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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• MnCeOx derived from MOFs were 
effective for the synergistic removal CB 
and NO.

• Cu doping improved the activity of cat
alysts by inhibiting the formation of 
NH4Cl.

• Catalytic PTFE fibers were prepared by 
membrane crack method.

• Catalytic PTFE fibers showed excellent 
removal efficiency of dioxins.

• Catalytic PTFE fibers have a certain 
adsorption effect on dioxin and SO2.
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A B S T R A C T

The synergistic removal of multiple pollutants from flue gas has attracted growing interest in recent years. In this 
study, Cu-doped MnCeOx catalysts were synthesized via an impregnation method and integrated into PTFE fibers 
using a split-film process to enable the simultaneous removal of chlorobenzene (CB) and nitrogen oxide (NO). 
Among the catalysts tested, Mn2Ce1Cu0.6Ox exhibited the highest performance, achieving 90 % CB degradation 
and 100 % NO conversion at 180 ◦C. The PTFE-based catalytic fibers also demonstrated excellent removal ef
ficiency, reaching 83.7 % for dioxins at the same temperature. A possible reaction mechanism is proposed in 
which the NH3-SCR process facilitates CB oxidation by generating reactive intermediates. Cu doping was found to 
enhance the density of acid sites and promote the ring-opening of CB, thereby suppressing chlorine accumulation 
and improving catalyst stability. These findings provide valuable insights for the development and optimization 
of catalytic bag filters for the efficient, synergistic removal of multiple pollutants from industrial emissions.
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1. Introduction

Incineration has become the predominant method for municipal 
solid waste treatment in China; however, the resulting flue gas typically 
contains a range of pollutants, including particulate matter (PM), ni
trogen oxides (NOx), and dioxins [1]. Strict environmental regulations 
have been implemented to control the emissions of dioxins and NOx in 
flue gas. To address this issue, catalytic oxidation technology is 
commonly employed for the removal of gaseous pollutants, owing to its 
advantages of high efficiency and low energy consumption [2,3], by 
applying bag filter to remove particulates. In recent years, considerable 
research has focused on the development of catalytic bag filters for the 
simultaneous control of multiple pollutants, enabling the synergistic 
removal of both gaseous contaminants and particulate matter [4,5].

A catalytic bag filter integrates catalytic and filtration functions by 
incorporating catalysts directly onto the filter material [6]. Common 
preparation methods include impregnation method and the redox 
method. Jiang et al. prepared a polytetrafluoroethylene (PTFE) catalytic 
bag filter by impregnation method with La modified manganese oxide 
catalyst [7]. The filter achieved approximately 90 % NOx conversion 
efficiency at 200 ◦C and demonstrated good resistance to H2O and SO2. 
However, the surface-loaded catalysts were prone to detachment during 
pulse cleaning, which limited the long-term stability of the system in 
practical applications. Luo et al. prepared an efficient catalytic mem
brane used for laminating with bag filter [8]. Flowerlike MnyFezOx 
amorphous oxide catalysts were anchored into the membrane via redox 
method. The NO removal efficiency of catalytic membrane was higher 
than 90 % at 115–180 ◦C under a GHSV of 74,000 mL g-1h− 1. However, 
the redox method suffers from low efficiency, making it unsuitable for 
industrial application, as it typically requires over 12 h to produce a 
single batch of catalytic filter materials, with production capacity 
fundamentally constrained by the volume of the reaction reactors [9]. 
Compared with other methods, the split film process is considered the 
most promising approach due to its advantages, including a simple 
preparation procedure and strong catalyst retention. For example, Jin 
et al. successfully prepared catalyst-embedded PTFE fibers using the 
split film process, achieving uniform dispersion of the catalyst both on 
the surface and within the interior of the fibers [10]. However, 
approximately 43–50 % of the catalysts incorporated into the PTFE fi
bers were embedded too deeply, limiting their exposure and reducing 
their effectiveness in the catalytic reaction. Therefore, it is crucial to 
design catalysts with high intrinsic activity and optimal surface acces
sibility to fully realize the potential of catalytic bag filters.

