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Deactivation mechanisms of Nb,Os5 catalyst for
esterification of dimethyl adipate: crystal
transformation and acid site cokingt

Mengyue Li,? Yang Li,® Bin He,? Lijun Han,® Ruiyi Yan*? and Jiayu Xin {2 *@

The deactivation mechanisms of Nb,Os catalysts in fixed-bed reactors were systematically investigated,
revealing that carbon deposition and structural phase transformations synergistically drive catalyst
degradation. During adiponitrile synthesis, carbon deposits evolve progressively from monocyclic to
polycyclic aromatic hydrocarbons, leading to blockage of critical acid sites and reduced catalytic activity.
Simultaneously, the phase transformation of Nb,Os to Nb;,O,9 generates oxygen vacancies, which form
unsaturated metal coordination sites and alter the catalyst's acidity profile. Regeneration partially reverses
this phase transformation, restoring Nb,Os content while reducing Nb;,0,g, thereby improving stability
Crucially, maintaining moderate acidity is essential for achieving high nitrile selectivity (>85%) at efficient
conversion rates. The study proposes practical strategies to mitigate coke formation and stabilize active
sites, including optimized ammonia flow rates and acidic site control. These findings provide
a theoretical foundation for enhancing Nb,Os catalyst stability, reducing energy consumption, and
extending operational lifespan in industrial nitrile production processes.

This study systematically elucidates the deactivation mechanisms of Nb,Os5 catalysts in fixed-bed reactors, offering a comprehensive understanding of structural

and chemical transformations affecting catalyst performance. By identifying carbon deposition and structural phase transformations as the principal
contributors to catalyst deactivation, the research provides actionable insights for improving catalytic stability in industrial adiponitrile production. These

findings hold significant implications for reducing waste and energy inefficiencies in industrial chemical processes.

1. Introduction

Adiponitrile (ADN) is a critical intermediate in the production of
hexamethylene diamine, which is a key raw material for the
manufacture of nylon-66."> The primary industrial processes for
large-scale ADN production rely on butadiene hydrocyanation®*
and acrylonitrile electrolytic dimerization,>® both of which are
widely adopted due to their high production efficiency and
strong industrial scalability. However, despite the high effi-
ciency of these processes, they face significant challenges in
terms of sustainability and long-term feasibility, such as the use
of toxic reagents, high energy consumption, and catalyst deac-
tivation. For example, the butadiene hydrocyanation process,
while having a relatively short reaction pathway (see Fig. 1),

“Beijing Key Laboratory of Ionic Liquids Clean Process, CAS Key Laboratory of Green
Process and Engineering, State Key Laboratory of Multiphase Complex Systems,
Institute of Process Engineering, Innovation Academy for Green Manufacture, CAS,
Beijing 100190, P. R. China. E-mail: ryyan@ipe.ac.cn; jyxin@ipe.ac.cn

*State Key Laboratory of Heavy Oil Processing, College of Chemical Engineering, China
University of Petroleum, Beijing 102249, China

+ Electronic  supplementary
https://doi.org/10.1039/d4su00731j

information  (ESI) available. See DOI:

© 2025 The Author(s). Published by the Royal Society of Chemistry

requires the use of highly toxic hydrogen cyanide (HCN), which
introduces severe safety hazards and operational difficulties.”
Similarly, although the acrylonitrile electrolytic dimerization
process benefits from a broad range of feedstocks and minimal
environmental impact,® it suffers from high energy consump-
tion and complex reaction conditions, making it less suitable
for large-scale industrial application. In contrast, adipic acid
amination, while a promising alternative, typically operates at
high temperatures (300-350 °C) with boron phosphate as
a catalyst. This results in a longer process route, higher
production costs, and significant NOx emissions, which
contribute to air pollution and exacerbate the greenhouse
effect.®

In response to these challenges, recent research has focused
on developing more environmentally friendly and efficient
alternatives. The butadiene reacts with CO and methanol to
obtain dimethyl adipate (DMA) followed with direct gas-phase
amination of DMA to ADN represents a promising green
chemistry-based approach (see in Fig. 1d).>** This method
avoids the use of toxic reagents and has the potential for
utilizing bio-based feedstocks, thereby reducing the environ-
mental impact of the production process.**” The second direct
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Fig. 1 Cyanidation of butadiene for preparation of adiponitrile.

gas-phase amination reaction is the crucial step for this
route.**** Although this method has not yet been extensively
studied in academic literature, preliminary studies have shown
that the reaction of DMA with ammonia to form ADN is an
endothermic process, with a positive reaction enthalpy change
(ArH) of 42.3 keal mol™", indicating that the reaction requires
significant energy input, presenting challenges for process
optimization.*® Moreover, a key challenge in this reaction lies in
the functionalized carbon chains of DMA and ADN, which
contain highly reactive electron-withdrawing groups that may
undergo intramolecular cyclization and intermolecular poly-
condensation, thus affecting reaction selectivity and efficiency.

