Energy Proceedings

ISSN 2004-2965

Vol 40, 2024

Experimental and theoretical study on the NO reduction by H; over char
decorated with Ni at low temperatures

Kaixuan Feng?, Ruixiang Lin3, Yuyan Hu>?>", Yuheng Feng'?, Dezhen Chen'?, Tongcheng Cao*

1 Thermal and Environmental Engineering Institute, School of Mechanical Engineering, Tongji University, 1239 Siping Road, Shanghai
200092, China

2 Shanghai Engineering Research Center of Multi-Source Solid Wastes Co-processing and Energy Utilization, 1239 Siping Road,
Shanghai 200092, China
3 School of Chemistry, South China Normal University, Guangzhou 510006, China
4 School of Chemical Science and Engineering, Tongji University, 1239 Siping Road, Shanghai 200092, China
(*Corresponding author: yuyan1993@tongji.edu.cn)

ABSTRACT

In this study, we propose a reaction system for the
low-temperature reduction of NO by H, on carbon-based
materials decorated with 5 wt.% Ni. This cost-effective
catalyst system efficiently utilizes pyrolysis carbon-based
materials and hydrogen. Additionally, it yields
environmentally friendly products without requiring
extra heat sources in practical SCR process.

Density functional theory elucidates the mechanism
of NO heterogeneous reduction by H, on Ni-decorated
char. Two distinct reaction paths were identified, one
involving the intermediate product N,O and the other
not. These pathways exhibit different rate-
determination steps and activation energies. Kinetic
analysis indicates that the N,O byproduct pathway has a
lower activation energy. Experimental results
corroborate the theoretical findings.

Keywords: Char-based catalysis; NO reduction; Low-
temperature H,-Reduction; DFT study;

NONMENCLATURE
Abbreviations
DFT Density functional theory
TS Transition state
Symbols
AE activation energy

1. INTRODUCTION
Nitrogen oxides (NOy) are a category of pollutants

that pose severe hazards to the environment and human
health. They primarily originate from industrial
processes, automobile emissions, and activities such as
coal combustion. NOx emissions not only trigger
environmental issues like acid rain, photochemical smog,
and ozone pollution but are also closely linked to
respiratory diseases and cardiovascular problems.
Hence, the quest for effective NOx abatement
technologies is of paramount importance for improving
environmental quality and safeguarding human health.

Selective Catalytic Reduction (SCR) technology has
been widely employed to reduce NOyx emissions. The
fundamental principle of SCR involves introducing
ammonia (NHs3) or carbon monoxide (CO) from a
reducing atmosphere into a reactor, where they react
with NO,, converting it into harmless nitrogen gas (N3)
and water vapor (H,0). Although SCR technology has
achieved some success in NOy control, it still faces certain
challenges. Firstly, NH; and CO, as reducing agents,
require additional energy input!, potentially leading to
extra energy consumption and environmental impacts.
Secondly, the use of NH; and CO may result in the
emission of nitrogen compounds? and carbon oxides?,
adversely affecting atmospheric quality.

To address these issues, our study proposes a novel
approach, H,, as the reducing atmosphere*, coupled with
carbon-based materials loaded with low-cost transition
metal nickel (Ni) as active sites—to achieve the low-
temperature and highly efficient reduction of NO.
Hydrogen energy is a clean energy source with the
potential to play a significant role in reducing carbon
emissions and achieving sustainable energy supply, while
also reducing the need for additional energy in the SCR
process* 8,

# Thisis apaper for 15th International Conference on Applied Energy (ICAE2023), Dec. 3-7, 2023, Doha, Qatar.
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Fig. 1. Experimental device

Our research aims to explore and optimize the SCR
technology based on H, reduction of NO, providing a
more environmentally friendly and efficient solution for
reducing NOx emissions. Additionally, through quantum
chemical calculations simulating microscopic reaction
mechanisms, we have examined the reaction pathways
of NO. By developing this novel catalytic system, we
anticipate making significant progress in improving air
quality, reducing environmental hazards, and preserving
human health.

2. EXPERIMENTAL
2.1 Materials

In this study, commercial charcoal with a particle size
ranging from 10 to 24 mesh, obtained from various
sources such as wood chips, fruit shells, and coal through
processes including carbonization and activation
(provided by Aladdin), was used as the raw material. A
pure nitric acid reagent was diluted to a 5 wt.% solution,
and a total liquid volume of 10 mL/g of the sample was
employed for the extraction process. The commercial
charcoal was immersed in this solution to eliminate
impurities, such as metals and minerals.

