
Chemical Engineering Journal 495 (2024) 153639

Available online 1 July 2024
1385-8947/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies.

Characteristics and mechanism of low-temperature NO adsorption by 
activated carbon 

Zhongwei Li , Xingyu Yang , Yutong Wang , Hairui Yang , Qiang Song * 

Key Laboratory of Thermal Science and Power Engineering of Ministry of Education, Tsinghua University, Beijing 100084, China   

A R T I C L E  I N F O   

Keywords: 
NO 
Activated carbon 
Low temperature 
Adsorption 
Flue gas 

A B S T R A C T   

Activated carbon is widely used to purify flue gas in industries like steel and metallurgy, but its ability to adsorb 
NOx at medium to low flue gas temperatures is limited. This study conducted adsorption experiments in different 
atmospheres within − 20 to 30 ◦C. As the temperature decreased from 30 ◦C to − 20 ◦C, the NOx adsorption 
amount was increased by 4.61 times. Lowering temperature greatly promoted NOx adsorption. Temperature- 
programmed desorption experiments determined the amount of NOx adsorbed through physical adsorption 
and chemical adsorption. As the temperature decreased from 30 ◦C to − 20 ◦C, the proportion of physically 
adsorbed NOx to total adsorption amount increased from 2.9 % to 45.5 %, and the proportion of physically 
adsorbed NO2 to total physical adsorption amount increased from 0 to71.6 %. Lowering the temperature 
benefited NO oxidation and NO2′s adsorption on activated carbon. Desorption curves of chemically adsorbed NOx 
indicated that a decrease in temperature does not affect the chemical adsorption pathways of NOx. Physical 
adsorption of NOx was studied by density functional theory calculations. NO2 has much stronger physical 
adsorption than NO and can physically adsorb near saturated carbon atoms, carbonyl groups, ether groups, 
hydroxyl groups, and lactone groups. At low temperatures, NO is first oxidized to NO2 on activated carbon and 
then NO2 is adsorbed through both physical and chemical pathways. Modifying the surface of activated carbon to 
increase hydroxyl, ether, and lactone groups can help enhance its performance of low-temperature NOx 
adsorption.   

1. Introduction 

NOx is an important atmospheric pollutant that can lead to the for-
mation of photochemical smog, acid rain, ozone depletion, and green-
house effect [1–3]. Industrial flue gas is one of the primary sources of 
NOx emissions into the atmosphere, and it requires control measures to 
mitigate its impact. When the Selective Catalytic Reduction (SCR) 
denitrification technology commonly installed in coal-fired units is 
applied to flue gas treatment in other industries such as steel and met-
allurgy, it faces challenges such as catalyst poisoning, mismatched 
temperature ranges, poor load adjustment flexibility, and high costs. 
Carbon-based adsorbents are widely used for the adsorption of gaseous 
pollutants, such as employed in flue gas treatment to remove SO2. The 
use of carbon-based adsorbents to control NOx emissions in the steel and 
metallurgy industries is promising. 

Among carbon-based adsorbents, activated carbon and biochar are 
commonly used in industrial flue gas treatment. Compared to biochar, 
activated carbon has advantages such as a larger specific surface area 

and richer surface functional groups. These features contribute to its 
superior NOx adsorption performance. For example, at room tempera-
ture, the adsorption capacity of biochar for NO and O2 is only 0.39 
mmol/g [4], whereas the adsorption capacity of coconut activated car-
bon can reach up to 0.99 mmol/g [5]. Therefore, activated carbon at-
tracts more research attention. 

Study on NO adsorption by activated carbon is commonly developed 
at low-medium temperature (20–150 ◦C). Within this temperature 
range, activated carbon exhibits weak adsorption of pure NO (<0.01 
mmol/g [5–7]), but in the presence of O2, activated carbon shows sig-
nificant adsorption of NO [5]. According to literature reports, activated 
carbons such as copper-impregnated activated carbon, sulfur- 
impregnated activated carbon, bituminous coal-based activated car-
bon, coconut shell charcoal, and oxygen-enriched coconut shell charcoal 
have an adsorption capacity for NO ranging from 0.13 to 2.40 mmol/g at 
20–50 ◦C in the presence of O2 [5,8–10]. This is significantly higher than 
the adsorption capacity of activated carbon for NO when adsorption 
occurs solely with NO. Li et al.’s study suggests that O2 adsorbs on active 
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sites near hydroxyl functional groups on the surface of activated carbon, 
oxidizing gaseous NO to NO2. The generated NO2 then adsorbs on 
saturated carbon atom sites on the surface of activated carbon [11]. The 
adsorption and transformation of NO on the surface of activated carbon 
are primarily attributed to the presence of oxygen, leading to a signifi-
cant increase in NO adsorption capacity. Scholars [4,12] found that 
biochar impregnated with KOH exhibits significantly enhanced 
adsorption capacity for NO compared to untreated biochar. This sig-
nificant improvement is attributed to the introduction of hydroxyl 
functional groups to the surface of activated carbon during the 
impregnation process, which promotes NO oxidation and consequently 
enhances the adsorption of NO by activated carbon. 

At medium to low flue gas temperatures, the adsorption mechanism 
of NOx on activated carbon is primarily dominated by chemical 
adsorption. After completing adsorption experiments at 50 ◦C, Zhang 
et al. [13] conducted desorption experiments on the activated carbon 
samples. They considered the NOx desorbed by purging at the corre-
sponding adsorption temperature as physical adsorption, while the 
desorbed products at temperatures higher than the adsorption temper-
ature were considered chemical adsorption. Among them, the amount of 
chemically adsorbed NOx accounted for 79.5 % of the total adsorption. 
After completing the adsorption experiments on activated carbon at 
150 ◦C, Xu et al. [14] first used N2 purging at the adsorption temperature 
to remove physically adsorbed NOx. Then, they conducted temperature- 
programmed desorption experiments to remove chemically adsorbed 
NOx. At this temperature, the proportion of chemically adsorbed NOx to 
the total adsorption ranged from 55.5 % to 85.0 %. Chemically adsorbed 
NOx predominated on the activated carbon. Through In situ DRIFTS 
experiments conducted by scholars [11,15,16], it was found that acti-
vated carbon exhibits C-NO2 and NO3

