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ARTICLE INFO ABSTRACT

Keywords: Activated carbon can be used to control NO, emissions in low-temperature flue gas, while improving its per-
NO formance is challenging. NO adsorption on activated carbon was found significantly promoted with the presence

Activated carbon of O,. Based on the analysis of NO adsorption characteristics under different atmospheres and corresponding

gd.sggzzn desorption characteristics, NO oxidation, NO, migration and further conversion on activated carbon are pro-

xil . . - . . . -

NO posed to cause the significant increase in NO adsorption capacity. Quantum chemical calculations conducted on
2 . . - e

Flue gas the adsorption and reaction pathways of NO, O2, and NO; on different carbonaceous models clarified that the

pathway of Oz-promoted NO adsorption on activated carbon can be divided into two stages. In the first stage, Oz
adsorbs on active carbon atoms near the hydroxyl functional group and undergoes an oxidation reaction with
gaseous NO to generate NO». In the second stage, the desorbed NO3, is re-absorbed on the saturated carbon atoms;
the N-down adsorption configuration of NO5 will not convert, while the O-down adsorption configuration of NO5
will oxidize the active site to form C-O and release NO; the C-O further reacts with the gaseous NO; to form NOj
which stably remains. There are two types of active sites involved in the pathway. The active carbon atoms near
the hydroxyl functional groups mainly play a catalytic role in the oxidation of NO, while the saturated carbon
atoms mainly store nitrogen-containing components. The results can help improve the performance of activated

carbon in adsorbing NO in low-temperature flue gas.

1. Introduction

Nitrogen oxides (NO,) are one of the main pollutants in the flue gas
emitted from coal-fired power plants [1,2]. Current coal-fired power
plants commonly use selective catalytic reduction (SCR) technology to
control NO, emissions [3]. However, when the technology is applied to
flue gases from industrial boilers and kilns, it encounters a series of
problems, such as a decrease in catalyst activity caused by low flue gas
temperatures at the location where the SCR can be installed, catalyst
poisoning caused by complex flue gas components, and high ammonia
escape issues [4]. Therefore, more suitable technologies need to be
developed for industrial flue gases with low temperatures and complex
components.

Activated carbon (AC) is used to adsorb gaseous pollutants and is
often used in industries such as metallurgy to control NO, in flue gases
[5]. In the metallurgical industry, the method achieves NO, emissions
below 100 mg-Nm 3. With increasing concern for air quality, emission
limits for industrial flue gas pollutants are becoming more restrictive; for
example, the ultralow emission standards promoted in China require

industrial flue gas NOy emissions to be less than 50 mg-Nm~> [6].
Therefore, the adsorption performance of AC needs to be further
improved to achieve high efficiency and economy in NO, emission
control.

NOy in industrial flue gases is mainly in the form of NO. Experimental
studies revealed that the adsorption of NO over AC at room temperature
was weak (<0.01 mmol-g’1 [7-9]). However, when NO coexisted with
O,, the adsorption of NO by AC was significantly enhanced, and the
adsorption capacity reached 1.62 rnmol~g_1 [8]. This was 213 times
larger than that of NO adsorption alone, and NOy appeared in the
adsorbed gas products. The study of NO2 adsorption over carbon black,
wood-based activated carbon, and date pit charcoal at room tempera-
ture revealed that the adsorption capacity of NO was large (0.31-6.15
mmol-g~! [10-12]) and comparable to the NO adsorption capacity over
AC when coexisting with O,. This suggests that the oxidation of NO is
responsible for the significant enhancement of its adsorption.

When NO and O3 coexist in the gas phase at room temperature and
reach thermodynamic equilibrium, NO is fully oxidized to NOy. How-
ever, in the flowing flue gas, due to the short residence time, the
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oxidation rate of NO in the gas phase was very low (only 1.6 % [13]). In
the presence of Oy, NO3 was found in the product gas of NO adsorption
over AC, indicating that the oxidation of NO occurred on the surface of
AC [13,14]. NO oxidation experiments carried out at room temperature
over polycrylonitrile-based activated carbon fibers, pitch-based acti-
vated carbon fibers, and coconut-based activated carbon revealed that
the oxidation rate of NO reached 42.7 %, 86.5 %, and 80.7 %, respec-
tively, when AC adsorption was saturated [15-17]. The oxidizing ac-
tivity of NO varies significantly over different ACs.

The first step in the NO oxidation reaction is the adsorption of the
reacting gas. Researchers [18-23] investigated the adsorption of NO and
O, on carbonaceous models containing unsaturated carbon atoms,
oxygen-containing functional groups, and nitrogen-containing func-
tional groups as well as on pristine carbonaceous models and found that
unsaturated carbon atoms and atoms with strong electron-donating
ability could serve as active sites for the adsorption of NO or Oz. By
transition state calculations, adsorbed NO was able to react with gaseous
0., and adsorbed O, was able to react with gaseous NO, following the E-
R mechanism [22-24]. In addition, adsorbed NO could also react with
adsorbed Oy or with adsorbed and dissociated O, following the L-H
mechanism [24]. Both NO oxidation reaction mechanisms may occur
over AC.

At the initial stage of NO adsorption over AC in an oxygen atmo-
sphere, NO, did not appear in the product gas. This suggested that after
the oxidation of NO occurred on the surface of the AC, the generated
NO3(ad) was not desorbed [25]. Desorption experiments on AC samples
adsorbed for some time in a NO + Oy atmosphere showed that the
amounts of CO and CO; in the desorbed gases were significantly higher
than those of AC samples left in air for the same time. This indicated that
NO, generated from NO oxidation on the surface of AC underwent
subsequent transformations that promoted the formation of carbon-
-oxygen functional groups, which were desorbed as CO and CO; in
desorption experiments [25-27]. By analyzing the NO adsorption and
oxidation reaction stages, Mochida [28] pointed out that NOs(ad)
generated from NO oxidation needed to undergo multiple conversion
steps before it was released into the gas phase and speculated that
NOs(ad) was converted to (NO-O-NO»),q first, and then (NO-O-NO-).q4
was converted to generate NOy(g). Based on Mochida’s study, Adapa
[29] proposed that NOy(ad) was successively converted to NOs(ad) and
NO-NOs(ad), and subsequently, NO-NOs(ad) was converted to NO2(g).
The proposed NO2(ad) conversion pathway has also been adopted by
several researchers to understand the adsorption behavior of NO on
sludge carbon and nitrogen-doped porous carbon [30,31]. However, in
the in situ DRIFTS experiment [2,32], it was found that C-NO5 and NO3
functional groups appeared on the AC during the adsorption process,
which means that the above speculation about the NOy(ad) conversion
pathway and intermediate products still needs further exploration.