Metal-organic framework materials (MOFs) has been widely used in 
various fields, including hydrogen storage [11], gas sensors [12], 
supercapacitors [13], adsorption [14], and photocatalysis [15]. Cata
lytic oxidation [16] was also explored, as catalysts derived from MOFs 
inherit the advantages of MOF materials, such as tunable structures, 
high specific surface area, and abundant porosity. The self-assembly of 
metal ions and organic ligands provides excellent precursor templates 
for catalysts, making them highly suitable for heterogeneous catalysis. 
Self-assembly of metal ions and organic ligands provided catalyst 
excellent precursor templates, which were highly suitable for hetero
geneous catalysis [17]. Chai et al. prepared a series of V2O5/TiO2 cat
alysts via wet impregnation over MIL-125(Ti) support, followed by 
calcination [18]. Among them, the 0.8VTi sample achieved 100 % 
chlorobenzene (CB) conversion at 250 ◦C. Jiang et al. systhesized MnOx 
materials using various Mn-based MOFs as templates for CB catalytic 
oxidation [19]. They found that the precursors significantly influenced 
the structural morphology of the resulting MnOx materials. MnO2 
derived from Mn-MOF-74 in the presence of H2O2 exhibited the best 
catalytic activity, with a T90 of 174  ◦C. This green and economical 
preparation method offers a promising strategy for designing efficient 
catalysts.

Another approach to enhance the activity of the catalyst is metal 
doping. It was reported that Cu doping could boost the catalytic activity 

of manganese oxide catalyst by facilitating the electron transfer between 
CuO and MnO, due to the strong synergistic effect exists between Cu and 
Mn [20–22]. Liu et al. found that Cu-Mn-BTC (Trimesic acid) contained 
more Lewis acid sites than Mn-BTC because Cu doping increased the 
concentration of Lewis acid sites on the catalytic surface [23]. Shen et al. 
prepared Cu-doped SmMn2O5 mullite catalysts and found that Cu 
doping created Cu2+-O-Mn4+ active composite sites [24]. Cu-doped 
SmMn2O5 mullite catalysts exhibited 90 % conversion of toluene at 
206 ℃ and displayed robust stability with the presence of water.

In this study, MnCe-BTC, synthesized via a simple solvothermal re
action, was selected as the template, and copper was doped by 
impregnation. The Mn2Ce1Cu0.6Ox catalyst, which exhibited the best 
catalytic performance, was then mixed with PTFE resin, compressed, 
rolled, stretched, and slitted to prepare catalytic fibers. Chlorobenzene 
and NO were selected as model pollutants to study the synergistic 
removal of dioxins and NOx. The physicochemical properties of the 
catalysts and catalytic fibers were characterized to assess the impact of 
Cu doping. Using in situ DRIFTS data, the potential catalytic mecha
nisms for the synergistic removal of CB and NO were further explored.

2. Materials and methods

2.1. Synthesis of the catalysts and the catalytic PTFE fibers

Using a typical solvothermal method, 0.502 g manganous nitrate 
tetrahydrated (Mn(NO3)2⋅4H2O), 0.434 g cerium nitrate hexahydrate 
(Ce(NO3)3⋅6H2O) and 0.567 g trimesic acid (BTC) were fully dissolved in 
60 mL N,N-Dimethylformamide (DMF). The solution was then trans
ferred to a PTFE hydrothermal reactor and heated at 120 ◦C for 24 h to 
obtain MnCe-BTC precursor. The precursor was calcined at 300 ◦C for 2 
h under air atmosphere to obtain Mn2Ce1Ox (molar ratio) catalyst as 
shown in Fig. 1a. Using a typical impregnation method, the obtained 
MnCe-BTC precursor and cupric nitrate (Cu(NO3)2) with different molar 
ratios were weighted and dissolved in the deionized water. The solution 
aforementioned was magnetically stirred at room temperature at 200 
rpm for 2 h and then was dried overnight to obtain blue particles. 
Mn2Ce1Cu0.2Ox, Mn2Ce1Cu0.6Ox, Mn2Ce1Cu1Ox were prepared after 
calcination at 300 ◦C for 2 h under air atmosphere as shown in Fig. 1b. 
All reagents and solutions mentioned above were purchased from 
Aladdin and are of analytical reagent (AR) grade.