Subsequently,m agnetic stirring was carried out at
room temperature for two hours, followed by overnight
drying at 105 °C.

The charcoal was then cleaned with plasma water
until the pH of washing water stabilized at 6-7, effectively
removing any excess modifier. Finally, the resulting
material was dried for 12 hours at 105 °C in an oven,

resulting in the production of the catalyst precursor,
which is referred to as "pristine-char."

2.2 Preparations of catalysts

The transition metal-supported char catalyst was
prepared by impregnation, using pristine-char as the
carrier. In a typical process, a certain amount of metal
nitrate was added to deionized water. Subsequently,
pristine-char was impregnated with the aqueous
solution, with a metal content of 5 wt.%.

The mixture was stirred magnetically at room
temperature for 2 hours. Afterward, the mixture was
dried for 12 hours at 105°C and then calcined for an
additional two hours at 400°C, with a flow rate of 400
mL/min in a nitrogen environment. The calcined sample
was then reduced for 2 hours at 250°C, with a flow rate
of 250 mL/min of H,. The resulting catalyst is referred to
as Metal-char in this study. To determine the actual
metal content on the catalyst, the concentration of
transition metals in the solution was measured using an
ICP-MS 7700 inductively coupled plasma mass
spectrometer (Agilent, USA) and found to be 4.8 wt.

2.3 Experimental system

As depicted in Figure 1, the experimental setup
comprises a furnace body, temperature control system,
gas distribution system, and a sampling and flue gas
analysis system. The furnace body is a vertically oriented
tubular electric heating furnace equipped with a PID
intelligent temperature control system. Inside the
furnace, a metal tube with excellent airtightness,



measuring 270 mm in length and having an inner
diameter of 50 mm, serves as the reactor. For each
experiment, 2g of catalyst is added and secured using
quartz cotton. The total flow rate of the reaction gas is
set at 3.2 L/min, with a GHSV (Gas Hourly Space Velocity)
of 45,000 h™2.

To maintain precise control, the mass flow of the
reaction gas is regulated to achieve gas concentrations of
400 ppm NO and 2000 ppm H,, while N, is introduced as
the balance gas during the catalytic activity experiment.
The mass flow meter is highly accurate, with a precision
of 0.01 sccm. The online recording of outlet NO
concentration is performed using the Gasmet Dx4000
analyzer, which offers a rapid response time of 0.001-0.1
seconds and an accuracy of 0.01 ppmv. The catalytic
activity is assessed using the NO reduction rate (%),
calculated using the following formula:

= —Nzof;‘;‘fzowf x 100 (1)
2Yin

XN,0 =

To eliminate the influence of char adsorption on its
catalytic activity evaluation, the sample needs to reach
the saturated adsorption of NO before the catalytic
reaction begins. During this process, N; is used instead of
H,. Once the NO concentration in the outlet flue gas
returns to its initial level, H, is introduced into the reactor
to initiate the catalytic reaction. The NO reduction rate is
then recorded once it stabilizes at different
temperatures.

2.4 Experimental result
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Fig. 2. The reduction rate of NO under different reaction
conditions and temperatures

Fig.2 shows the reduction rate of NO under different
reaction conditions and temperatures. It is evident that
on the pristine-char surface, there is a certain level of NO
reduction at a temperature of 200°C, which might be
attributed to the inherent reduction capability of the

carbon structure itself. However, upon loading Ni as
active sites onto the char surface, the NO reduction rate
significantly increases. After Ni loading, below 150°C, the
catalyst's reduction rate goes from 0% to 20%.
Nevertheless, it's worth noting that the catalytic
efficiency of Ni active sites is limited.

Between 150°C and 240°C, the reduction rate of NO
notably increases to 50%. This could be attributed to an
increased reaction rate within this temperature range,
where Ni active sites more effectively catalyze the
reduction of NO.

When introducing H, as a reducing atmosphere, the
reduction rate of NO significantly enhances. Below
150°C, the reduction rate increases to 50%, and between
150°C and 240°C, it further escalates to 90%. This
indicates that the synergistic effect of H, and Ni can
substantially promote the reduction of NO.