The experiments of NO adsorption over AC find that the presence of
O, can significantly promote the adsorption of NO. However, the current
understanding of the mechanism of NO oxidation and NOy(ad) conver-
sion cannot explain this phenomenon. Existing mechanistic research
suggests that the active site where NO oxidation occurs can adsorb both
NO and O, and the NO; generated after oxidation only undergoes
subsequent conversion at this site, without involving other active sites
that can adsorb NO,. Therefore, it cannot explain why more NO is
adsorbed in an atmosphere with oxygen. Exploring the promotion
mechanism of O, on the adsorption of NO on AC is of great significance
for regulating the structure of AC and developing high-performance
adsorbents. Therefore, this article adopted an isothermal adsorption
experimental system and a fixed-bed desorption experimental system to
conduct NO adsorption and desorption experiments under different at-
mospheres and studied the influence of O, on NO adsorption and
desorption characteristics. Combining the in situ DRIFTS experiment of
NO adsorption over AC, we explored the intermediate products and
possible reaction pathways involved in the NO adsorption process on the
surface of AC in the presence of O,. Using quantum chemical
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calculations to investigate the adsorption of NO, O,, and NO3 on AC, we
further calculated the reaction pathways at each active site and ulti-
mately revealed the promoting mechanism of O, on NO adsorption over
AC.

2. Method
2.1. Experimental

2.1.1. Sample

The AC sample used in the experiment was produced by Shanghai
Aladdin Biochemical Technology Co., Ltd. (CAS: 64365-11-3). Before
the adsorption experiment, the AC was degassed at 200 °C for 2 h to
remove water and volatile organic compounds adsorbed in the pores.
The specific surface area, specific pore volume, and average pore
diameter of the sample degassed are 1036.7 m?g %, 0.451 cm®.g ™%, and
2.005 nm, respectively.

2.1.2. Adsorption experiments

The isothermal adsorption experimental system is shown in Fig. 1. U-
shaped tube made of quartz material (inner diameter ¢ 6 mm, length
250 mm) as the reactor. The U-shaped tube was placed in the isothermal
water bath, and 0.04 g of AC sample was placed at the lowest end of the
straight section of the U-shaped tube for the experiment. Both ends of
the sample are filled with analytically pure quartz wool to ensure that
the sample does not flow with the airflow. By measuring the tempera-
ture distribution inside the U-shaped tube under flowing conditions, the
temperature distribution in the area where the sample is located is
uniform and can be stable at 30 °C. The total flow rate of gas at the inlet
of the reactor was 200 NmL-min !, consisting of three gases: NO, 02,
and Nj. The flow rate of each gas is accurately controlled by mass flow
controllers. After the three gases are mixed, they first pass through a
preheating section in a constant-temperature water bath to reach 30 °C
before entering a U-shaped tube. The concentrations of NO and NO, at
the reactor outlet were analyzed using a Fourier transform infrared
spectrometer (FTIR; Nicolet 6700, Thermo Fisher Scientific, USA), with
a measurement error of < 3 %.

To study the effect of Oy on the adsorption characteristics of NO,
three experimental conditions are set up, namely, the introduction of
300 ppm NO, pre-adsorption of 5 % O, for 1 h, followed by the intro-
duction of 300 ppm NO, and the introduction of 300 ppm NO and 5 %
O,. The three experimental conditions are abbreviated as “NO”, “Oo-
NO”, and “NO + O”. The adsorption under the above three conditions
reached saturation after 3, 5, and 360 min, respectively. Once the
adsorption reached saturation, the experiment would be ended.

After the adsorption experiment was completed, based on the con-
centration of NO and NOs, at the outlet of the reactor measured by FTIR,
the NO, adsorption amount was calculated using Eq. (1).

" (Cxoin - CNoout — Cnojou) X 106 xQ
Mo = [ ( %
0 m X m

)dt (€8]

where Nyo,  represents the amount of NOy adsorbed on AC at adsorption
time t (mmol-g’l), and Cno,in, CNo,out and Cno, out represent the NO
concentration at the reactor inlet, NO concentration and NO;, concen-
tration (ppm) at the reactor outlet, respectively. Q represents the gas
flow rate (NmL~s’1), Vm represents the molar volume at 0 °C (22.4
1-mol™1), and m represents the weight of the loaded sample (g).

In situ DRIFTS experiments were conducted to observe the changes
in functional groups on the surface of AC during the adsorption process.
After mixing the AC sample powder with spectral pure KBr, it was placed
in a PIKE DRIFT cell, and the spectrum was collected using an FTIR
spectrophotometer to characterize the adsorption configuration on the
surface of the AC during the adsorption process. Reaction conditions
were set selectively: 300 ppm NO, 5 vol% Og, Ny balance with 200
NmL-min~!. All spectra were recorded from 650 to 4000 cm ' by
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Fig. 1. Schematic diagram of the isothermal adsorption experimental system.

accumulating 32 scans with a resolution of 4 cm ™.

An X-ray photoelectron spectrometer (XPS; ESCALAB 250Xi, Ther-
moFisher, U.K.) apparatus with an Al Ko anode was used to analyze the
binding energy of O1ls of AC. The XPS profile was calibrated using the
Cls (284.8 eV) profile.

2.1.3. Desorption experiments

The fixed-bed experimental system used in the desorption experi-
ment is shown in Fig. 2. The reactor consists of an outer quartz tube and
an inner quartz tube, which are sealed with rubber plugs. A movable
quartz tray is placed at the top of the inner quartz tube and sealed with
frosting. The inner diameter of the outer quartz tube is 45 mm, and the
inner diameter of the quartz tray is 35 mm. The quartz tray is located in
the isothermal zone of the furnace body. The bottom of the quartz tray
was equipped with a quartz sieve plate and a high-purity quartz filter
membrane (MK360, Munktell, Sweden), which was used to stack the
experimental samples. The heating program of the electric furnace was
set to raise the experimental sample from room temperature to 500 °C at

S >

= >

MEC

Thermocouple /

a heating rate of 2 °C-min~'. Purge with Ny at a flow rate of 200
NmL-min~'. An FTIR spectrometer was used to detect the concentrations
of NO and NO; at the experimental outlet.