The catalytic PTFE fibers were prepared by split film process as 
shown in Fig. 1c. The Mn2Ce1Cu0.6Ox catalyst powder was added to 
PTFE resin and rolled to mix well. White oil (30 wt% of total weight) was 
then added as lubricant and dried at 60 ◦C overnight. The catalyst was 
evenly coated in the resin along with the lubricating oil. The mixture 
was extruded into thin rod with a diameter of 3 cm and then rolled into a 
film. The prepared film was sent to degreasing machine and heated at 
120 ◦C to eliminate white oil. After degreasing, the film was heated and 
stretched at 350 ◦C and fed into a pair of needle rollers to break the film 
to form catalytic fibers named as C-PTFE. A series of C-PTFE were pre
pared by changing the mass ratios of Mn2Ce1Cu0.6Ox, including 20C- 
PTFE, 30C-PTFE, and 40C-PTFE corresponding to 2:8, 3:7 and 4:6 
(catalysts: PTFE), respectively.

2.2. Catalysts characterization

The catalysts and PTFE catalytic fibers were characterized by various 
techniques including scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), element mapping (EDS), X-ray diffractom
eter (XRD), N2 adsorption–desorption, X-ray photoelectron spectro
scopic (XPS), temperature programmed H2 reduction (H2-TPR), 
temperature programmed O2 desorption (O2-TPD), temperature pro
grammed NH3 desorption (NH3-TPD), Pyridine infrared (Py-IR), ther
mogravimetric (TG), in situ diffuse reflectance infrared Fourier 
transform spectroscopy (in situ DRIFTS). Mechanical properties of fibers 
were tested using monofilament strength meter and the contact angles of 

S. Lu et al.                                                                                                                                                                                                                                        Journal of Colloid And Interface Science 697 (2025) 137955 

2 



the liquid were measured by the seat drop method. More details of the 
characterization experiments were provided in the Supporting 
materials.

2.3. Catalytic activity evaluation

The catalytic performance of samples was evaluated in a fixed bed 
flow continuous reactor (Fig. S1) under atmospheric pressure. The 
sample (weight: 200 mg, particle size: 40–60 mesh) was placed within a 
quartz reactor (i. d. = 8 mm) and securely positioned using quartz wool 
at both ends of the catalyst. The flow rate was precisely adjusted by mass 
flow controllers (MFCs) maintaining 100 ppm CB, 500 ppm NO, 500 
ppm NH3, 11 % vol O2 and N2 as balance. The space velocity was 30,000 
mL g− 1 h− 1 and the reaction time was 30 min at each temperature. The 
concentration of CB was continuously monitored using an online gas 
chromatography system (GC, Fuli GC-9790 plus), equipped with a 
thermal conductivity detector (TCD) and two flame ionization detectors 
(FID). The concentrations of NOx were detected by flue gas analyzer 
(Gasboard-3000plus, Ruiyi). The conversion efficiency of CB and NO 
were calculated with the following formulas: 

ηCB =
Cin

CB − Cout
CB

Cin
CB

× 100% 

ηNO =
Cin

NO− Cout
NO

Cin
NO

× 100% 

where ηCB and ηNO represented the conversion efficiency of CB and NO, 
respectively. Cin

CB and Cin
NO represented the inlet concentration of CB and 

NO, respectively. Cout
CB and Cout

NO represented the outlet concentration of 
CB and NO, respectively. More details of catalytic activity evaluation 
divices and dioxins experimental parameters were provided in the 
Supporting materials.