In this context, acidic metal oxide catalysts, such as Nb,Os,
V,0s, and Ta,0s, have demonstrated excellent catalytic activity
for the gas-phase conversion of DMA to ADN. Studies have
shown that Nb,Os catalysts exhibit high DMA conversion (over
97.7%) and good nitrile selectivity (over 84.3%) in a fixed-bed
reactor, making them ideal for this reaction.’* Compared to
other metal oxide catalysts, Nb,Os not only provides excellent
conversion but also demonstrates significant advantages in
terms of nitrile selectivity. For instance, although Ta,05 shows
excellent reactivity, its selectivity towards nitrile products is
relatively low, at only 67.8%; V,05 shows similar selectivity to
Ta,05 but with a lower DMA conversion.'® Therefore, Nb,Os
catalysts not only offer high conversion but also effectively avoid
issues such as equipment corrosion and product separation
caused by acidic reactants.”*' Nb,Os has shown significant
catalytic activity in various reaction systems; however, its
stability remains a challenge, particularly under high-
temperature conditions. Studies have indicated that the deac-
tivation of Nb,Os catalysts is primarily attributed to sintering,
poisoning by non-metal pollutants, and carbon deposition.
During high-temperature sintering, Nb,Os particles tend to
agglomerate, leading to an increase in particle size, which
significantly reduces the specific surface area and catalytic
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activity of the catalyst.>*** Additionally, non-metal pollutants,
such as sulfur, nitrogen, phosphorus, and chlorine, react with
the catalyst surface to form non-target products. These products
can adsorb on the active sites, thereby inhibiting the catalytic
reaction rate.”*** The impact of these non-target products on the
catalyst varies, depending on the type of pollutant and the
reaction conditions.” In terms of carbon deposition, the carbon
source present in the reactants may interact with Nb,Os at
elevated temperatures, leading to the formation of solid carbon
deposits, which significantly degrade the -catalytic
performance.***”

Further studies have revealed some unique features of Nb,O5
catalyst deactivation in specific reaction systems. For instance,
in the ethanol dehydrogenation reaction, the addition of Nb,O5
to the ZrO,-Nb,Os catalyst increased the density of acidic
sites.”® However, an excessive density of acidic sites led to
increased ethylene production, which exacerbated the accu-
mulation of carbon sources, thereby impacting -catalyst
stability. Similarly, in the methane decomposition reaction,
when Nb,O; was used as a support for nickel and nickel-copper
catalysts, the catalyst surface was found to be completely
covered by carbon filaments (CFC), emphasizing the close
relationship between carbon deposition at high temperatures
and catalyst deactivation.” These studies suggest that the
deactivation of Nb,Os catalysts is not only related to traditional
mechanisms such as sintering and poisoning by non-metal
pollutants but also to carbon deposition, which plays a deci-
sive role in catalyst deactivation under specific reaction
conditions.

Therefore, the aim of this study is to further explore the
performance and deactivation mechanisms of Nb,Os catalysts
in gas-phase reactions, and to optimize their performance for
large-scale industrial applications by tuning the catalyst's
microstructure and adjusting reaction conditions. This
research not only provides theoretical guidance for catalyst

© 2025 The Author(s). Published by the Royal Society of Chemistry
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design and optimization but also offers valuable insights for the
industrial application of DMA to ADN conversion as an envi-
ronmentally friendly and efficient process.

2. Experimental

2.1 Chemicals and materials

DMA (=99%) and niobium oxide (Nb,Os, 99.9%) were procured
from Innochem. Ltd. Ethanol and acetonitrile were sourced
from Fuchen Chemical Company (Tianjin, China), and NH; was
sourced from Beijing YongSheng Gas Technology Co. All
reagents utilized in the experiments were of analytical grade.

2.2 Catalyst preparation

Nb,Os was synthesized via coprecipitation by first dissolving
niobium oxalate in deionized water while stirring at room
temperature. Subsequently, the solution's pH was adjusted to 9
using ammonia, resulting in the formation of a solid (Nb,Os-
-H,0), which was separated via filtration. Deionized water was
used to wash the solid until the pH became neutral and then
dried at 80 °C for 24 h. Finally, Nb,Os was obtained through
calcination in a tube furnace.

The aforementioned precursors were positioned flat in
a crucible and placed in a tube furnace. Air was supplied to the
tube furnace, and the temperature was raised to 700 °C at a rate
of 5 °C min~". The desired sample was calcined at 700 °C for
3 h.