– functional groups after adsorbing 
NO and O2. This indicates the presence of chemically adsorbed NOx on 
activated carbon, in the form of C-NO2 and NO3

– functional groups. Based 
on the combination of characterization techniques and quantum 
chemical calculations, Li et al. [11] proposed that NO oxidizes to NO2 on 
active atoms near hydroxyl functional groups on the surface of activated 
carbon. The generated NO2 then chemically adsorbs on saturated carbon 
atoms, forming two types of chemical adsorption configurations: N- 
down and O-down. Furthermore, the O-down adsorption configuration 
of NO2 can further convert to NO3

–. NO3
– and N-down adsorption 

configuration of NO2 are the main forms of chemically adsorbed NOx on 
activated carbon. 

Although activated carbon exhibits weak physical adsorption of NOx 
in medium to low temperature flue gas, some scholars have researched 
physical adsorption. Wang et al. [17] used a magnetic separator to 
magnetize gases to study the effect of magnetized gases on the adsorp-
tion of NO on activated carbon. They found that pre-magnetization of 
gases can promote the physical adsorption of NO on activated carbon, 
and during the physical adsorption process, NO2 is the main adsorbate. 
Through quantum chemistry calculation methods, researchers have 
found that NO can physically adsorb near saturated carbon atoms, Na 
atoms, and K atoms [18–21], while NO2 can physically adsorb near 
saturated carbon atoms, pyridine functional groups, pyrrole functional 
groups, and quaternary nitrogen functional groups [11,22]. 

At medium to low flue gas temperatures (20–150 ◦C), when using 
activated carbon for the simultaneous removal of NOx and SO2, acti-
vated carbon exhibits a greater adsorption capacity for SO2 compared to 
NOx. Its ability to adsorb NOx is relatively limited, making it challenging 
to achieve efficient simultaneous removal of NOx [23,24]. Wang et al.’s 
study indicates that when the adsorption temperature decreases from 
20 ◦C to − 20 ◦C, the adsorption activity of activated carbon significantly 
increases. The adsorption capacity for NO increases by 4.42 mmol/g, 
which is 2.73 times larger [5]. Additionally, there is a significant in-
crease in the adsorption of SO2 as well. Based on this discovery, China 
Huaneng Group Co., Ltd. proposed the Cold Oxidation Adsorption Pro-
cess (COAP) technology, which achieves efficient purification of heavy 
metals, SO3, and fine particles while lowering the flue gas temperature 

to below zero through the flue gas cooling tower. This technology uti-
lizes low temperature (− 20 ◦C) adsorption to achieve efficient purifi-
cation of NO and SO2. Industrial experiments of COAP technology have 
shown that it can achieve near-zero emissions of pollutants such as NO, 
SO2, and particulate matter. Optimizing the low-temperature adsorption 
performance of activated carbon helps further reduce the cost of this 
technology and promotes the development and application of this 
innovative technology. Optimization of activated carbon requires the 
support of systematic studies on low-temperature adsorption behavior 
and mechanism. 

Currently, research on the characteristics and mechanisms of acti-
vated carbon adsorbing NO is mainly conducted in the medium to low 
flue gas temperature range (20–150 ◦C), with very limited studies in 
lower temperature ranges. The demonstration operation of COAP tech-
nology illustrates that the application of low-temperature adsorption 
technology in near-zero emissions control has enormous potential. 
Therefore, this study utilized an isothermal adsorption experiment sys-
tem to conduct adsorption experiments of activated carbon on NO 
within the range of − 20 to 30 ◦C, investigating its low-temperature 
adsorption characteristics. Additionally, a fixed-bed desorption experi-
ment system was employed to conduct segmented temperature- 
programmed desorption experiments on different adsorption samples, 
revealing the adsorption pathways of NOx on activated carbon. Density 
functional theory calculations were combined to elucidate the physical 
adsorption forms of NOx on the surface of activated carbon. 

2. Method 

2.1. Experimental 

2.1.1. Sample 
The activated carbon samples used in the experiments were obtained 

from Jiangsu JSW Environmental Technology Co., Ltd., China. The 
activated carbon was degassed at 200 ◦C for 2 h to remove moisture and 
desorb volatile organic compounds adsorbed in the pores. It was then 
packaged in bags and stored for later use. The ultimate analysis and 
physical properties of the samples are shown in Table 1. The carbon, 
hydrogen, and oxygen compositions of the samples were measured using 
an elemental analyzer (EA3000, EuroVector S.p.A., Italy). The sulfur 
composition of the samples was measured using a sulfur analyzer (5E- 
AS3200B, Changsha Kaiyuan Instruments Co., Ltd., China). The pore 
structure of the samples was analyzed using a surface analyzer (ASAP 
2010, Micromeritics Instruments Corporation, USA). The specific sur-
face area was calculated by the Brunauer–Emmett–Teller (BET) method, 
and the total pore volume was recorded at P/P0 = 0.99. 

2.1.2. Adsorption and desorption experiments 
The adsorption experiments of activated carbon were conducted 

using an isothermal adsorption experiment system (Fig. 1). The 
isothermal adsorption experiment system utilizes a quartz U-shaped 
tube (inner diameter φ6 mm, length 250 mm) as the reactor. A low- 
temperature reaction bath (temperature control range: − 40 to 99 ◦C) 
is used to create the required low-temperature environment for the 
adsorption experiments. A mixture of ethylene glycol and water in a 1:1 
mass ratio serves as the cooling medium for the low-temperature envi-
ronment. The U-shaped tube is placed in the cooling medium, and the 

Table 1 
Ultimate analysis and physical properties of the sample.  