3. Results and discussion

3.1. Catalytic activity

Fig. 2a and Fig. 2b illustrated the conversion rate of catalysts when 
used for the synergistic removal of CB and NO. For CB, the catalytic 
activities of Mn2Ce1Cu0.6Ox (T90 = 180.9 ◦C) and Mn2Ce1Cu0.2Ox (T90 =

186.1 ℃) were higher than that of Mn2Ce1Ox (T90 = 195.2 ◦C), indi
cating that Cu doping significantly enhanced the catalytic activity of 
catalysts. However, too much Cu species showed adverse effect and 
caused a decline in Mn2Ce1Cu1Ox (T90 = 202.7 ◦C). Combined with SEM 
image analysis (Fig. 3d), it was possible that excessive Cu species would 
react with O2 to form CuO coating layer on the surface of catalyst, 
covering the active sites and obstructing electron transfer. All catalysts 
showed excellent NO catalytic activity that NO conversion rates were all 
higher than 90 % at 140 ◦C. However, higher temperature seemed to 
limit the NH3-SCR reaction, resulting in a decrease of NO conversion rate 
[25]. Mn2Ce1Cu0.6Ox exhibited the highest low-temperature catalytic 
activity, reaching 90 % CB conversion rate and 100 % NO conversion 
rate at 180 ◦C. Fig. 2c and d illustrated the conversion rate of CB and NO 
for the PTFE catalytic fibers, respectively. Compared to the catalyst 
powder, the catalytic activity of catalytic fibers was slightly lower, 
which may be attributed to a portion of the catalysts being encapsulated 
within the fibers, thereby limiting its exposure and participation in the 
reaction. For CB, the catalytic activity of 40C-PTFE (T90 = 185.4 ◦C) was 
much higher than that of 20C-PTFE (T90 = 223.2 ◦C), indicating that the 
higher catalyst content improved the catalytic performance. On the 
other hand, 30C-PTFE (T90 = 192.8 ◦C) exhibited a T90 value close to 
that of 20C-PTFE, suggesting that the influence of catalysts loading on 
activity was limited. Notably, 40C-PTFE demonstrated a broad oper
ating temperature window for NO, maintaining a conversion rate above 
90 % across a temperature range of 130 ◦C to 220 ◦C. Mn2Ce1Cu0.6Ox 
demonstrated good stability at 250 ◦C, as shown in Fig. 2e. The deac
tivation of the catalysts occurred after 4 h, with the conversion rate of CB 
dropping from 100 % to 70 % and then remaining steady. In the 24 h 

Fig. 1. Schematic diagram of (a) Mn2Ce1Ox catalysts preparation; (b) MnCeCuOx catalysts preparation; (c) cataytic fibers preparation.
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stability test, the conversion rate of NO maintained 80 % for about 22 h 
before declining slightly to 76 %. In comparison, Mn2Ce1Ox showed 
significantly lower stability, with the CB conversion dropping from 100 
% to 35 % within 10  h. These results confirm that Cu-doping greatly 
enhanced the long-term stability of catalysts.

The effect of water vapor on the catalytic activity was evaluated by 
introducing water vapor into the reaction system, adjusting the relative 
humidity to around 5 % at 180 ◦C. As shown in Fig. 2f, the conversion 
rate of CB decreased by about 15 % for Mn2Ce1Cu0.6Ox and 20 % for 
40C-PTFE. However, after the water vapor introduction ceased, the 
conversion rates could increase approximately 5 % and 8 %, respec
tively. The effect of SO2 on the catalytic activity was evaluated by 
introducing 100 ppm SO2 into the reaction system at 180 ◦C (Fig. 2g). 
The degradation rate of CB over Mn2Ce1Cu0.6Ox rapidly decreased by 
about 20 % and slowly decreased to about 60 % despite SO2 was off. 
Surprisingly, the deactivation rate of 40C-PTFE was significantly lower 
than that of Mn2Ce1Cu0.6Ox. Increasing the temperature to 200 ◦C 
further reduced the deactivation of 40C-PTFE, suggesting that this 
phenomenon is linked to adsorption ehavior, specifically the reduced 
adsorption of SO2 at higher temperatures. Generally, SO2 competes with 
CB and NO for active sites, leading to the formation of metal sulfate and 

causing irreversible catalyst deactivation [26]. However, the fiber 
network structure and porous membrane of C-PTFE provided additional 
adsorption sites for SO2 and reduced the competitive adsorption [7,27]. 
Therefore, 40C-PTFE showed better SO2 resistance than Mn2Ce1Cu0.6Ox.