3. SIMULATION
3.1 Methods

Results should be clear and concise. Density
functional theory (DFT) is a widely used method to study
the electronic structure of multi-electron systems and
surface reaction mechanisms on atomic level. DFT-based
functional and basis set of moderate precision is
reasonable while calculating both geometry optimization
and vibrational frequency. The PEBO functional® and
basis set def2-SVP? (of double zeta (DZ) quality) have
been studied herein to calculate stable configurations of
reactants, intermediates, products, and transition states
for specific surface reaction processes. For each
configuration, information about structural vibrations
could be obtained by performing vibrational frequency
calculations. To ensure the stability of the structure,
there was no imaginary frequency for the reactants,
intermediates, and products. To ensure the correctness
of the transition states (TSs), there was only one
imaginary frequency for each TS, and the corresponding
vibrational direction was consistent with the reaction
direction. To better describe the dispersion effect, all
calculations in the present research were based on the
DFT-D3 (BJ)*! method, which is significantly improved the
calculation accuracy and also the most successful and
popular one method proposed by Grimme. All
calculations were performed using Gaussian162.

After obtaining the complete reaction paths, kinetic
analyses were carried out. The certain transition states
and reactants were thermodynamically analyzed to
obtain partition function (with the valley bottom of
potential energy surface as the zero point) based on



Shermo®® during temperatures from 300 to 1000 K,
which is within the temperature range of the
experiment. The reaction rate constants are calculated
by using the TSTcaIcuIator14 based on eq. 2 and eq. 3.

K= kaT Qs

h Q.0 EXP( a) (2)
F:1+(i)x(hvch @)
24 KT
—AE
k(T)= A-exp(ﬁj (4)

Here, I is the quantum tunneling correction factor
(which can be calculated according to eq. 3), ks is the
Boltzmann’s constant, T is the reaction temperature, h is
the Planck’s constant, and Qrs, Qa, and Qg are the
partition functions of the TS, reactant A, and reactant B,
respectively. E, is the energy barriers for each reaction
step, which is identical to the energy difference between
the reactant and transition state, and R is the universal
gas constant. In eq. 2, v is the imaginary frequency of
the transition state, and c is the speed of light.

Then, linear relationship between the natural
logarithm of the reaction rate constant (/Ink) and 1000/T
can be obtained, the linear function satisfies Arrhenius
equation (eq. 4), where A is the pre-exponential factor
and AE is the activation energy. As the result, for each
elementary reaction, the activation energy, and pre-
exponential factor can then be obtained through the
intercept and slope in linear relationship.

3.2 Models
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Fig. 3. The model of Ni-char(M)

Char models, with 3 to 7 benzene rings®® (see Fig. 3),
are used for quantum chemical calculations to simulate
relevant reaction mechanisms on a char surface, and the
results were found consistent with the literatures®°,
Fig. 3 shows the char model after being decorated with
the transition metal. The purple atom represents the Ni
atom which loaded on the middle two C sites 2°723, and

the rest C sites on the benzene ring is completely closed
by the H atom to simulate the relevant reaction in the
hydrogen environment.

3.3 Reaction pathways
3.3.1 The reduction of NO

In Fig. 4, the electrostatic potential®® of Ni-char is
depicted by Multiwfn?® and VMD?. In this
representation, blue areas indicate a negative
electrostatic potential, while red areas represent a
positive electrostatic potential. It is evident from the
figure that the electrostatic potential at the Ni sites is
notably high.
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Fig. 4. Electrostatic potential of Ni-char(M)

During the NO reduction process, it involves two
reaction pathways, as shown in Fig.5. Considering that in
NO molecules, the N atom carries a positive charge, and
the O atom carries a negative charge, NO tends to
preferentially adsorb in an "O-down" mode on the Ni
sites. This results in the formation of the M1 structure
and release the energy of 41.1 kl/mol.

Next, the second NO molecule similarly adsorbs onto
the Ni site in an "O-down" mode, forming the M2
structure. At this point, a substantial amount of energy,
283.5 kl/mol, is released. This is attributed not only to
the adsorption of the second NO molecule but also to the
formation of stable chemical bonds between the N1 and
N2 atoms within the M2 structure, thereby
strengthening the interactions between the two O atoms
and the Ni atom.