Ultimate analysis / wt. % Specific 
surface 
area 
/ m2⋅g− 1 

Specific 
pore 
volume 
/ cm3⋅g− 1 

Average 
pore 
diameter 
/ nm 

C H O N S  

86.3  0.6  13.0  0.0  0.1 1.037 ×
103  

0.520  2.005  

Z. Li et al.                                                                                                                                                                                                                                        



Chemical Engineering Journal 495 (2024) 153639

3

activated carbon sample is placed at the lowest end of the straight sec-
tion of the U-shaped tube. Analytical grade quartz wool plugs are 
inserted at both ends to ensure that the sample does not move with the 
flow. 0.1 g of activated carbon sample is loaded into the U-shaped tube, 
and the temperature of the activated carbon sample is adjusted to the 
specified temperature T by controlling the temperature of the low- 
temperature reaction bath. The total flow rate of the gas mixture 
(NO2, NO, O2, N2) entering the reactor is 500 NmL/min. The flow rates 
of each gas stream are precisely controlled by mass flow controllers. 
After the gases are mixed, they pass through a spiral pre-cooling tube in 
the cooling medium to reach the specified temperature T before entering 
the U-shaped tube to begin the adsorption experiment. Fourier Trans-
form Infrared Spectroscopy (FTIR; Nicolet 6700, Thermo Fisher Scien-
tific, USA) is employed to analyze the concentrations of NO and NO2 in 
the gas exiting the reactor. The measurement error is kept below 3 %. 
The adsorption experiment concludes either after 120 min of adsorption 
time or when the concentrations of the gases in the outlet no longer 
change. To explore the adsorption characteristics of activated carbon on 
NO in the low-temperature range, three experimental atmospheres are 
set up: one with a reaction gas of 200 ppm NO2, one with a reaction gas 
of 200 ppm NO, and one with a reaction gas of 200 ppm NO and 5 % O2. 
The three experimental conditions are abbreviated as “NO2″, ”NO“, and 
”NO + O2″. The adsorption experiment conditions are shown in Table 2. 

After the adsorption experiments under the three atmospheres, the 
obtained activated carbon samples are respectively referred to as ACNO2 , 
ACNO, and ACNO+O2 . Because the maximum temperature achievable by 
the low-temperature reaction bath is 99 ◦C, which is insufficient to 
completely desorb the NOx adsorbed on the activated carbon, it is 
necessary to transfer the samples after adsorption to a fixed-bed 
desorption experimental system capable of reaching higher tempera-
tures for desorption. However, during the transfer of samples, they may 
come into contact with the ambient air. The temperature difference 
between the samples and the environment, as well as the difference in 

adsorption equilibrium concentrations, may lead to desorption. There-
fore, the desorption experiments of the activated carbon samples in this 
study are divided into the following two stages. Desorption stage 1: After 
completing the adsorption experiments, the inlet gas of the reactor in the 
low-temperature reaction bath is switched to N2, and N2 is introduced 
into the U-shaped tube for purging. During the purging process, the 
temperature of the low-temperature reaction bath is adjusted to raise the 
sample temperature from the originally specified adsorption tempera-
ture (T) to 30 ◦C. This continues until the sample temperature stabilizes 
at 30 ◦C and the concentration of NOx (NO + NO2) in the outlet gas is 
below 10 ppm. Desorption stage 1 is then concluded. The NOx desorbed 
during this process is mainly attributed to the reduction in the partial 
pressure of NOx gases in the atmosphere, leading to the desorption of 
NOx weakly adsorbed on the surface of the activated carbon. This 
portion of NOx corresponds to physically adsorbed NOx. Desorption 
stage 2: The activated carbon samples from the completion of desorption 
stage 1 are transferred to a fixed-bed desorption experimental system for 
programmed temperature desorption. Nitrogen (N2) is used as the purge 
gas at a flow rate of 200 NmL/min. The experimental samples are heated 
from room temperature to 500 ◦C at a rate of 2 ◦C/min using a furnace 
temperature program (NOx desorption ceases at this temperature). 
Desorption stage 2 concludes upon reaching this temperature. The 
desorption curve of NOx from desorption stage 2 reveals that significant 
desorption of NOx begins around 100 ◦C during the temperature ramp-
ing process. This indicates that the main desorbed species during 
desorption stage 2 are chemisorbed NOx species. 

The fixed-bed desorption experimental system used in this study is 
shown in Fig. 2. In the figure, the quartz tray is located in the constant 
temperature zone of the furnace. Its bottom is equipped with quartz 
sieve plates and high-purity quartz filters (MK360, Munktell, Sweden) 
for stacking experimental samples. The quartz tray is placed at the top of 
the quartz inner tube and sealed with ground glass. Other parameters of 
the fixed-bed desorption experimental system can be found in reference 
[11]. The airflow enters from the top of the quartz outer tube, passes 
through the experimental samples, exits from the bottom of the quartz 
inner tube, and then enters the FTIR for gas analysis. 

During the adsorption and desorption experiments, only NO and NO2 
nitrogen oxides were detected in the gas at the reactor outlet using FTIR. 
Based on the changes in NO and NO2 concentrations in the outlet gas 
over time, the adsorption amount of activated carbon was calculated 
using Eq. (1), the physical adsorption amount (T-30 ◦C) was calculated 
using Eq. (2), and the chemical adsorption amount (30–500 ◦C) was 
calculated using Eq. (3). 

Fig. 1. Schematic diagram of the isothermal adsorption experimental system.  

Table 2 
Adsorption experimental conditions.  