The sample used in the desorption experiment was the AC sample
after the adsorption experiment was completed. The adsorption exper-
iment found that under two operating conditions: the introduction of
300 ppm NO and the pre-adsorption of 5 % O, for 1 h, followed by the
introduction of 300 ppm NO, AC adsorption reached saturation within 5
min. However, with the introduction of 300 ppm NO + 5 % O, it took
approximately 360 min to reach adsorption saturation. Therefore, seven
types of samples were prepared for the desorption experiment, namely,
AC samples that reached adsorption saturation under the above three
adsorption conditions and AC samples that adsorbed for 5, 20, 70 and
110 min under 300 ppm NO + 5 % O, atmosphere, abbreviated as ACyo,
ACo,-No> ACN0+0,5 ACNO+0,-5 mins ACNO+0,-20 mins ACNO+0,-70 min and
ACno0+0,-110 min, respectively.

Outer quartz tube

|
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Fig. 2. Schematic diagram of the fixed-bed experimental system.
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2.2. Calculation details

2.2.1. Structural models

The original AC sample was analyzed by XPS and the O1s spectra are
shown in Fig. 3. The spectra can be resolved in three peaks centered at
531.3-531.3 eV, 532.1-532.3 eV, and 532.2-532.8 eV, corresponding to
C = O of carbonyl, C = O of lactone, and C-O of phenolic hydroxyl/ether
[23,33], respectively. This indicated the presence of oxygen-containing
functional groups such as carbonyl, lactone, phenolic hydroxyl, or ether
groups on the surface of AC.

Considering the amorphous properties of AC, a typical structural unit
of an amorphous carbon-based cluster model is constructed. According
to references [18,34,35], a carbonaceous structure model containing
seven aromatic rings is sufficient to ignore the impact of edge effects on
computational accuracy. Considering both computational accuracy and
efficiency, a pristine carbonaceous model containing seven aromatic
rings was constructed to study the promotion mechanism of O, on NO
adsorption, as shown in Fig. 4a. Unsaturated carbon atoms are intrinsic
defect sites generated under external forces or during the preparation of
carbon materials (such as ball milling). Therefore, based on the pristine
carbonaceous model, a carbonaceous model containing unsaturated
carbon atoms is constructed, as shown in Fig. 4b. In addition to unsat-
urated carbon atoms, raw materials, posttreatment processes, and
oxidation atmospheres may introduce oxygen-containing functional
groups on AC, which can have an impact on NO oxidation on AC.
Therefore, combined with the results of XPS characterization, carbo-
naceous models containing carbonyl, hydroxyl, lactone, and ether
groups are constructed based on the pristine carbonaceous model, as
shown in Fig. 4c—f [22-24,34-36]. These carbonaceous models are used
to study the adsorption and conversion processes of NO, Oy, and NO5 on
AC.

Before conducting adsorption calculations, it is necessary to first
determine the active sites on these carbonaceous models. On the
carbonaceous model containing unsaturated carbon atoms, the unsatu-
rated carbon atoms (carbon atoms in the red circle) are the active sites of
the model (Fig. 4b). For other carbonaceous models, the electron-
donating ability of carbon surface atoms can be analyzed by calcu-
lating the electrophilic Fukui function, and atoms with strong electron-
donating ability can be used as active sites for adsorption calculations
[37,38]. Electrophilic Fukui functions of carbonaceous models are
calculated using Multiwfn 3.7 [39]. After analysis, the Fukui function
value of the carbon atom (carbon atom at the red circle) located at the

= QOriginal Curve
——— Fitting Curve
Substrate Line

[ carbonyl
Lactone
Phenol and ether

Intensity / a.u.

536 534 532 530 528
Binding energy / eV

Fig. 3. High-resolution O1 s spectra of AC.
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edge of the pristine carbonaceous model (Fig. 4a) is higher, while the
oxygen atom of the carbonyl group (oxygen atoms at the red circle) has a
higher Fukui function value on the carbonaceous model containing the
carbonyl group (Fig. 4c). The carbonaceous model containing a hy-
droxyl group (Fig. 4d) has a higher Fukui function value for the edge
carbon atom (carbon atom at the red circle) that is farther away from the
hydroxyl group, while the carbonaceous model containing a lactone
group (Fig. 4e) has a higher Fukui function value for the double bond
oxygen atom (oxygen atom at the red circle) in the lactone group. The
carbonaceous model containing an ether group (Fig. 4f) has a higher
Fukui function value for the carbon atom (carbon atom at the red circle)
adjacent to oxygen atom. Therefore, in the following calculations, the
atoms at the red circle will be used as the active sites of the carbonaceous
models for the adsorption calculation of NO, O3, and NO,.

2.2.2. Computational methods

Gaussian 09 was employed to complete all calculations in this study
[40]. The B3LYP method is combined with the 6-31G (d) basis set to
perform geometric optimization and frequency calculation, ensuring
that the optimized structures are energy-minimum structures without
any imaginary frequency. Calculate the transition state of the reaction
path using the quadratic synchronous transit (QST) method. Frequency
analysis is used to ensure that there is only one imaginary frequency in
the transition state structure. Perform intrinsic reaction coordinate (IRC)
calculations on the calculated transition states to ensure that each
transition state corresponds to adjacent minimum energy structures. The
single-point energies are obtained at the B3LYP/6-311G(d,p) level for
adsorption energy calculation.

The adsorption energy of the adsorption process is calculated using
Eq. (2):

Eq = Ecomplcx - Egns - E nodel (2)
where E,q represents the adsorption energy (kJ-mol ™). Ecomplex> Egas
and Epogel represent the single point energies (kJ-mol™!) of the
adsorption configuration formed after gas molecule adsorption, the gas
molecule, and the carbonaceous model, respectively.