Subsequently, the reduction process of NO takes
place, where the stable M2 structure surpasses a
transition state TS1 with an energy barrier of 100.8
kl/mol. At this stage, two products emerge (1IM3 and
2M3), leading to the differentiation of NO reduction into
distinct reaction pathways (reaction 1 and reaction 2).

The spin states differ between the 1M3 and 2M3
structures, with a spin of 2 for the 1M3 structure and a
spin of 4 for the 2M3 structure. A lower spin state leads
to increased stability of the electronic system.



Consequently, in the structure, a noticeable bonding
occurs between 01 and Ni atoms, resulting in the entire
system lying in the same plane.
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Fig. 5. Two reaction pathways involved in NO reduction
process

In the 2M3 structure, the higher spin state
contributes to relative instability in the configuration.
The 0O1-N2 bond breaks and there is a noticeable
dihedral angle between 01-N1-N2 and Ni-char, causing
them not to lie in the same plane. As a result, the relative
energy of the 2M3 structure is higher than that of the
1M3 structure (-225.6 kl/mol vs. -254.1 ki/mol). Table 1
shows the Mayer bond levels?” between some important
atoms. The bond between 01 and Ni weakens
noticeably, and the interaction between the 01 and N1
atom is stronger.

Table.1. Mayer bond levels between some important

atoms
Mayer bond 1M3 2M3
Ni-O1 0.09 0.05
Ni-02 0.46 0.35
01-N1 0.77 1.00
N1-N2 1.13 1.14

In order to guess the next reaction process, flexible
scanning was performed on the 1M3 and 2M3 structures
to record the total energy change of the system as the
number of O1-Ni atoms gradually increased, as shown in
the Fig. 6.

During the scanning process, it can be observed that
the 1M3 and 2M3 structures exhibit significantly
contrasting trends in energy changes. As the N2-N1-01
fragment dissociates, the energy of the 1M3 structure
steadily increases, indicating that the 1M3 structure
cannot spontaneously dissociate from N,O.

Therefore, for the 1M3 structure, the next step in the
reaction can only involve the removal of N, leading

directly to the formation of the M6 structure. The 1M3
structure subsequently absorbs a significant amount of
heat (170.6 kJ/mol) to cross the second transition state,
1TS2. This process results in the release of N, and the
formation of product M6, with both O atoms remaining
on the catalyst's surface, which indicates that the
reduction of NO leads to the oxidation of Ni atoms.

-2724.800

1M3

-2724.804 | T
\ ——2M3

-2724.808

-2724.812 |

-2724.816 3

2724.820 N B s

Total Energy (Hartree)

-2724.824

-2724.828 -

i [N TRURS S U S SRR SIS S U S

22 23 24 25 26 27 28 29 30 31 32 33
Distance between Ni-O1 atoms (nm)

Fig. 6. Flexible Scanning the length of N1-O1 Bond in
1M2 and 2M2

In contrast, for the 2M3 structure, the energy
exhibits a sudden decrease, followed by a subtle rise with
minor fluctuations. The slight energy increase may be
associated with weak interactions between the O atom
and hydrogen atoms on the C structure. Flexible scans
further confirm the strong propensity of the 2M3
structure for the direct dissociation of the N,O fragment,
aligning well with experimental observations?®?°, N,O
can be released independently during this process.
Flexible scanning confirms the self-release of N,O.
Following this, N,O re-adsorbs onto the catalyst's surface
in an "O-down" fashion to form the 2M4 structure. This
structure requires crossing a transition state of only 26.3
kl/mol to complete the release of N, and generate
product M6.

Reaction 2 generates an intermediate product, N>O,
during the reduction of NO. Subsequently, it undergoes
the reduction of N;0, and N,O is readmitted to the Ni site
to form 2MB5. This structure is similar to 1M2 and 2M?2
structures but possesses lower energy. In Fig.7, we
present the weak interactions®® of 1IM2, 2M2, and 2M5.
It can be observed that the interaction between O1 and
Ni atoms in the 2M5 structure is the strongest, forming a
stable chemical bond, which is absent in the 1M2 and
2M2 structures. Due to the strong interaction between
01 and Ni, the Mayer bond order between O1 and Ni is
weakened, requiring few amount of energy to release
the N2 molecule.
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The potential energy surface during the reaction
process, depicting the relative energy of reactants,
transition states, and products, is illustrated in the Fig 8.
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3.3.2 The generation of H,0O