Parameter Value 

Amount of AC (g) 0.1 
Temperature (℃) − 20(− 20–30) 
Flow rate (NmL/min) 500 
NO2 (ppm) 200 
NO2 (ppm) 200 
O2 (%) 5  

Z. Li et al.                                                                                                                                                                                                                                        
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NNOx ,a =

∫ ta

0
(
(CNO,in - CNO,out − CNO2 ,out) × 10− 6 × Q

Vm × m
)dt (1)  

NNOx ,pa =

∫ tpa

0
(
(CNO,out + CNO2 ,out) × 10− 6 × Q

Vm × m
)dt (2)  

NNOx ,ca =

∫ tca

0
(
(CNO,out + CNO2 ,out) × 10− 6 × Q

Vm × m
)dt (3)  

where NNOx ,a, NNOx ,pa, and NNOx ,ca respectively represent the adsorption 
amount, physical adsorption amount, and chemical adsorption amount 
of NOx on the activated carbon (mmol⋅g− 1). The integration limits ta, tpa, 
and tca respectively represent the time required for the completion of 
adsorption experiments, desorption stage 1, and desorption stage 2 ex-
periments (s). CNO,in, CNO,out, and CNO2 ,out represent the NO concentra-
tion in the reactor inlet gas, the NO concentration in the reactor outlet 
gas, and the NO2 concentration in the outlet gas (ppm), respectively. Q 
represents the gas flow rate (NmL⋅s− 1), Vm represents the molar volume 
at 0 ◦C (22.4 L⋅mol− 1), and m represents the loading amount of activated 
carbon (g). 

2.2. Calculation details 

2.2.1. Structural models 
XPS characterization was conducted on the activated carbon samples 

used in this study, and the O1s spectrum is shown in Fig. 3. The spectrum 
can be resolved into three peaks centered at 531.3–531.3 eV, 
532.1–532.3 eV, and 532.2–532.8 eV, corresponding to the carbonyl 
group (C––O) in ketones, the carbonyl group (C––O) in esters, and the 
hydroxyl group or ether group (C–O), respectively [10,25]. This in-
dicates that the surface of the activated carbon sample used in this study 
mainly contains oxygen-containing functional groups, including 
carbonyl groups, ester groups, hydroxyl groups, and ether groups. 

Taking into account the amorphous nature of activated carbon, a 
typical structural unit of amorphous carbon, namely the carbon cluster 
model, is constructed. According to references [22,26,27], a carbona-
ceous model containing 7 aromatic rings is sufficient to neglect the in-
fluence of edge effects on computational accuracy. Considering both 
computational accuracy and efficiency, a pristine carbonaceous model 
containing 7 aromatic rings is constructed to investigate the low- 
temperature adsorption mechanism of NO on activated carbon, as 
shown in Fig. 4a. Based on the XPS characterization of the activated 
carbon, carbonaceous models containing carbonyl, hydroxyl, lactone, 
and ether groups were constructed based on the pristine carbonaceous 
model, as shown in Fig. 4b–e [10,22,27–30]. These carbonaceous 

models were used to investigate the physical adsorption of NOx on 
activated carbon. 

2.2.2. Computational methods 
All density functional theory (DFT) calculations in this study were 

performed using Gaussian 16 [31]. Geometry optimizations and fre-
quency calculations were carried out using the B3LYP functional and the 
6-31G(d,p) basis set to ensure that the optimized structures are free of 
imaginary vibrational frequencies and have minimal energy. To ensure 
the accuracy of non-covalent interactions between gas molecules and 
the carbon surface [32,33], dispersion corrections were also considered 
in the calculations [34]. The higher-precision B3LYP/6-311G(d,p) 
computational method was employed to obtain the single-point energy 
of each structure, which was used for adsorption energy calculations. 

The adsorption energy during the adsorption process was calculated 
using Eq. (4): 

Ead = Ecomplex - Egas - E mod el (4)  

where Ead represents the adsorption energy (kJ⋅mol− 1). Ecomplex, Egas, 
and Emodel respectively represent the single-point energies (kJ⋅mol− 1) of 
the adsorption configuration formed after gas molecule adsorption, the 
gas molecule, and the carbonaceous model. 

The Reduced Density Gradient (RDG) method [35] is one of the 
techniques for visualizing weak interactions in research. It highlights 
areas in the system involving weak interactions, providing an intuitive 
understanding of which regions in the molecule are associated with 
weak interactions. Weak interaction analysis [36] in this study was 
conducted using Multiwfn software [37], and the visualization of rele-
vant graphics was accomplished using VMD software [38]. 

3. Results and discussion 

3.1. Adsorption characteristics of activated carbon on NO in the low- 
temperature range 

Adsorption experiments of activated carbon in NO atmosphere were 
conducted at − 20, − 10, 0, 10, 20, and 30 ◦C, and the adsorption ca-
pacities at 120 min are shown in Table 3. As the temperature decreases, 
the adsorption capacity of activated carbon for NO slightly increases. 
Within the temperature range of − 20 to 30 ◦C, the adsorption capacity of 
activated carbon for NO ranges from 0.0050 to 0.0055 mmol/g, indi-
cating that there are very few adsorption sites for NO on the activated 

Fig. 2. Schematic diagram of the fixed-bed desorption experimental system.  

Fig. 3. High-resolution O1 s spectra of AC.  
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carbon. 
Experiments on the adsorption of activated carbon under NO and O2 

atmospheres were conducted within the same temperature range. Dur-
ing the adsorption process, NO and NO2 were detected in the reactor 
outlet gas. The concentration of NO and NO2 in the outlet gas changed 
over time, as shown in Fig. 5. In Fig. 5, the concentration of NO in the 
outlet gas exhibits a trend of initial acceleration, followed by decelera-
tion, then acceleration again, and finally deceleration at different tem-
peratures. However, the concentration of NO2 in the outlet gas remains 
very low during the 120-minute adsorption process, considering the 
detection limit of FTIR. It can be assumed that only at the later stage of 
the adsorption experiment at − 20 ◦C, NO2 was observed with a con-
centration of only a few ppm, showing a slowly increasing trend over 
time. As the adsorption temperature decreases, the outlet concentration 
of NO decreases. When the adsorption time reaches 120 min, the NO 
concentration decreases from 185.8 ppm at 30 ◦C to 139.7 ppm at 
− 20 ◦C, indicating that low temperature favors the adsorption and 
conversion of NO on the surface of activated carbon. Additionally, the 
time at which the NO concentration reaches its maximum value occurs 
earlier as the adsorption temperature decreases. Referring to existing 
literature, the explanation for the occurrence of a maximum value in the 
NO breakthrough curve is that NOx adsorbed on the surface of activated 
carbon is released again to generate NO. This indicates that as the 
adsorption temperature decreases, the reaction of NOx desorption and 
subsequent generation of NO on the surface of activated carbon also 
accelerates [11]. 