3. Results and discussion
3.1. Effect of Oz on NO adsorption and desorption characteristics

The dynamic adsorption characteristic curves obtained by con-
ducting AC adsorption experiments under NO and NO + O3 atmospheres
and pre-adsorption of Oy followed by NO atmosphere are shown in
Fig. 5. When 300 ppm NO was introduced into the reactor inlet, only NO
was detected in the gas at the reactor outlet, and the NO concentration
rapidly increased from 184 ppm at the beginning of the reaction to 300
ppm at the inlet after 3 min. At this time, the adsorption of NO on AC
reached saturation, with an adsorption capacity of only 0.016 mmol-g %,
indicating that the number of active sites directly adsorbing NO on AC
was small. When 300 ppm NO + 5 % O, was introduced into the reactor
inlet, NO and NO; were detected in the gas at the reactor outlet. The NO
concentration rapidly increased from 248 ppm at the beginning of the
reaction to approximately 271 ppm at 25 min, followed by a slow in-
crease, reaching a maximum of 279 ppm at 108 min. Then, it slowly
decreased and gradually flattened out, stabilizing at 265 ppm after 360
min. At the initial stage of adsorption, the NO, concentration in the
outlet gas was 0. After 10 min of adsorption, the NOy concentration
began to rise and gradually stabilized. At 360 min, the NO, concentra-
tion stabilized at 31 ppm. At this point, the sum of NO and NO; con-
centrations in the outlet gas of the reactor was 296 ppm, which was
equivalent to the inlet NO concentration. This indicated that the
adsorption of AC reached saturation under an atmosphere of 300 ppm
NO + 5 % O3 in the inlet gas, with an adsorption capacity of 1.55
mmol-g~!. At this time, the oxidation rate of NO was 11.66 %.
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Fig. 4. (a) pristine carbonaceous model, (b) carbonaceous models containing unsaturated carbon atoms, (c) carbonyl functional group, (d) hydroxyl functional

group, (e) lactone functional group, and (f) ether functional group.
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Fig. 5. NO and NO, concentrations in the outlet gas versus time during AC
adsorption process. (NO: adsorption under 300 ppm NO, O5-NO: adsorption
under 300 ppm NO after 1 h of pre-adsorption under 5 % O,, NO + Oy:
adsorption under 300 ppm NO + 5 % O5).

In the presence of oxygen, the surface of AC underwent significant
NO oxidation, thereby significantly increasing the adsorption capacity
of NO,. The phenomenon observed in the experiment where the outlet
NO concentration first increased and then decreased may be due to the
reaction of NO; generated by NO oxidation with other reducing active
sites on the surface of AC. This reaction not only generated oxygen-
containing functional groups on the surface of AC but also released
NO into the gas phase. As the reducing active sites were consumed, the
NO released by the NO5 reduction reaction would also decrease, leading
to a trend of first increasing and then decreasing NO concentration at the
outlet. At the initial stage of adsorption, NO, was not detected in the
outlet gas, and later, the concentration of NO; gradually increased to a
stable level, which may also be due to the occurrence of this reaction.

From the adsorption capacity of AC under 300 ppm NO atmosphere,
it can be seen that the number of active sites for NO adsorption on AC is
small, and there was a phenomenon of a large amount of NO adsorption
occurring under a NO + O atmosphere. This may be due to the transfer
of NO, generated after NO adsorption and oxidation to other active sites
for adsorption. It may also be because the AC had a large number of

active sites for Oy adsorption, and after adsorbing Oz on the active site, it
underwent a reaction with NO, generating NOy and adsorbing at the
active site. Therefore, experiments were conducted to pre-adsorb O for
1 h and then adsorb NO to verify whether the active sites for Og
adsorption can adsorb a large amount of NO,,.

From Fig. 5, the dynamic adsorption characteristic curve obtained by
pre-adsorbing O and then adsorbing NO is similar to that obtained by
only adsorbing NO. The NO concentration at the outlet of the reactor
increased to the inlet concentration within 5 min, and no NO, was
detected. At this time, the NO, adsorption capacity on AC was 0.026
mmol~g_1. The NO, adsorption capacity of pre-adsorbed Oy and then
adsorbed NO was slightly greater than that of only adsorbed NO, indi-
cating the existence of active sites for Oy adsorption that can adsorb Oq
and further adsorb NO for the oxidation reaction. However, the NO,
adsorption capacity of pre-adsorbed O, and re-adsorbed NO is much
smaller than that of simultaneous adsorption of NO and O, indicating
that the number of active sites for O, adsorption that can react with NO
is limited, which cannot cause a large amount of NO, adsorption. This
means that the oxidation of NO occurs at the active sites of limited NO
and O, adsorption, and the generated NO, must undergo subsequent
conversion and migration to other active sites, resulting in a significant
increase in NO, adsorption when O coexists.

Temperature-programmed desorption experiments were conducted
on AC samples that reached saturation adsorption under NO and NO +
O, atmospheres and pre-adsorbed O, before reaching saturation
adsorption under a NO atmosphere. Considering the different adsorption
conversion processes that may occur in the early and later stages of
adsorption under a NO + O, atmosphere, temperature-programmed
desorption experiments were also conducted on an AC sample that
was adsorbed under a NO + O, atmosphere for 5, 20, 70 and 110 min.
The nitrogen-containing components in the desorption gas product were
NO and NO;. The NO and NO; desorption curves are shown in Fig. 6a
and b respectively.

Only NO was observed in the product gas of ACyo and ACo,-no
desorption, and no NOy was detected. There were two desorption peaks
for NO, located near 100 and 175 °C, with peak heights of 1-2 ppm. The
desorption curves of the two types of AC samples almost overlap, indi-
cating that the NO, adsorption configurations over AC were consistent.
There should be adsorbed NO and its oxidation products on AC saturated
with pre-adsorbed O, and then adsorbed under a NO atmosphere, while
only adsorbed NO should exist on the AC sample saturated with
adsorption under a NO atmosphere. However, the similarity of the
desorption curves between the two AC samples indicated that the
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Fig. 6. (a) NO and (b) NO; evolution curves during temperature-programmed desorption processes of ACno, ACo,-N0; ACNO+0,-5 min» ACNO+0,-20 min» ACNO+0,-70 min»

ACN0+0,-110 min and..ACno+o,

adsorption configurations of the two types of AC samples were consis-
tent, and NO oxidation products also appeared on the surface of the AC
sample saturated with adsorption under a NO atmosphere. This may be
due to the oxidation of the NO adsorbed state occurring when the
saturated adsorbed sample came into contact with air during transfer to
the desorption reactor, which also indicated that the NO adsorbed state
on the surface of AC was easily oxidized.