2.3 Equipment and characterization

A Smartlab diffractometer with Cu Ka radiation (40 kV, 150 mA)
and a wavelength of 1.5406 A (Rigaku, Japan) was used to obtain
X-ray diffraction (XRD) patterns. The peak resolution error of
the XRD data obtained from the Smartlab X-ray diffractometer
is controlled within a range of +0.2°. A micro-TOF II spec-
trometer with methanol as the mobile phase was used to record
electrospray ionization high-resolution mass spectra. A JEM-
2100F transmission electron microscope at an accelerating
voltage of 200 kV (JEOL, Japan) was used to obtain transmission
electron microscopy (TEM) images. SU-8020 scanning electron
microscope at an accelerating voltage of 5 kv (Hitachi, Japan)
was used to collect scanning electron microscopy (SEM) images.
Al as the exciting source (ThermoFisher, USA) was used to
perform X-ray photoelectron spectroscopy (XPS) measurements
on an ESCALAB 250Xi X-ray photoelectron spectrometer.

A BRUKER Tensor-27 FTIR spectrometer with a DTGS
detector was used to perform pyridine adsorption Fourier
transform infrared (Py-FTIR) spectroscopy. Each spectrum
comprised 32 scans recorded at a resolution of 4 cm™*. Each
sample was pressed into a self-supported wafer (20 mg), acti-
vated in an evacuated (10> Pa) chamber at 450 °C for 1 h, and
then cooled to room temperature. A background spectrum was
also collected. Subsequently, pyridine was introduced into the
chamber for 30 min, followed by evacuation for 1 h. The sample
was heated at 100 °C, 150 °C and 350 °C for 1 h to assess acid
strength, with spectra recorded within the range of 1700-
1400 cm ™" at room temperature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.4 Catalytic tests

A fixed-bed reactor with an internal diameter of 15 mm and
a length of 595 mm was used to conduct the nitrile reaction
between the monoester and NH; (the process flow diagram is
shown in Fig. S1f). The reaction airspeed was set at 2.4 h™*
(liquid hourly rate of air (LHSV)). 1.5 mL of catalyst (40 mesh)
was loaded into the reactor before each experiment, which was
then heated to the preheated temperature. A controlled flow
rate of NH; gas was subsequently introduced into the reactor
and measured using a mass flow meter. DMA was introduced
into the reactor using a pump after 1 h.

The liquid product was collected by absorption in methanol
at 10 °C after a stabilization period of 2 h and subsequently
examined offline using an Agilent 4890 gas chromatograph. The
column temperature was programmed as follows: initiating at
60 °C for 1 min, followed by a temperature gradient of 25 °C to
225 °C and a final hold of 13 min. The injector and flame
ionization detector (FID) temperature were maintained at 250 °©
C. The following equations were used to calculate the conver-
sion of dimethyl adipate (Cpma) and the selectivity of adiponi-
trile (Sapn):

NDMA inlet (mol) — NDMA outlet (mol)

CDMA = x 100% (1)

Mnpva inted (mol)

Sapn = nADMAtransfcr(mOI) % 100% [2)
HDMA, in]ct(mOI)
Which 7ipmainier (mol) represent the feed amount of DMA
flowing through the catalyst; ipwma outlet (MoOl) represent the feed
amount of DMA flowing out the catalyst; npma transfer (MOI)
represent the DMA of conversion.

In addition to the calibration of the reactor and gas flow
rates, we also performed periodic calibration of the mass flow
meter used to measure the NH; gas, ensuring a measurement
error within +1%. The gas chromatograph (Agilent 4890) was
calibrated using standard samples, and its precision was
confirmed to be within £2% for the conversion and selectivity
measurements.

3. Results and discussion

In this study, Nb,Os was selected as a model catalyst to evaluate
its long-term stability, catalyst deactivation, and regeneration
mechanisms in a fixed-bed reactor, as shown in Fig. 2a. Non-
precious metal oxides as catalysts demonstrate significant
environmental benefits and high atomic efficiency in the
synthesis of adiponitrile from dimethyladipate and ammonia,
and they exhibit considerable industrial potential.**** During
long-term operation tests, the selectivity of the main product
and intermediate was not distinguished separately. This is
because methyl 5-cyanovalerate (MCP), which is the interme-
diate, can easily be converted into ADN as demonstrated in our
previous research. MCP serves as a key intermediate in the
tandem reaction and can be recovered and reintroduced into
the reaction system.'® Therefore, in the simulated industrial
operation tests, MCP was treated as a recyclable component and
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Fig. 2 (a) Catalyst reaction test (T = 375 °C, DMA: 18.3 mmol h™*, NHz:

catalyst before (b and d) and after the reaction (c and e).

was not included in the selectivity calculation. As a result, the
selectivity data shown in Fig. 2a reflect the selectivity of the
overall products, including the main product and the
intermediate.