The adsorption amounts of activated carbon for NOx within 120 min 
at each temperature are shown in Table 3. As the temperature decreases, 

the adsorption amount of activated carbon increases from 0.28 mmol/g 
at 30 ◦C to 1.57 mmol/g at − 20 ◦C, with an increase of 1.29 mmol/g or 
4.61 times. Lowering the temperature significantly promotes the 
adsorption of NOx on activated carbon. 

To more comprehensively investigate the adsorption characteristics 
of activated carbon at low temperatures, an adsorption experiment of 
600 min was conducted at − 20 ◦C. During this period, the activated 
carbon reached saturation in adsorbing NOx, and the changes in NO and 
NO2 concentrations in the outlet gas over time are shown in Fig. 6. In 
Fig. 6, at − 20 ◦C, the NO concentration in the outlet gas shows a trend of 
first accelerating, then decelerating, followed by accelerating again, and 
then decelerating. By 580 min of adsorption, the NO outlet concentra-
tion reaches 158.1 ppm, after which it remains almost unchanged. In the 
initial stages of adsorption, the NO2 concentration in the outlet gas is 
very low, and it is not until 70 min later that the NO2 concentration rises 
to a few ppm. Subsequently, the NO2 outlet concentration shows a trend 

Fig. 4. (a) pristine carbonaceous model, (b) carbonaceous models containing carbonyl functional group, (c) hydroxyl functional group, (d) lactone functional group, 
and (e) ether functional group. 

Table 3 
Adsorption amount of activated carbon for NOx after 120 min of adsorption 
under different adsorption atmospheres (mmol/g).  

Temperature / ◦C 200 ppm NO 200 ppm NO + 5 %O2 200 ppm NO2 

30  0.0050  0.28  1.26 
20  0.0051  0.42  1.38 
10  0.0051  0.62  1.53 
0  0.0051  0.89  1.74 
− 10  0.0052  1.24  2.05 
− 20  0.0055  1.57  2.16  

Fig. 5. Variation of outlet concentrations of (a) NO and (b) NO2 with time during NO + O2 adsorption at different adsorption temperatures.  

Fig. 6. Variation of NO and NO2 outlet concentrations with time during the 
adsorption process of activated carbon at − 20 ◦C (inlet concentration: 200 ppm 
NO and 5 % O2). 
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of first accelerating, then decelerating in its increase. By 580 min of 
adsorption, the NO2 outlet concentration reaches 42.7 ppm, after which 
it remains almost unchanged. At this point, the total concentration of 
NOx in the outlet is 200.8 ppm, which is essentially the same as the 200 
ppm NO concentration in the inlet gas. This indicates that the activated 
carbon has reached saturation by 580 min of adsorption. At this time, 
the oxidation rate of NO is 21.4 %, and the adsorption capacity of 
activated carbon for NOx is 2.41 mmol/g. The increasing trend in NO 
outlet concentration shows an initial rapid rise followed by a slower 
increase and then another acceleration. The initial rapid rise is attrib-
uted to the gradual saturation of NO adsorption sites on the surface of 
the activated carbon. Subsequently, the rate of increase in NO outlet 
concentration slows down because the adsorbed NO continues to be 
oxidized to NO2. The NO2 generated by oxidation can desorb, allowing 
some sites to release and subsequently adsorb NO again. The subsequent 
acceleration in NO outlet concentration indicates the presence of a re-
action where surface-adsorbed NOx is released from the activated car-
bon, generating NO [11]. As the rate of this reaction gradually 
decreases, the increase in NO outlet concentration slows down until it 
stabilizes. The presence of both NO and NO2 in the outlet gas indicates 
that activated carbon can catalytically oxidize NO to NO2 at low 
temperatures. 

Similarly, adsorption experiments of activated carbon under NO2 
atmosphere were conducted within the temperature range of − 20 to 
30 ◦C. The adsorption capacities are shown in Table 3. As the adsorption 
temperature decreases, the adsorption amount of NO2 significantly in-
creases. The adsorption capacity of NO2 on the activated carbon within 
this temperature range is 1.26–2.16 mmol/g, indicating significant 
adsorption of NO2 and suggesting the presence of numerous NO2 
adsorption sites on the activated carbon. Additionally, since the 
adsorption amount of NO2 is comparable to that of NO + O2, it suggests 
that in the presence of O2 during NO + O2 adsorption, NO is converted to 
NO2, leading to a substantial increase in the adsorption capacity due to 
the significant adsorption of generated NO2 on the activated carbon. 

3.2. Analysis of NOx desorption behavior and adsorption pathways 

After the adsorption experiments, desorption experiments were 
conducted on the activated carbon samples (ACNO+O2 ) obtained under 
different temperatures. Based on the changes in the outlet concentra-
tions of NO and NO2 during the adsorption process, desorption stage 1, 
and desorption stage 2, the total adsorption amount, physical adsorption 
amount, and chemical adsorption amount of activated carbon at 
different temperatures can be calculated. These are depicted in Fig. 7, 
represented by solid black, blue, and red lines, respectively. The sum of 
physical and chemical adsorption amounts represents the total NOx 
desorption, indicated by the black dashed line. The total amount of NOx 
(the sum of physical and chemical adsorption) desorbed from activated 
carbon is within a 5 % deviation of the total amount of NOx adsorbed by 
the activated carbon. This indicates that the desorption process is rela-
tively complete. As the adsorption temperature decreases, the adsorp-
tion amount of activated carbon for NOx shows a gradually accelerating 
growth trend. Both the physical and chemical adsorption of NOx on 
activated carbon increase monotonically. The physical adsorption of 
activated carbon exhibits a gradually accelerating growth trend, while 
the chemical adsorption shows a rapid increase followed by a slower 
growth rate, eventually reaching a plateau. As the temperature de-
creases from 30 ◦C to − 20 ◦C, the amount of NOx adsorbed through 
physical adsorption increases by 0.71 mmol/g, while the amount 
adsorbed through chemical adsorption increases by 0.51 mmol/g. This 
indicates that the significant increase in NO adsorption due to temper-
ature reduction is correlated with the growth of both physical and 
chemical adsorption of NOx. However, the contribution of the increase 
in physical adsorption of NOx is greater. 