The desorption of ACno+0,-5 min alS0 just release NO; NO desorption
peaks appeared at 100 and 175 °C, with peak heights of 2-3 ppm. The
position of the NO desorption peak of ACno.0,-5 min Was consistent with
that of ACyo and ACo,-no, indicating that when NO and Oy were
adsorbed simultaneously, no new NO, adsorption configuration
appeared on the AC during the initial adsorption stage. Due to the higher
NO desorption peak on ACno-+0,-5 min cOmpared to ACyo and ACo,-no, it
represented more adsorption configurations on ACno-0,-5 min. However,
due to the saturation of the active sites adsorbed by NO and O during
the preparation of ACo,-no, this meant that when NO and Oy were
adsorbed for 5 min in an atmosphere, in addition to the saturation of the
active sites adsorbed by NO and O, there were also other active sites to
adsorb the oxidation products of NO. Because the simultaneous
adsorption of NO and O3 only involves the three gases NO, Oz, and NO,
it was speculated that these active sites were the active sites for NOy
adsorption. From the position of the NO desorption peak, it can be seen
that ACo,-no, ACno, and ACnoi0,-smin had the same adsorption
configuration. These meant that during the preparation process of
ACo,-no, ACno, and ACno-0,-5 min, NO2(ad) was easily transferred after
oxidation on the active site for NO or Oy adsorption and ultimately
adsorbed on the active site for NOy adsorption.

As for ACno+0,-20 min, although the desorbed gas only contained NO,
a new NO desorption peak appeared at 200-500 °C, besides those at 100
and 175 °C. As the adsorption time further increased, NO, appeared in
the desorption product gases of ACno10,-70 mins ACNO+0,-110 min and
ACno+o,, With a desorption peak at 100 °C. The newly generated
desorption peaks during the adsorption process indicated the formation
of the new NO, adsorption configurations. This also meant that after NO
was oxidized to NOy(ad), it would not only transfer to the active site for
NO, adsorption but also undergo further conversion reactions. To
further investigate the evolution of adsorption configurations on AC
during this process, an in situ DRIFTS experiment was conducted on AC
in a NO + O, atmosphere.

The in situ DRIFTS experiment on AC under 300 ppm NO + 5 % Oy
atmosphere was conducted at 30 °C, and the observed spectra at
different adsorption times are shown in Fig. 7. During the first 20 min of
adsorption, the spectrum remained unchanged within the range of
2000-650 cm !, with only slight fluctuations in intensity. At 40 min, a
peak appeared in the spectrum at 1360 cm™}, which is the vibration
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Fig. 7. In situ DRIFTS spectra of AC under 300 ppm NO + 5 % O, atmosphere
at 30 °C.

vas(C-NO>2) of NO, adsorbed [23,32]. The adsorbed NO, should be the
product of NO oxidation. At 80 min, the peak at 1360 cm ™! continued to
increase, and multiple small peaks appeared in the range of 1480-1415
cm’l, representing the vibration of linear and monodentate nitrite [41].
This indicated that the amount of adsorbed NO, gradually increased
during the adsorption process and there existed different adsorption
forms of NO,. A small peak also appeared at 833 cm ™, representing the
vibration of vo(NO3) [32]. The appearance of NOj indicated a further
conversion of adsorbed NO,. At 120 min, the peak at 1360 cm !
increased significantly. In addition, a v3(NO3) vibration peak of NOj
appeared at 1384 cm™*, and a vibration peak of (NO), appeared at 1767
cm L. The appearance of (NO), may be related to the accumulation and
dimerization of NO filled in micropores [32]. (NO)s only appears in
small amounts in the later stage of adsorption, indicating that its
contribution to NO adsorption conversion is insignificant.

The gas-solid contact condition in the in situ DRIFTS experiment was
different from the adsorption experiments conducted at a fixed-bed
reactor, so the adsorption time in the in situ DRIFTS experiment
cannot fully correspond to the adsorption time in the fixed-bed experi-
ment. However, the adsorption process that occurred in the two exper-
iments was consistent. The in situ DRIFTS experiment indicates that C-
NO, will first appear on AC during the adsorption process, and the
generated C-NO; can be transformed into NO;.

Comparing the adsorption curves of AC under different adsorption
conditions, it was found that only when Oy and NO were adsorbed
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simultaneously would the NO, adsorption capacity on the AC signifi-
cantly increase. According to the literature [22-24,34-36], NO and Oy
can adsorb on unsaturated carbon atoms and atoms with strong electron
donating ability and then undergo a NO oxidation reaction to generate
NOy(ad). Based on the analysis of the desorption experimental results,
the generated NOo(ad) is easily transferred to the active sites of NO; for
adsorption. Combining the results of desorption experiments with in situ
DRIFTS experiments, it was found that as adsorption progresses, the
adsorbed NO, will undergo further conversion reactions to generate
NO;. Due to the oxidation of NO and the migration and transformation
of NO generated on the surface of AC under the action of oxygen, the
adsorption of NO on AC is significantly promoted. However, further
research is needed on the specific active sites and pathways involved in
NO oxidation and migration transformation. Therefore, in Sections 3.2
and 3.3 of this article, quantum chemical calculations are used to study
the various adsorption configurations and reaction pathways on the
surface of AC, respectively.

3.2. Adsorption of NO, O2 and NO3 over activated carbon

This section considers the adsorption of NO, Oy, and NO5 on the
pristine carbonaceous model, the carbonaceous model containing un-
saturated carbon atoms, and the carbonaceous models containing
oxygen-containing functional groups.

Quantum chemical calculations of NO adsorption on AC have found
that NO cannot be chemically adsorbed on the active sites of the pristine
carbonaceous model. On the carbonaceous model containing unsatu-
rated carbon atoms, three adsorption configurations are formed by the
interaction between N or O atoms in NO and unsaturated carbon atoms
(N-down adsorption configuration of NO, O-down adsorption configu-
ration of NO, and parallel adsorption configuration of NO), as shown in
Fig. 8a—c. The adsorption energies corresponding to the three adsorption
configurations are —339.8, —203.1, and —547.1 kJ-mol}. On the
carbonaceous models containing oxygen-containing functional groups,
calculations have shown that NO can only be chemically adsorbed on the
carbonaceous models containing carbonyl or ether groups, as shown in
Fig. 8d and f. On the carbonaceous model containing carbonyl group, the
adsorption configuration of NO is formed by the interaction between the
N atom in NO and the O atom in carbonyl group, with an adsorption
energy of —55.4 kJ-mol . On the carbonaceous model containing ether
group, the adsorption configuration of NO is formed by the interaction
between the N atom in NO and the saturated carbon atom, with an
adsorption energy of —91.8 kJ-mol L.

