—presumably 
one of the key factors leading to the decline in catalytic activity.

4. Conclusion

Catalysts with different chromium oxide contents supported on 
ZSM-5 supports with a high Si/Al ratio were prepared via the 
impregnation method. Their catalytic performance in the DH and 
the ODH reactions was subsequently compared. The results indi
cate that CO2-assisted ethane oxidative dehydrogenation achieved 
an ethane conversion of 51.35 mol% and an ethylene yield of 
44.05 mol% over a 48-h reaction period, with no signs of catalyst 

deactivation. Both the RWGS reaction and the Boudouard reaction 
exert a certain promoting effect on the ODH reaction. Laser Raman, 
UV-Vis, XPS, and H2-TPR characterizations demonstrate that the 
superior reactivity of the ODH reaction primarily originates from 
the introduction of CO2. CO2 facilitates the redox cycling of Cr 
species, maintaining higher amounts of reducible Cr6+—a key 
species for ethane dehydrogenation. Meanwhile, CO2 promotes the 
highly dispersed distribution of Cr species on the support surface. 
It should be noted that in this study, the catalysts exhibit ideal 
ethane conversion performance only at relatively high chromium 
loadings. However, the inherent toxicity of CrOx-based catalysts 
remains one of the primary constraints limiting their industrial 
application. Consequently, future research should focus on devel
oping highly efficient  CrOx-based ethane dehydrogenation cata
lysts with ultra-low chromium content. This approach aims to 
mitigate toxicity risks while preserving catalytic activity and sta
bility, thereby advancing the practical application of such catalysts.
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