The activated carbon samples obtained after adsorption for 120 min 
at different temperatures underwent the desorption stage 1 experiments. 

The nitrogen components in the desorbed gas were NO and NO2, and 
their respective desorption amounts as well as the total physical 
adsorption amounts are shown in Table 4. Because the gases desorbed in 
the first stage are all NOx physically adsorbed, there is no conversion 
between them during desorption. Therefore, the desorption amounts of 
NO and NO2 in this process can be considered as the physical adsorption 
amounts of NO and NO2. From Table 4, it can be observed that as the 
adsorption temperature decreases, the physical adsorption amounts of 
NOx, NO, and NO2 all increase, especially noticeably below zero degrees. 
The proportion of NO2 physically adsorbed on the activated carbon to 
the total physical adsorption amount increases as the adsorption tem-
perature decreases. When the adsorption temperature is between 0 and 
30 ◦C, the proportion of NO2 physically adsorbed on the activated car-
bon to the total physical adsorption amount ranges from 0.0 % to 26.5 
%. However, when the adsorption temperature is − 10 and − 20 ◦C, the 
proportion of NO2 physically adsorbed on the activated carbon to the 
total physical adsorption amount is 58.6 % and 71.6 %, respectively. 
This indicates that lowering the adsorption temperature facilitates the 
oxidation of NO to NO2 on the surface of the activated carbon. The 
physical adsorption capacity of NO2 is much stronger than that of NO, so 
the physical adsorption of NO2 on activated carbon will significantly 
increase at low temperatures. 

The active carbon samples obtained by adsorption at different tem-
peratures for 120 min were subjected to the second stage of the pro-
grammed temperature desorption experiment after completing the first 
stage desorption. The nitrogen-containing components detected in the 
desorption gas were NO and NO2, and their desorption curves are shown 
in Fig. 8. In the figure, peaks of NO desorption are observed at 120, 175, 
and 200–500 ◦C, with the peak at 120 ◦C being the highest, followed by 

Fig. 7. Variation of adsorption amount, physical adsorption, and chemical 
adsorption of NOx by activated carbon after adsorption in NO + O2 atmosphere 
for 120 min with temperature changes. 

Table 4 
NO desorption, NO2 desorption, and total physical adsorption of ACNO+O2 pre-
pared at different temperatures during the desorption stage 1 experiment 
(mmol/g).  

Temperature / ◦C NO NO2 NOx (NO + NO2) 

30  0.008  0.000  0.008 
20  0.049  0.001  0.050 
10  0.068  0.003  0.071 
0  0.136  0.049  0.185 
− 10  0.176  0.249  0.425 
− 20  0.203  0.512  0.715  
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the peak at 175 ◦C, and the smallest peak observed at 200–500 ◦C. With 
the decrease in adsorption temperature, the peaks at 120 ◦C and 175 ◦C 
for desorption strengthen. The peak height at 120 ◦C increases from 
30.6 ppm at 30 ◦C to 107.0 ppm at − 20 ◦C, while the peak at 175 ◦C 
increases from 21.5 ppm at 30 ◦C to 37.1 ppm at − 20 ◦C. However, there 
is not much change observed in the desorption peak at 200–500 ◦C with 
the variation in adsorption temperature. Peaks for NO2 desorption are 
only observed at 110 ◦C. As the adsorption temperature decreases, the 
desorption peak for NO2 increases in height, with the peak height 
increasing from 2.1 ppm at 30 ◦C to 53.4 ppm at − 20 ◦C. As the 
adsorption temperature decreases, the desorption peaks for NO and NO2 
strengthen, indicating that lower temperatures can promote the chem-
ical adsorption of NOx on activated carbon. The desorbed NO and NO2 
are generated from the breaking of NOx or nitrogen-containing func-
tional groups adsorbed on the activated carbon. Therefore, each 
desorption peak can be regarded as corresponding to a certain NOx 
chemical adsorption configuration or nitrogen-containing functional 
group on the activated carbon. The desorption peaks of NO and NO2 on 
activated carbon did not shift with changes in adsorption temperature, 
indicating that the NOx adsorption configurations or nitrogen- 
containing functional groups generated on activated carbon during NO 
and O2 adsorption at different temperatures remain consistent. This also 
suggests that temperature variations do not alter the conversion path-
ways of NOx on activated carbon. Therefore, in conjunction with the 
adsorption mechanism proposed by Li et al. at 30 ◦C [11], the surface 
nitrogen species present on activated carbon corresponding to each 
desorption peak can be further analyzed. At low temperatures, activated 
carbon catalyzes the oxidation of NO to NO2. Subsequently, NO2 
chemisorbs on the activated carbon surface, forming N-down adsorption 
configuration and O-down adsorption configuration of NO2. Addition-
ally, the O-down adsorption configuration of NO2 further transforms 
into adsorbed NO3

–. The NO desorption peaks at 120 and 175 ◦C corre-
spond to the desorption of N-down adsorption configuration and O- 
down adsorption configuration of NO2 on the activated carbon surface, 
respectively. Meanwhile, the NO2 desorption at 110 ◦C corresponds to 
the decomposition and release of NO3

– on the activated carbon surface. 
Based on the analysis of the physical adsorption and chemical 

adsorption amounts of activated carbon and the desorption curves in the 
low-temperature range mentioned above, combined with the mecha-
nism proposed earlier for the adsorption and transformation of NOx on 
the surface of activated carbon at room temperature [11], the adsorption 
mechanism of activated carbon at low temperatures can be clearly 
defined. O2 first adsorbs onto the active atoms near the hydroxyl 

functional groups on the surface of activated carbon. It reacts with NO in 
the gas phase to form NO2. At this site, NO2 will undergo desorption. 
Some of the desorbed NO2 stabilizes adsorption on saturated carbon 
atoms and partially converts to NO3