To ensure the validity of selectivity calculations and the
reproducibility of the data, where the main products and by-
products were clearly identified. The relevant GC-MS data are
provided in the ESI Fig. S2.1 The experimental results showed
that NH3;/DMA molar ratio of 12, the selectivity of ADN reached
87.6% (Fig. S371). In this study, Nb,O5; was employed as a model
catalyst to evaluate its multi-cycle stability in a fixed-bed reactor,
as shown in Fig. 2a. During the first 7 h reaction with fresh
Nb,Os (F-Nb,Os), the conversion dropped from 99.8% to 79%,
along with a sharp decline in adiponitrile selectivity. After the
reaction, the catalyst (P-Nb,Os) appeared blackened carbon
deposition, which is a well-known cause of catalyst deactivation.

SEM images (Fig. 2b and c) revealed significant structural
collapse of the Nb,O; (P-Nb,Os) catalyst surface, indicating that
the catalyst framework may have been damaged due to pro-
longed operation. EDS mapping (Fig. 2d and e) confirmed
a significant increase in surface carbon content, suggesting that
carbon deposition plays a key role in catalyst deactivation.
CHNS elemental analysis (Table S1t) further supported this
observation, showing a substantial increase in carbon accu-
mulation on the catalyst surface after the reaction, which may
lead to the blockage of active sites, thereby reducing reaction
selectivity and conversion. The catalyst lifetime assessment
(Fig. 2a) demonstrates that, in addition to performance degra-
dation due to carbon deposition, irreversible deactivation
occurs following prolonged operation and repeated regenera-
tion cycles. The crystalline structure of Nb-based catalysts plays
a crucial role in determining their physicochemical properties
and catalytic activity.**

To investigate the structural changes in the deactivated
catalyst, X-ray diffraction (XRD) analysis was conducted, and the
results are presented in Fig. 3a. The XRD patterns confirm that
the primary structure of the catalyst is Nb,O5 before the reac-
tion. After the reaction, new diffraction peaks appear at 18.6°,
26.3°, and 30.5°, corresponding to the formation of Nb;,0,
(JCPDS 19-0863), indicating that the catalytic process induces
crystalline modifications in Nb,Os.
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4.9 L h™, NHs/DMA 12 and LHSV 2.4 h™); SEM and EDS data of the

The phase composition of the catalysts, calculated using the
Scherrer equation, is shown in Fig. 3c.>® After a single reaction
(with a test duration of 7 h), the Nb;,0,, phase content signif-
icantly increased. After extending the reaction time to 150 and
180 h, the catalyst's phase composition was predominantly
Nb;,0,. Regeneration experiments conducted after 150 h of
reaction (Fig. 3b) show that, despite varying calcination times at
500 °C, the diffraction peak of Nb;,0,9 at 26.3° persists. Even
with extended regeneration up to 21 h, the characteristic
Nb;,0,5 peak remains unchanged. As shown in Fig. 3d, the
calculated content of Nb,O5 and Nb,,0,4 across different cata-
lysts indicates that after 21 h of regeneration, the Nb,O5 content
does not increase with prolonged calcination, and the Nb;,0,¢
content shows no significant variation. These observations
suggest that the deactivation of Nb,Os catalysts is not solely due
to carbon deposition but also involves significant alterations in
the catalyst's surface structure. To fully elucidate the deactiva-
tion mechanism, further analysis is required to quantify the
individual and combined effects of carbon deposition and
structural changes within the catalyst.

In this study, we analyzed carbon deposits from two loca-
tions: inside the fixed-bed reactor (Carbon-F) and on the catalyst
surface (Carbon-C). Thermogravimetric Analysis (TGA) identi-
fied the coke species, as shown in Fig. S4.f Most carbon
deposits, whether in the reactor or on the catalyst, consisted of
hard, aromatic compounds, removable at 550 °C. We used
Liquid Chromatography-Mass Spectrometry (LC-MS) to quali-
tatively analyze these coke species, confirming their types and
pathways of accumulation.**** The identified carbon species
ranged from aliphatic hydrocarbons and olefins to single-ring
and fused-ring aromatic hydrocarbons, as well as amorphous
and graphitic carbon.