At this stage, both Reaction 1 and Reaction 2 have
resulted in the formation of the M6 structure. This is due
to the reducing atmosphere of H,, where free hydrogen
atoms adsorb onto two oxygen sites, creating the M7
structure (see in Fig.9). Subsequently, M7 undergoes a
transition state where a hydrogen atom transfers from
one oxygen atom to another, leading to the formation of
H>0 molecules that escape. As a result, the char surface
retains only one oxygen atom, allowing the reaction to
continue.
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Fig. 9. Potential energy surface during H20 generation
process

3.4 Kinetic characteristics

After calculating the complete reaction path, we
conduct kinetic analysis for each reaction pathway to
obtain the activation energy and pre-exponential factor.
For the reaction pathways of NO reduction by H, on
pristine-char and transition metal decorated char, the
rate-determining step is selected respectively.

The step of (IM3->1TS2->P) is the rate-determining
step in reaction pathway 1. The step of (M2->TS1->2M3)
is the rate-determining step in reaction pathway 2.

Several steps are taken for the rate-determination
steps in various reaction processes, including (1)
selecting the reactants and transition state structures in
the rate-determination steps, (2) calculating the
partition function at different temperatures based on
Shermo®®, and (3) obtaining the reaction rate K at
different temperature points through TST calculator
based on formulas (1) and (2). The linear relationship
between the natural logarithm of the reaction rate
constant(Ink) and 1000/T can be obtained, as shown in
Fig. 10. The linear function satisfies the Arrhenius
equation (Eq. 3), where A is the pre-exponential factor,
AE is the activation energy. As a result, the activation
energy and pre-exponential factor can be obtained from
the intercept and slope of the linear relationship for each
rate-determination step, given in Table 2.
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Fig. 10. Calculated rate constants in the temperature
range 300 K~1000 K




Table.2. Kinetic parameters for the Arrhenius
expression of the rate-determining steps

Reactionl Reaction2
Activation Energy,
Ea (kJ-mol?) 163.7 1018
Pre-exponential 7 26E+13 8.23E+13

factor, A (s?)

From Fig.10 and Table 2, it is evident that the
reaction2 exhibits a higher reaction rate, lower activation
energy (101.8kJ/mol vs. 163.7 kl/mol), and a higher pre-
exponential factor (8.23E+13 vs. 7.26E+13). This
indicates that during the reduction of NO, there is a
preference for the formation of intermediate product
N20. However, it is important to note that in
experiments and numerous literature sources, the
accumulation of N>O during the NO reduction process
has not been observed. This is because the consumption
rate of N,O is significantly faster than its production rate.
Theoretically, we have found that the reduction of N20
to Nz only requires overcoming an energy barrier of 26.3
kJ/mol, whereas the formation of N,O requires an energy
barrier of 100.8 kJ/mol. According to some experimental
data?®??, the content of N,O will at first increase in the
denitration process, and then rapidly become
decomposed. The here presented simulated results is
consistent with these experimental observations.

4., CONCLUSION

In this study, we have successfully demonstrated
that carbon-based materials loaded with nickel (Ni)
catalysts, in the presence of hydrogen gas (Ha),
effectively catalyze the reduction of nitrogen oxides
(NOy). Our experimental results highlight the promising
applications of this catalytic system, allowing for the
efficient utilization of waste hydrogen and discarded
carbon materials. Notably, this system operates at low
reaction temperatures and offers cost-effective
advantages while producing environmentally friendly
byproducts.

During the course of these reactions, we have
identified two distinct reaction pathways. Although the
reduction of NO can proceed through various routes, our
research indicates a pronounced preference for the
reduction of NO into nitrous oxide (N,O). This finding is
of paramount importance for understanding the reaction
mechanisms and optimizing the catalytic process. These
pathways exhibit varying activation energies, with one
pathway leading to the formation of N,O as an
intermediate product, while the other does not.

Consequently, our results strongly suggest that the
reduction of NO is inclined towards the generation of the
intermediate N,O, offering valuable insights for further
process optimization and control.

In summary, the outcomes of this study provide a
novel theoretical and experimental foundation for the
design and application of carbon-based materials loaded
with Ni catalysts. These findings hold great promise for
making substantial contributions to environmental
protection and resource utilization. Future research
endeavors can delve deeper into elucidating reaction
mechanisms to enhance catalytic efficiency and
selectivity, thus better aligning with the needs of both
industrial and environmental sectors.
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