–. This adsorbed NO2 and NO3
– 

constitute the chemical adsorption of NOx on activated carbon. The 
other portion of desorbed NO2 exists on the surface of activated carbon 
through physical adsorption. From the low-temperature adsorption 
characteristics of activated carbon, it can be observed that lowering the 
temperature facilitates the oxidation of NO to NO2 on the surface of 
activated carbon. The generated NO2 can be re-adsorbed through both 
physical and chemical pathways, with the temperature reduction 
exerting a more significant promotion effect on physical adsorption. 
Previous studies have clarified the adsorption modes of NO near metal 
atoms during chemical adsorption and transformation processes, as well 
as the adsorption modes of NO2 near nitrogen-containing components 
on the surface of activated carbon [11,18–22]. However, the physical 
adsorption configuration of NOx near oxygen-containing functional 
groups on the surface of activated carbon and the role of oxygen- 
containing functional groups remain unknown. Therefore, Section 3.3 
employs density functional theory calculations to further investigate the 
physical adsorption of NOx on the surface of activated carbon. 

3.3. Density functional theory calculations of NOx physical adsorption on 
activated carbon 

This section calculates the physical adsorption of NO and NO2 on the 
pristine carbonaceous model and the carbonaceous model containing 
carbonyl, ether, hydroxyl, and lactone groups. The physical adsorption 
configurations of NO and NO2 are depicted in Figs. 9 and 10, 
respectively. 

On the pristine carbonaceous model, NO can physically adsorb on 
the edges and basal plane of the carbonaceous model, as shown in Fig. 9a 
and b, with adsorption energies of − 4.0 and − 6.1 kJ/mol, respectively. 
On the carbonaceous model containing carbonyl, ether, and hydroxyl 
groups, NO can physically adsorb on the basal plane of the carbonaceous 
model. On the carbonaceous model containing lactone groups, NO can 
physically adsorb on the edges of the carbonaceous model, as depicted in 
Fig. 9c–f, with adsorption energy ranging from − 5.2 to + 44.5 kJ/mol. 

On the pristine carbonaceous model, NO2 can physically adsorb on 
the edges and basal plane of the carbonaceous model, as shown in 
Fig. 10a and b, with adsorption energies of − 81.4 and − 73.1 kJ/mol, 
respectively. On the carbonaceous model containing carbonyl, ether, 
and hydroxyl groups, NO2 can physically adsorb on the basal plane of 
the carbonaceous model. On the carbonaceous model containing lactone 
groups, NO2 can physically adsorb on the edges of the carbonaceous 
model, as depicted in Fig. 10c–f, with adsorption energies of − 38.5, 
− 77.5, − 78.8, and − 82.7 kJ/mol, respectively. In the two adsorption 
configurations of NO2 on the pristine carbonaceous model, edge 
adsorption of NO2 is more stable than basal plane adsorption of NO2. 
This suggests that NO2 is more likely to adsorb on the edges of the 
carbonaceous model when in proximity to activated carbon. Concerning 
the four oxygen-containing functional groups present on activated car-
bon, it is observed that the presence of carbonyl groups is detrimental to 
the physical adsorption of NO2 on the basal plane of activated carbon. 
However, the presence of ether and hydroxyl groups can enhance the 
stability of NO2 physical adsorption on the basal plane of activated 
carbon, while the presence of lactone groups can enhance the stability of 
NO2 physical adsorption on the edges of activated carbon. Comparing 
the physical adsorption energies of NO and NO2, it is noted that the 
physical adsorption energy of NO2 is significantly smaller than that of 
NO, indicating that the physical adsorption capacity of NO2 on the 
activated carbon surface is much stronger than that of NO. 

The non-covalent interactions of physical adsorption configurations 
of NO2 on the activated carbon were analyzed using the RDG function to 
explore the adsorption interactions between NO2 and the carbonaceous 
model. Fig. 11 shows the gradient isosurfaces of the RDG function for the 

Fig. 8. Desorption curves of activated carbon samples obtained from adsorp-
tion at different temperatures in the desorption stage 2. 
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six adsorption configurations, where the isosurfaces of the RDG function 
(s = 0.5 a.u.) are colored according to the sign(λ2)ρ value. The color 
range varies from blue-green to red, with a distribution range of − 0.04 
to 0.02 a.u. In Fig. 12, the corresponding scatter plots are presented. In 
the contour plots of the RDG function, the green contour surface cor-
responds to peaks near zero (− 0.02 to 0.02 a.u.), representing weak van 
der Waals interactions. The blue contour surface corresponds to peaks 

with large negative values (− 0.04 to − 0.02 a.u.), indicating strong 
attractive interactions such as hydrogen bonding or halogen bonding. 
The red peaks correspond to peaks with large positive values (0.02 a.u.), 
representing steric effects from rings or cages, exhibiting strong repul-
sive interactions. 

In Fig. 11, for the six adsorption configurations of NO2, it can be 
observed that there are red diamond structures present in all six- 

Fig. 9. Physical adsorption configurations of NO on activated carbon. NO adsorption configurations adsorbed on the (a) edges and (b) basal plane of the pristine 
carbonaceous model, NO adsorption configurations on carbonaceous models containing (c) carbonyl, (d) ether groups, (e) hydroxyl groups, and (f) lactone groups. 

Fig. 10. Physical adsorption configurations of NO2 on activated carbon. NO2 adsorption configurations adsorbed on the (a) edges and (b) basal plane of the pristine 
carbonaceous model, NO2 adsorption configurations on carbonaceous models containing (c) carbonyl, (d) ether groups, (e) hydroxyl groups, and (f) lactone groups. 