Prior to LC-MS analysis, the carbon deposits on the catalyst
were dissolved, with their solubility classified by their ability to
dissolve in specific solvents.***” We employed the Guisnet
method,* where carbon deposits from the reactor (Carbon-F)
and the post-reaction catalyst were treated with hydrofluoric
acid to degrade the catalyst. Dichloromethane, an organic
solvent, was used to extract soluble carbon, while insoluble
carbon was separated by centrifugation. The LC-MS analysis of
the dichloromethane extract differentiated the soluble carbon

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray diffraction (XRD) patterns and phase content of F-Nb,Os, P-Nb,Os and various catalysts to different reaction times (a and c); the
XRD patterns and phase content of catalysts regenerated at 550 °C in an air atmosphere for varying durations (b and d).

species, unaffected by inorganic acids.** LC-MS chromatograms dihydrazide, with small amounts of pentanenitrile, likely due to
for Carbon-F and Carbon-C identified the main species, listed in ammonolysis and hydrolysis during the reaction.*® Myo-inositol
Table 1. Carbon-F was primarily composed of malonic was the major component of the soluble carbon deposits on the

Table 1 Main components of soluble carbon

Name Formula #CAS
Carbon-C
Methanol CH,O 67-56-1
Hydrazine H,N, 302-01-2
Oxalyl dihydrazide C,HgN,O, 996-98-5
1,2-Diformylhydrazine C,H;N,0, 628-36-4
Malonic dihydrazide C3HgN,O, 3815-86-9
N,N"-Methyleneis-urea C;HgN,O, 13547-17-6
Hexanedioyl azide CgHgNgO, 25021-15-2
Pentanenitrile C3;H,NO 33279-01-5
Myo-inositol CgH1,04 87-89-8
Carbon-F
2,5-Dimethyl-3,4-hexanediol CgH;30, 22067-11-0
2,2-Dimethoxypropane C5H;,0, 77-76-9
2,3-Diazabicyclo [2.2.1]hept-2-yl,3-(1,1-imethylethyl) - (9CI) CoH;7N, 40953-67-1
Propionamide C3;H,NO 79-05-0
N-Methylacetamide C3;H,NO 79-16-3

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Sustainability, 2025, 3, 2619-2631 | 2623
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catalyst, possibly formed through cyclization during the
reaction.

Myo-inositol is identified as the primary component of
Carbon-C, likely due to its formation during the reaction
process. In catalytic reactions, especially those involving
hydrocarbons, complex chemical transformations such as
cyclization, polymerization, and condensation can occur.*>*
Myo-inositol, being a relatively stable cyclic compound, is more
likely to persist under the reaction conditions and subsequently
be detected in the soluble fraction of the carbon deposits.

During dichloromethane extraction, a black precipitate,
termed “insoluble carbon”, was separated by centrifugation.
This hydrocarbon, with a molecular weight exceeding that of
pyrene,*>** was identified as primarily amorphous carbon via X-
ray diffraction (XRD) analysis (Fig. S5af). Raman spectroscopy
revealed G (1580-1600 cm™ ') and D (1360-1400 cm ') peaks
(Fig. S5bt), indicating a disordered carbon structure with low
graphitization, as shown by an Ip/I; ratio of 1.88.** Trans-
mission electron microscopy (TEM) images (Fig. S5c¢ and df)
further confirmed a block-like structure.

To monitor changes in carbon species during the nitridation
reaction, the Nb,Os catalyst was analyzed at different time
intervals (3, 5, 10, and 25 h), with samples collected at distinct
deactivation stages, labeled as Nb,Os (3), Nb,Os (5), Nb,O5 (10),
and Nb,Os (25). FT-IR spectroscopy was used to examine the
vibrations of functional groups on the catalysts over time, as
shown in Fig. 4a. Carbon deposition is typically observed
between 1300 and 1800 cm ™, while the C-H vibration region
appears at 2600-3200 cm~ ‘. Peaks at 1460 and 1620 cm '
and single-ring

correspond to fused-ring aromatic

~
&
e’
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hydrocarbons, respectively.****** The increasing intensities of
these peaks indicate that aromatic hydrocarbons are the
primary components of carbon deposition. Peaks between 1360
and 1460 cm ' are associated with both aliphatic and aromatic
hydrocarbons.*** The decreasing intensity of the aliphatic
hydrocarbon peak at 1390 cm ™" and the increasing intensity of
the aromatic hydrocarbon peak at 1460 cm ' suggest that
polycyclic aromatic hydrocarbons become the main constitu-
ents of carbon deposition over time. In the C-H vibration region
(Fig. 4b), peaks at 2960, 2920, 2870, and 2830 cm ™" correspond
to CH, and CH; groups,®* with their increasing intensities
indicating a rise in aliphatic hydrocarbon content as the reac-
tion progresses. LC-MS data (Table 1) further show that the
soluble carbon species in the deposits shift from single-ring
aromatic hydrocarbons to condensed-ring aromatic hydrocar-
bons as reaction time increases (Fig. 4c).