Quantum chemical calculations of Oy adsorption on AC have found
that Oy cannot be chemically adsorbed on the pristine carbonaceous
model. On the carbonaceous model containing unsaturated carbon
atoms, two adsorption configurations (single atom downward adsorp-
tion configuration of Oy and parallel adsorption configuration of O,) are
formed by the interaction between O atoms in Oy and unsaturated car-
bon atoms, as shown in Fig. 9a and b. The adsorption energies
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corresponding to the two adsorption configurations are —336.4 and
—742.7 kJ-mol !, respectively. On the carbonaceous models containing
oxygen-containing functional groups, O can only be chemically
adsorbed on the carbonaceous models containing hydroxyl or ether
groups, as shown in Fig. 9c and d. Through the interaction between the
O atom in O and the saturated carbon atom near the hydroxyl func-
tional group, a single-atom downward adsorption configuration of Oy is
formed on the carbonaceous model containing hydroxyl group, with an
adsorption energy of + 69.1 kJ-mol~!. On the carbonaceous model
containing ether group, a single-atom downward adsorption configu-
ration of Oy is formed by the interaction between the O atom in O3 and
the saturated carbon atom, with an adsorption energy of —251.2
kJ-mol 1.

Quantum chemical calculations of NO3 adsorption on AC have found
that on the pristine carbonaceous model, two adsorption configurations
(N-down adsorption configuration of NO; and O-down adsorption
configuration of NO5) are formed by the interaction between N or O
atoms in NO, molecules and saturated carbon atoms, as shown in
Fig. 10a and b. The adsorption energies corresponding to the two
adsorption configurations are + 60.4 and + 68.9 kJ-mol™l. The
adsorption configurations formed by NO, adsorption on the carbona-
ceous model containing unsaturated carbon atoms are shown in
Fig. 10c—f. Four adsorption configurations are formed by the interaction
between N or O atoms in NO, molecules and unsaturated carbon atoms
(N-down adsorption configuration of NO,, O-down adsorption config-
uration of NOy, N and O atoms downward adsorption configuration of
NO,, and two O atoms downward adsorption configuration of NO3). The
adsorption energy distribution of these NO, adsorption configurations
ranges from —516.42 - —384.17 kJ-mol~’. On the carbonaceous models
containing oxygen-containing functional groups, NO, can adsorb on
carbonaceous models containing carbonyl, hydroxyl, or ether groups, as
shown in Fig. 10g-1. On the carbonaceous model containing carbonyl
groups, two adsorption configurations (N-down adsorption configura-
tion of NO, and O-down adsorption configuration of NO5) are formed by
the interaction between N or O atoms in NO2 and O atoms in carbonyl
groups, as shown in Fig. 10g and h. The adsorption energies of these two
adsorption configurations are —32.53 and + 99.66 kJ-mol~}, respec-
tively. On the carbonaceous model containing hydroxyl groups, two
adsorption configurations (N-down adsorption configuration of NO, and
O-down adsorption configuration of NO5) are formed by the interaction
between N or O atoms in NO5 and saturated carbon atoms near the
hydroxyl group, as shown in Fig. 10i and j. The adsorption energies of
these two adsorption configurations are + 61.65 and + 70.89 kJ -mol ™},
respectively. On the carbonaceous model containing ether groups, two
adsorption configurations (N-down adsorption configuration of NO3 and
O-down adsorption configuration of NOy) are formed by the interaction
between N or O atoms in NO, and saturated carbon atoms, as shown in
Fig. 10k and 1. The adsorption energies of these two adsorption config-
urations are —173.9 and —182.8 kJ-mol ™}, respectively.

From the above adsorption calculations of NO, O, and NO5 on AC,

= -339 8kJ'mol!  E,;=-203.1kJ-mol’!

= -347.1kJ-mol!  E,;=-55.4kJ-mol’!

7—91 8 kJ-mol!

Fig. 8. The adsorption configurations of NO on AC. (a) N-down adsorption configuration and (b) O-down adsorption configuration on the carbonaceous model
containing unsaturated carbon atoms. (c) parallel adsorption configuration on the carbonaceous model containing unsaturated carbon atoms. (d) adsorption
configuration on the carbonaceous model containing carbonyl group. (f) adsorption configuration on the carbonaceous model containing ether group.
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(a) (b) () (d)
4
@0

E,4=-336.4 kJ-mol! E,4=-742.7 kJ-mol! E,4=+69.1 kI-mol! E,;=-251.2 kJ-mol"!

Fig. 9. The adsorption configuration of O, on AC. (a) single atom downward adsorption configuration and (b) parallel adsorption configuration on the carbonaceous
model containing unsaturated carbon atoms. (c) adsorption configuration on the carbonaceous model containing hydroxyl group. (d) adsorption configuration on the
carbonaceous model containing ether group.

(a) ; ; (b) ; ; (c) éé (d)é

q= 160.4 kJ-mol! = T68.9 kJ-mol! .a=-386.73 kJ-mol! = -384.17 kJ-mol!
=-516.42 kJ-mol’! =-485.95 kJ -mol! =-32.53 kJ ‘mol! =+499.66 kJ -mol!
(1) (1)
O c
O H
®o0
ON
=+461.65 kJ-mol’! E,=+70.89 kJ- ‘mol! E=-173.9kJ: ‘mol! a=-182.8kJ- ‘mol!