Z. Li et al.                                                                                                                                                                                                                                        



Chemical Engineering Journal 495 (2024) 153639

9

membered carbon rings, corresponding to the peaks at 0.02 a.u. in 
Fig. 12, representing steric effects of the six-membered rings. Fig. 11a 
and b depict the two adsorption configurations of NO2 on the original 
carbonaceous model. In these configurations, both green and brown 
contour surfaces are observed between NO2 and the carbonaceous 
model. The green contour corresponds to peaks in the range of − 0.01 to 
0 a.u. in Fig. 12a and b, indicating weak hydrogen bonding effects, 
representing weak attractive interactions. The brown contour corre-
sponds to peaks in the range of 0 to 0.01 a.u. in Fig. 12a and b, indicating 
weak steric effects, representing weak repulsive interactions. This sug-
gests that the interaction between NO2 and the original carbonaceous 
model is primarily governed by weak van der Waals interactions. 
Fig. 11c–f illustrate the adsorption configurations of NO2 on 

carbonaceous models containing carbonyl, ether, hydroxyl, and lactone 
groups. In these four configurations, similar green and brown contour 
surfaces are observed between NO2 and the carbonaceous model, rep-
resenting weak hydrogen bonding effects and weak steric effects, 
respectively, indicative of van der Waals interactions. 

Density functional theory calculations on the physical adsorption of 
NO2 on activated carbon reveal that NO2 can physically adsorb on the 
edge or basal plane of the original carbonaceous model, with a prefer-
ence for adsorption on the edge. The presence of carbonyl groups on 
activated carbon is unfavorable for the physical adsorption of NO2 on 
the basal plane, while the presence of ether and hydroxyl groups facil-
itates the physical adsorption of NO2 on the basal plane. The presence of 
lactone groups favors the physical adsorption of NO2 on the edge. 

Fig. 11. Gradient isosurfaces for NO2 adsorption configurations on the (a) edges and (b) basal plane of the pristine carbonaceous model, on carbonaceous models 
containing (c) carbonyl, (d) ether groups, (e) hydroxyl groups, and (f) lactone groups. 

Fig. 12. Scatter plots of sign(λ2)ρ and RDG for NO2 adsorption configurations on the (a) edges and (b) basal plane of the pristine carbonaceous model, on carbo-
naceous models containing (c) carbonyl, (d) ether groups, (e) hydroxyl groups, and (f) lactone groups. 
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Additionally, the physical adsorption capacity of NO2 on the surface of 
activated carbon is much stronger than that of NO. The physical 
adsorption of NO2 on the carbonaceous model is primarily governed by 
relatively weak van der Waals interactions between NO2 and activated 
carbon. 

At low temperatures, the active sites for NO oxidation are the active 
atoms near the hydroxyl functional groups on the surface of activated 
carbon, where NO can be continuously oxidized to NO2. The oxidized 
NO2 undergoes desorption and can physically or chemically adsorb onto 
other sites on the activated carbon surface. Previous studies [11] have 
indicated that the active sites for the chemical adsorption of NO2 are 
saturated carbon atoms, where NO2 can chemically adsorb and some of 
it can be converted to NO3

–. However, our research findings suggest that 
the active sites for the physical adsorption of NO2 are near saturated 
carbon atoms and oxygen-containing functional groups. Surface modi-
fication techniques can be employed to increase the presence of ether, 
hydroxyl, and lactone functional groups on the activated carbon surface, 
thereby increasing the number of active sites for NO oxidation and 
enhancing the physical adsorption of NO2. This enhancement ultimately 
improves the low-temperature adsorption performance of activated 
carbon for NO. 

4. Conclusion 

At low temperatures (− 20 to 30 ◦C), activated carbon exhibits very 
weak adsorption of NO without the presence of O2, while it strongly 
adsorbs NO2. In the presence of O2, activated carbon catalyzes the 
oxidation of NO, resulting in a 56- to 285-fold increase in NOx adsorp-
tion, comparable to the adsorption of NO2. Under a 200 ppm NO + 5 % 
O2 atmosphere, the adsorption capacity of activated carbon increases 
from 0.28 mmol/g at 30 ◦C to 1.57 mmol/g at − 20 ◦C, a 4.61-fold in-
crease. Lowering temperatures significantly enhance NOx adsorption. 
Saturation adsorption experiments at − 20 ◦C reveal that the activated 
carbon surface undergoes both the oxidation of NO to NO2 and the 
reduction of adsorbed NOx to NO during the adsorption process. 

Desorption experiments were conducted for activated carbon sam-
ples adsorbed with NO and O2 at different temperatures. As the 
adsorption temperature decreases, the amount of physically adsorbed 
NOx on the activated carbon gradually increases, while the amount of 
chemically adsorbed NOx shows a rapid increase followed by slow 
growth and eventual stabilization. The increase in physically adsorbed 
NOx is more significant. Lower temperatures favor the oxidation of NO 
on the activated carbon surface, and it is also found that NO2 has a 
stronger physical adsorption capacity compared to NO. Furthermore, 
the temperature corresponding to the desorption peak of the adsorbed 
activated carbon remained unchanged, suggesting that adsorption 
temperature variations do not alter the conversion pathways of NOx on 
the activated carbon. 

Density functional theory calculations were conducted to investigate 
the physical adsorption configurations of NOx on activated carbon. The 
physical adsorption energy of NO on the activated carbon surface ranged 
from − 5.2 to + 44.5 kJ/mol, while that of NO2 ranged from − 82.7 to 
− 38.5 kJ/mol, indicating that NO2 has a much stronger physical 
adsorption capacity compared to NO. NO2 was found to physically 
adsorb near saturated carbon atoms and oxygen-containing functional 
groups. The presence of carbonyl groups on the activated carbon was 
unfavorable for NO2 physical adsorption, whereas the presence of ether, 
hydroxyl, and lactone groups promoted NO2 physical adsorption. 
Reduced density gradient analysis revealed that the interaction between 
physically adsorbed NO2 and activated carbon is primarily characterized 
by relatively weak van der Waals interactions. 

During low-temperature adsorption, NO is first oxidized to NO2 at 
active sites near hydroxyl functional groups. Subsequently, a portion of 
NO2 chemisorbs onto saturated carbon atoms, while another portion 
physisorbs near saturated carbon atoms and oxygen-containing func-
tional groups. The mechanism of NO low-temperature adsorption on 

activated carbon elucidated in this study can guide the modification of 
activated carbon and the optimization of low-temperature adsorption 
techniques. 
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