The impact of carbon build-up on the catalyst pore structure
and its effect on catalytic performance can be thoroughly
assessed through nitrogen adsorption and desorption analysis.
As depicted in Fig. 5a, the nitrogen adsorption isotherms reveal
a marked decrease in both microporous and total adsorption
with increasing reaction time at low relative pressures (P/P,).
This trend suggests that as the reaction progresses, surface
micropores become increasingly obstructed by carbon deposits,
thereby limiting the interaction between active sites and the
reactants. To further explore the extent of carbon deposition, X-
ray photoelectron spectroscopy (XPS) was employed to quantify
the surface carbon content. Fig. 5b presents the XPS-derived C/
Nb molar ratio for samples subjected to different reaction
durations. The C/Nb ratio was calculated using eqn (3)

Intensity(a.u.)
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(@ and b) FT-IR spectroscopy and (c) soluble carbon species detectable with reaction time on Carbon-C.
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where ¢(C 1s) = 1.0 and ¢(Nb 3d) = 0.817.%* The results show
a clear increase in the C/Nb ratio with extended reaction times,
indicating that carbon predominantly accumulates on the outer
surface of the Nb,Os. The lack of significant change in micro-
pore volume, despite the rise in carbon content, reinforces the
conclusion that carbon deposition is primarily an external
phenomenon. The previous analysis confirms that carbon
build-up occurs mainly on the outer surface, which is consistent
with the hypothesis that carbon deposition obstructs the cata-
lyst's acid sites, critical for nitrile hydrogenation.* To further
elucidate, infrared spectroscopy was conducted to examine the
acid sites at different stages of the reaction, with the findings
presented in Fig. 5c. The spectra show a significant reduction in
the peak intensities corresponding to the L (1450 em™ ") and B
(1540 em ™) acid sites as reaction time increases, signaling that
these sites are progressively masked by carbon deposits.
Integration of the spectral data, as depicted in Fig. 5d,
quantifies the impact of carbon accumulation on these acid
sites. The integrated peak area for the L acid site shows
a substantial decline with increasing carbon content, while the
B acid exhibits a less pronounced reduction. This suggests that
carbon deposition predominantly targets the L acid, impairing
their functionality. Consequently, the reduction in available
acid sites due to carbon deposition hinders the diffusion of
reactants and products, thereby contributing to catalyst deac-
tivation over time. This comprehensive analysis underscores
the dual impact of carbon deposition: blocking of micropores
and masking of crucial acid sites, both of which play pivotal
roles in the observed catalyst deactivation. Further studies are

© 2025 The Author(s). Published by the Royal Society of Chemistry

required to explore mitigation strategies and optimize catalyst
design for improved resistance to carbon-induced deactivation.

These findings indicate that carbon deposition plays
a crucial role in blocking micropores and masking acid sites,
leading to a gradual decline in catalytic performance. However,
to fully elucidate the mechanisms of catalyst deactivation, it is
essential not only to explore the impact of carbon accumulation
but also to investigate the structural changes occurring within
the Nb,Os catalyst itself during the reaction.***® By examining
the crystallographic phase transitions and surface structural
modifications that occur under reaction conditions, we aim to
gain a deeper understanding of the relationship between cata-
lyst structure and its long-term stability.

The valence states of F-Nb,Os and P-Nb,Os were analyzed
using XPS, as shown in Fig. 6a and b. For P-Nb,Os, the Nb 3d
peaks were observed at 205.6 and 208.3 eV, corresponding to Nb
3da/, and Nb 3ds/,, respectively, which are characteristic of Nb>*
in Nb,0s5.””*® Additionally, companion peaks at 204.9 and
207.8 eV, associated with Nb*", were also identified.*>* These
results suggest that during the reaction, a portion of Nb** was
reduced to Nb*', which aligns with the presence of Nb;,0,9
observed in the XRD analysis. Given these observations, it is
crucial to further investigate how the reaction conditions,
particularly the ammonia atmosphere and temperature, influ-
ence these structural changes in the catalyst. In the subsequent
experiments, we will focus on examining the evolution of the
catalyst structure under varying ammonia concentrations and
thermal conditions, aiming to better understand the factors
driving the reduction of Nb>* to Nb**,

As illustrated in Fig. 7a and b, the XRD patterns reveal the
impact of different reaction temperatures and durations on the
crystalline structure of Nb,Os. The experiments were conducted
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Fig. 6 XPS patterns of Nb 3d (a and b) of the catalyst before and after the reaction.

using a Cu Ko, radiation source (A = 1.5406 A) with a scanning
range of 10°-80°, a step size of 0.02°, and a scanning rate of
!, As the reaction temperature increases or the duration
extends, the diffraction peaks become sharper and more
defined, indicating enhanced crystallinity. However, the peak
positions remain consistent with Nb,O5 (JCPDS 19-0861), con-
firming its structural stability under the investigated condi-
tions. This suggests that while higher temperatures or longer
reaction times facilitate crystallization, they do not induce
a phase transition within the tested parameter range.