Fig. 10. The adsorption configurations of NO; on AC. (a) N-down adsorption configuration and (b) O-down adsorption configuration on the pristine carbonaceous
model. (c) N-down adsorption configuration. (d) O-down adsorption configuration, (¢) N and O atoms downward adsorption configuration and (f) two O atoms
downward adsorption configuration on the carbonaceous model containing unsaturated carbon atoms. (g) N-down adsorption configuration and (h) O-down
adsorption configuration on the carbonaceous model containing carbonyl group. (i) N-down adsorption configuration and (j) O-down adsorption configuration on the
carbonaceous model containing hydroxyl group. (k) N-down adsorption configuration and (I) O-down adsorption configuration on the carbonaceous model con-
taining ether group.

the pristine carbonaceous model cannot chemically adsorb NO and O» However, the adsorption energies of the generated NO; on unsaturated

and has no contribution to NO oxidation. NO and Oz can be chemically carbon atoms are less than —105 kJ-mol !, which is very stable. The
adsorbed on unsaturated carbon atoms, and according to published adsorption energy is negative and the value is large, making it difficult
literature [23,24], the oxidation reaction of NO can occur at this site. to complete the NO; desorption reaction due to the long time required
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[42]. This means that although unsaturated carbon atoms can catalyze
the oxidation of NO, the generated NO, cannot undergo subsequent
migration and transformation. Therefore, unsaturated carbon atoms do
not contribute to the significant increase in NO adsorption capacity in
the presence of an Oy atmosphere. The carbonaceous model containing
carbonyl or ether groups can chemically adsorb NO, while the carbo-
naceous model containing hydroxyl or ether groups can chemically
adsorb O». If NO oxidation reactions occur on the carbonaceous model
containing ether group, the adsorption energies of generated NO, are
less than —173.5 kJ-mol~'. The generated NOs is also difficult to desorb,
which means that the active sites on the carbonaceous model containing
ether group also do not contribute to the significant increase in NO
adsorption capacity in an O, atmosphere. However, if NO oxidation
reactions occur at active sites on carbonaceous models containing
carbonyl or hydroxyl groups, the adsorption energies of generated NO,
are greater than —32.53 kJ-mol~!, making it easy to desorb. Desorbed
NO; can be adsorbed on saturated carbon atoms, unsaturated carbon
atoms, and saturated carbon atoms near ether group, which can increase
the adsorption capacity of NO, on AC. Therefore, in Section 3.3, the NO
oxidation reaction on carbonaceous models containing carbonyl or hy-
droxyl groups and the subsequent NOy conversion reaction are studied
through quantum chemical calculations.

3.3. Pathways of NO oxidation and NO2 conversion

According to the adsorption calculations of NO and O3 in Section 3.2,
only NO can be chemically adsorbed on the carbonaceous model con-
taining carbonyl groups, and only O, can be chemically adsorbed on the
carbonaceous model containing hydroxyl groups. Taking these two
adsorption configurations as the initial adsorption configurations for the
NO oxidation reaction, the calculated oxidation reaction pathways are
shown in Fig. 11. Fig. 11a shows the oxidation pathway on the carbo-
naceous model containing carbonyl groups. After NO is adsorbed on the
O atom of the carbonyl group, it is activated. After breaking through the
energy barrier of 185.6 kJ-mol~! the adsorbed NO can remove one O
atom of a gaseous Oy, and the other O atom of the gaseous Oy will
combine with a gaseous NO. The oxidation process will generate one N-
down adsorption configuration of NO2 and one O-down adsorption
configuration of NO,. The energy barrier of this oxidation pathway is
high, making it difficult to spontaneously occur at room temperature.
Fig. 11b shows the oxidation pathway on the carbonaceous model
containing hydroxyl groups. After O is adsorbed and activated on the
saturated carbon atom adjacent to the hydroxyl functional group, the C-
0-0O formed can provide an O atom to a gaseous NO, generating a C-O
and an O-down adsorption configuration of NO,. The energy barrier for
this oxidation process is only 40.6 kJ-mol !, and the energy barrier for
NO desorption is 87.1 kJ-mol~!. The oxidation reaction between the C-
0-0 and NO and the desorption of NO, can occur at room temperature.
Subsequently, the generated C-O can react with gaseous NO after
breaking through the energy barrier of 96.9 kJ-mol~!, generating an O-
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down adsorption configuration of NOo, and the energy barrier for NOy
desorption is only 5.5 kJ-mol L. The oxidation reaction between the C-O
and NO, as well as the desorption of generated NO,, can also occur at
room temperature. Therefore, it can be determined that the oxidation of
NO and the desorption of NO, can occur continuously on the carbona-
ceous model containing hydroxyl groups.

After the NO; generated by NO oxidation on the carbonaceous model
containing hydroxyl groups is desorbed to the gas phase, according to
the calculation of the NO; adsorption configuration in Section 3.2, it can
be chemically adsorbed on the saturated, unsaturated carbon atoms on
the surface of AC. Considering that unsaturated carbon atoms and
saturated carbon atoms near ether group can adsorb NO, it can be
concluded that the adsorption of gaseous NO5 on saturated carbon atoms
is the main pathway for a significant increase in NO adsorption under a
NO + O atmosphere. Therefore, taking the pristine carbonaceous model
as an example, we investigate the subsequent conversion of NOj
adsorbed on the saturated carbon atom of this model. In the pristine
carbonaceous model, there are two types of NO, adsorption configura-
tions, namely, the N-down adsorption configuration of NOy and the O-
down adsorption configuration of NO,.

According to the calculation of adsorption energy for the two
adsorption configurations in Section 3.2, the heat absorbed during the
formation of the N-down adsorption configuration of NOs is less than
that of the O-down adsorption configuration of NO,, indicating that the
N-down adsorption configuration of NO5 is more stable. Through cal-
culations, it is found that the more stable N-down adsorption configu-
ration of NO5 cannot undergo further conversion reactions, while the O-
down adsorption configuration of NOz can undergo conversion. The
reaction pathway is shown in Fig. 12. From Fig. 12, after the O-down
adsorption configuration of NO; breaks through the energy barrier of
81.3 kJ ~m01_1, the N-O bond of NO; close to the carbon atom breaks,
forming a C-O and NO molecule. The generated NO molecule is released
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Fig. 12. NO, conversion pathway on the pristine carbonaceous model.
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into the gas phase after breaking through the energy barrier of 9.8
kJ-mol !, while the C-O can combine with another gaseous NO, mole-
cule to form NOj after breaking through the energy barrier of 100.4
kJ-mol~!, and the generated NO; can be chemically adsorbed on the
pristine carbonaceous model.

Based on the analysis of the adsorption configurations and reaction
pathways of NO, O,, and NO, on different carbonaceous models, the
main pathway through which O promotes NO adsorption on AC can be
proposed. First, O, adsorbs on active carbon atoms near the hydroxyl
functional groups on the surface of AC and then reacts with gaseous NO
molecules to generate NOy, which is desorbed and released into the gas
phase. NO; in the gas phase can be adsorbed on saturated carbon atoms,
forming a N-down adsorption configuration of NOy and an O-down
adsorption configuration of NO,. The N-down adsorption configuration
of NO; can exist stably at this site and no longer react. The O-down
adsorption configuration of NO, will oxidize the active site to form a C-O
and release NO into the gas phase. The C-O will further react with the
gaseous NO» to form NO; and remain stable.