Further insights into the oxidation state of niobium under
varying reaction conditions were obtained from XPS analysis

2° min—

(Fig. 7d and e). Across the temperature range of 200 to 500 °C
and reaction times spanning 2 to 10 h, the Nb”" peaks exhibit
clear separation without significant shifts, indicating that
niobium predominantly retains its Nb>* oxidation state. This
finding substantiates that temperature and reaction time alone
do not contribute to the reduction of Nb**.

In the NH; reduction experiments, the XRD patterns under
different NH; flow rates (Fig. 7c) indicate that as the NH; flow
rate increases from 2.0 ml min~' to 6.0 ml min~', new
diffraction peaks emerge at 18.6°, 26.3°, and 30.5°, corre-
sponding to Nb;,0,4 (JCPDS 19-0863). This confirms a gradual
phase transition from Nb,Os to Nb;,0,9 with increasing NH;
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flow rate. Furthermore, XPS spectra (Fig. 7f) reveal a shift in the
Nb 3d binding energy toward lower values (204.9 eV and 207.8
eV), indicating the coexistence of Nb>* and Nb*' species.
Notably, at higher NH; flow rates, the Nb>*/Nb*" ratio signifi-
cantly decreases, suggesting that NH; not only facilitates the
reduction of Nb,O5 but may also lead to the formation of sub-
stoichiometric niobium oxides such as NbO,. This alteration
in oxidation state could subsequently influence the electronic
structure and catalytic properties of the material.

All experiments were conducted under atmospheric pres-
sure. According to the literature, pressure typically does not
significantly impact phase composition in similar reaction
systems under ambient conditions. Therefore, the effect of
pressure on phase transitions was not explicitly analyzed in this
study, as it was not expected to substantially influence the
observed results. However, previous studies have reported that
in the Nb-O system, pressure can modulate phase stability by
altering oxygen vacancy concentration and Nb-O bond length.
Specifically, under high-pressure conditions exceeding 1 GPa,
Nb,O5s may undergo structural rearrangement and transition to
NbO, or NbO, primarily due to the reduced activation energy for
Nb-O bond reconfiguration and oxygen vacancy formation.*
However, under atmospheric pressure (1 atm), the oxygen
vacancy concentration remains relatively low, ensuring the
structural stability of Nb,Os. Therefore, in the context of this
study, we consider the impact of pressure on the phase transi-
tion of Nb,Oj5 to be negligible.

To investigate the effect of the Nb** structure on the acidity
of the catalyst, pyridine adsorption infrared spectroscopy (FT-
IR) was employed (Fig. 8). Pyridine, used as a probe molecule
for acidic sites, allows for differentiation between Brensted acid
sites (B sites) and Lewis acid sites (L sites) based on its char-
acteristic vibrational frequencies when adsorbed. FT-IR analysis
was conducted on Nb,Os samples treated with varying NH; flow
rates, with desorption temperatures of 100 °C, 150 °C, and 350 °
C. The results demonstrate a clear increase in the intensity of
peaks associated with both B and L acid sites as the NH; flow
rate increased. Notably, the characteristic L acid peaks at
1450 cm™ ' and 1600 cm™' became more pronounced, indi-
cating that NH; treatment not only facilitated the formation of
B acid sites but also significantly enhanced the quantity of L
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acid sites.®»** Additionally, it was observed that the sample
treated at an NH; flow rate of 2.5 ml min~* exhibited a marked
increase in the intensity of the L acid peaks. This detailed
analysis highlights the critical role of NH; flow rate in modu-
lating the acid properties of Nb,Os, with particular emphasis on
the enhancement of Lewis acidity, a key factor in catalytic
performance.

Fig. 9a presents the O 1s XPS spectra reveal two key oxygen
components in Nb,Os, lattice oxygen (O,) and oxygen vacancies
(O,). The detailed O 1s data under different ammonia flow rates
are presented in the Fig. S6.7 The O, component corresponds to
highly ordered lattice oxygen atoms bound to niobium, which
are stable and exhibit low reactivity.®® The O, component is
attributed to oxygen vacancies formed when Nb°>" is reduced to
Nb*" due to the loss of lattice oxygen. The presence of oxygen
vacancies leads to the formation of coordinatively unsaturated
metal centers, which are crucial for the catalytic properties of
the material. As ammonia flow rate increases, the oxygen
vacancy content initially rises, reaching a peak, and then
decreases at higher ammonia flow rates due to the loss of
surface-adsorbed oxygen. This volcano-shaped trend illustrates
that excessive reduction beyond a certain point disrupts the
balance of oxygen vacancies, thereby affecting the catalyst's
ability to activate reactants.

This relationship between oxygen vacancies and acidic sites
is further confirmed by the measurements of Brgnsted and
Lewis acid sites in Fig. 9b. The optimal number of both B acid
and L acid sites is achieved at an ammonia flow rate of 2
ml min~", where the oxygen vacancy content is maximized. The
formation of these vacancies not only reduces Nb>* to Nb** but
also facilitates the generation of a larger number of acidic sites.
Brensted acid sites (B acid) play a crucial role in activating DMA
by providing proton transfer pathways, enhancing the reactivity
of DMA with ammonia. On the other hand, Lewis acid sites (L
acid) assist in the adsorption and activation of electron-
donating molecules, promoting the overall reaction.

Raman spectroscopy further reveals the structural impact of
ammonia treatment on Nb,Os (Fig. 9¢), particularly at a flow
rate of 2 ml min~", where the signal intensity corresponding to
Nb-O-Nb bridging and edge sites is significantly enhanced.**%
This observation indicates that the strengthening of Nb-O-Nb
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Fig. 8 Infrared spectra of pyridine adsorption at different desorption temperatures after treatment with different ammonia flow rates: (a) 100 °C;

(b) 150 °C; (c) 350 °C.
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Fig. 9

bridging bonds and the increase in edge sites under this
condition promote the formation of oxygen vacancies.*®
Changes in these bridging and edge sites imply that the reor-
ganization of the Nb,Os surface structure is beneficial for
generating active sites, thereby enhancing the adsorption and
activation of reactants and ultimately improving catalytic
performance. Specifically, the enhancement of Nb-O-Nb
bridging and edge sites is closely linked to the increased
concentration of B acid sites, as these structural modifications
provide more binding sites for protons, thus augmenting the
strength and quantity of Brensted acid sites.®” This suggests
that the structural changes observed in Raman spectra are
directly correlated with the formation of B acid sites.

In the reaction of dimethyl adipate with ammonia to form
adiponitrile, an excess of B acid sites has a pronounced influ-
ence on the reaction mechanism.*®* The B acid sites activate
dimethyl adipate by providing proton transfer pathways,
thereby facilitating its reactivity with ammonia. However, when
B acid sites are in excess, the proton transfer reaction can
become overly intense, leading to the rapid activation of inter-
mediates and consequently accelerating adiponitrile formation.
The acceleration of this reaction pathway is closely related to
the formation of oxygen vacancies and the increased concen-
tration of B acid sites. The presence of oxygen vacancies not only
increases the number of active sites but also enhances the
adsorption and conversion of reactants through the increased
influence of surface Bronsted acid sites. Nevertheless, an excess
of both B acid and L acid sites may result in side reactions, such
as the over-acceleration of adiponitrile formation and rapid
carbon deposition, which can cover the catalyst surface and
hinder reactant adsorption, ultimately lowering the overall
catalytic efficiency. Therefore, it is essential to control an
appropriate ammonia-to-ester ratio during the reaction to avoid
the side reactions and carbon deposition associated with
excessive B and L acid sites.

4. Conclusion

This study systematically investigated the deactivation mecha-
nisms of Nb,Os catalysts in a fixed-bed reactor, revealing that
carbon deposition and structural phase transformations are the
primary contributors to catalyst deactivation. During the reac-
tion, carbon deposits evolved from monocyclic to polycyclic

2628 | RSC Sustainability, 2025, 3, 2619-2631

(a) The O 1s XPS spectra; (b) the different acid amount and the corresponding Ov ratio of the catalysts; and (c) the Raman shift.

aromatic hydrocarbons, leading to the blockage of critical acid
sites and diminished catalytic activity. Simultaneously, Nb,Os
underwent a phase transformation to Nb;,0,4, and catalyst
regeneration partially reversed this transformation, restoring
Nb,Os content and reducing Nb;,0,9. This phase change
facilitated the formation of oxygen vacancies, which created
unsaturated metal coordination sites, altering the catalyst's
acidity profile. The findings emphasize the importance of
maintaining moderate acidity to achieve efficient conversion
and high nitrile selectivity. Additionally, strategies to mitigate
coke formation and stabilize active catalyst sites are essential
for improving the stability, reusability, and overall performance
of Nb,Os catalysts.

Building on these findings, the study also highlights the
practical implications for large-scale industrial applications.
The stability and reusability of catalysts are crucial for opti-
mizing industrial production, particularly in the manufacture
of nitrile-based chemicals. This research provides a theoretical
basis for improving catalyst stability, reducing energy
consumption, and extending catalyst lifetime. By optimizing
ammonia flow rates and controlling acidic sites, future research
can enhance catalytic efficiency and minimize maintenance
costs, thus contributing to more efficient and sustainable
industrial processes.
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