The proposed path can effectively explain the experimental phe-
nomenon of Oy promoting NO adsorption on AC. On the active carbon
atoms near the hydroxyl functional groups on the surface of AC,
continuous adsorption of O,, oxidation reaction with gaseous NO, and
desorption of generated NO2 occur. During the initial stage of the
adsorption experiment, all the desorbed NO; will be adsorbed by satu-
rated carbon atoms, causing an increase in the NO adsorption amount,
but NO; cannot be observed in the outlet gas of the reactor. A portion of
NO adsorbed by saturated carbon atoms is stably adsorbed in the N-
down adsorption configuration, which explains the C-NO; observed in
the in situ DRIFTS experiment. The other portion is adsorbed in the O-
down adsorption configuration and gradually oxidizes the active sites to
form a C-O, releasing NO into the gas phase. Therefore, in the middle
stage of the adsorption experiment, a slight increase in the concentration
of NO at the reactor outlet can be observed. The generated C-O further
reacts with gaseous NO, to generate NO3; thus, the in situ DRIFTS
experiment shows the appearance of NO; on the surface of the AC during
the later stage of the adsorption experiment. As an increasing number of
saturated carbon atoms are occupied by the N-down adsorption
configuration of NO2 and NOj3, the number of active sites available for
adsorption of NO5 decreases, while the O-down adsorption configura-
tion of NO2 and NO generated through oxidation of active sites de-
creases. Therefore, as the adsorption reaction progresses, a gradual
increase in NO, concentration and a phenomenon of NO concentration
first increasing and then decreasing until stable will be observed at the
reactor outlet.

The desorption characteristics can also be well explained by the
proposed path. The nitrogen-containing components present on the AC
samples at the initial stage of adsorption in the NO + O, atmosphere are
mainly the N-down adsorption configuration of NO; and the O-down
adsorption configuration of NO,. Therefore, NO desorption peaks at 100
and 175 °C appear in the desorption experiment of ACno10,-5 min- AS the
adsorption proceeds, the O-down adsorption configuration of NOy will
oxidize the active site to form C-O, and C-O will further react with gas-
phase NO; to form NOj3. The generated NOj corresponds to the NO,
desorption peak at 100 °C newly observed in the desorption experiment
of ACnot0,-70 min- As the adsorption further continues, the N-down
adsorption configuration of NO, and NO; will accumulate on the surface
of the activated carbon, corresponding to the significant rise in the NO
and NO; desorption peaks at 100 °C observed in the desorption exper-
iments of ACno+0,-110 min @and ACno+o,. The nitrogen-containing com-
ponents present in the saturated AC samples adsorbed in the NO + Oy
atmosphere are mainly N-down adsorption configurations of NOy and
NOj3, which correspond to the observed NO and NO, desorption peaks at
100 °C in the corresponding sample desorption experiments.

From the main pathway through which O, promotes NO adsorption
on AC, there are two types of active sites involved in this process,
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namely, active carbon atoms near the hydroxyl functional groups and
saturated carbon atoms. The active carbon atoms near the hydroxyl
functional group mainly play a catalytic role in the oxidation of NO,
while the saturated carbon atoms mainly store nitrogen-containing
components. Therefore, increasing the number of hydroxyl functional
groups on AC and improving the adsorption activity of saturated carbon
atoms through surface modification can help improve the adsorption
rate and capacity of NO on AC under an oxygen atmosphere.

4. Conclusion

This study proposes the main pathway through which O, promotes
NO adsorption on activated carbon. The adsorption experiments show
that O3 can significantly promote the adsorption of NO on activated
carbon. However, compared to untreated activated carbon, the activated
carbon treated with preabsorbed O, has a slightly stronger ability to
adsorb NO. This indicates that the active sites of O, adsorption have a
limited contribution to the adsorption of NO, and NO oxidation occurs
on a limited number of active sites of NO or O adsorption. New NO and
NO; desorption peaks appear in the temperature-programmed desorp-
tion of samples adsorbed under a NO + O atmosphere. This indicates
that after NO oxidation occurs on the surface of activated carbon to form
NO,, NO2 not only migrates to active sites for NOy adsorption but also
undergoes further conversion reactions. The in situ DRIFTS experiment
on the adsorption process of activated carbon under a NO + O5 atmo-
sphere indicates that C-NOy appears first on the surface of the activated
carbon, and the generated C-NO; is then transformed into NO3. Through
calculation and analysis of the adsorption sites and configurations of
NO, O, and NO», on activated carbon, although saturated carbon atoms
near ether groups and unsaturated carbon atoms can adsorb NO or Oy,
the NO, generated by oxidation reaction is difficult to desorb. Therefore,
the contribution of these two active sites to the significant increase in
NO adsorption capacity under an O, atmosphere is very small. However,
after adsorbing NO on the active site near the carbonyl group or O3 on
the active site near the hydroxyl group, the NO, generated by the
oxidation reaction can be desorbed and further adsorbed on the satu-
rated carbon atom. This may be the main pathway for O, to promote the
adsorption of NO on activated carbon. By calculating the reaction
pathway on activated carbon, the NO oxidation reaction on the carbo-
naceous model containing carbonyl groups has a high energy barrier and
is difficult to occur. The O5 adsorbed on the carbonaceous model con-
taining hydroxyl groups can undergo an oxidation reaction with gas-
phase NO molecules, and the generated NO2 has a low energy barrier
for desorption and can be desorbed. There are two adsorption configu-
rations for NOy adsorbed on the pristine carbonaceous model. The N-
down adsorption configuration of NO; is stable and no longer converts,
while the O-down adsorption configuration of NO, oxidizes the active
site to form C-O and releases NO into the gas phase. The C-O structure
generated on the active site further reacts with the gas phase NO; to
form NO; and remains stable. There are two types of active sites
involved in the main pathway through which Oy promotes NO adsorp-
tion on AC, namely, active carbon atoms near hydroxyl functional
groups and saturated carbon atoms. The active carbon atoms near the
hydroxyl functional groups mainly play a catalytic role in the oxidation
of NO, while the saturated carbon atoms mainly store nitrogen-
containing components. The results can help improve the performance
of activated carbon in adsorbing NO in low-temperature flue gas.
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