Furthermore, the catalytic activity of Mn2Ce1Cu0.6Ox for dioxin 
removal was evaluated, and the results are shown in Fig. 2h. At 180 ◦C, 
86.0 % of the dioxins were effectively removed. Among them, 94.4 % 
toxic dioxins were effectively removed and 85.5 % were degraded. The 
remove and degradation efficiency of I-TEQ were 93.6 % and 90.3 %, 
respectively. The remove efficiency of PCDDs (94.5 %) was higher than 
that of PCDFs (94.2 %) as PCDFs contained more high-chlorinated ho
mologues, which were more stable and were harder to degrade than low- 
chlorinated homologues [28]. The catalytic activity of 40C-PTFE was 
lower than that of Mn2Ce1Cu0.6Ox as shown in Fig. 2i, which was 
consistent with the CB and NO test results. When C-PTFE were used for 
tests, 83.7 % dioxins were effectively removed at 180 ◦C. Among them, 
86.5 % toxic homologues were effectively removed and 61.1 % were 
degraded. The remove efficiency and degradation efficiency of I-TEQ 
were 92.3 % and 85.5 %, respectively. Compared to catalysts powder, 
40C-PTFE adsorbed more dioxins indicating that PTFE fiber has a certain 
adsorption effect on dioxins which was consistent with SO2 test results. 

Fig. 2. CB conversion of (a) catalysts and (c) catalytic fibers; NO conversion of (b) catalysts and (d) catalytic fibers; (e) stability tests; (f) H2O resistances; (g) SO2 
resistances; dioxins remove and degradation efficiency of (h) catalysts and (i) catalytic fibers.
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The distributions of PCDD/Fs homologues were illustrated in Figs. S3 
and S4. The behavior of Mn2Ce1Cu0.6Ox and 40C-PTFE were similar that 
the removal efficiency of high-chlorinated homologues was lower than 
that of low-chlorinated homologues, especially HxCDD/Fs. Some 
PeCDFs were generated during the degradation process, indicating that 
high-chlorinated homologues underwent dechlorination, resulting in 
the formation of low-chlorinated homologues.

3.2. Morphology

The morphology of MnCeCuOx with different Cu content were shown 
in Fig. 3a–d. All catalysts exhibited rod-like structure, which was re
ported to exhibit superior catalytic activity for pollutants compared to 
cubic and octahedra-shape [29]. And the large aspect ratio and anisot
ropy one-dimensional structure of nano rods provided catalyst with 
abundant active sites and directional paths for electron transport [30]. 
Tiny particles appeared on the surface of Mn2Ce1Cu0.2Ox could be 
regarded as Cu species. Mn2Ce1Cu0.6Ox showed longer and thinner rod- 
like structure with porous structures appearing, which was conducive to 
gas diffusion and adsorption. Further increasing the Cu content led to 
the formation of CuO coating layer on the surface of Mn2Ce1Cu1Ox, 
which obstructed the catalytic reactions [31]. EDS-mapping was also 
employed to further study the element distribution of Mn2Ce1Cu0.6Ox as 
shown in Fig. S5. It was found that Ce, Mn and Cu were uniformly 
distributed. The lattice spacing of 0.315, 0.249 and 0.259 nm were 
displayed in Fig. 3e, corresponding to the crystal face of CeO2 (111), 
Mn3O4 (211) and CuMn2O4 (311), respectively. The formation of 
CuMn2O4 proved the intense interplay between Mn and Cu.

The morphology of C-PTFE with different catalyst content were 
shown in Fig. 3f–i. The surface of catalytic fibers was covered with 
cracks caused by the stretching of PTFE film (Fig. 3f). These cracks 

provided loading sites for catalyst powder and increased the specific 
surface area of C-PTFE. By the increasing of catalyst content, C-PTFE 
became thinner and more cracks appeared on the surface of fibers. It was 
observed that the filaments intertwined with each other to obtain a 
complex fiber network structure (Fig. 3i). When the catalyst particle size 
exceeded the fiber diameter, C-PTFE tended to form a fiber network that 
trapped the catalyst particles on the surface rather than encapsulating 
them within the fibers. The transformation of loading mode improved 
the catalytic performance by increasing the exposure of active sites to 
pollutants. Therefore, a possible forming mechanism of C-PTFE could be 
proposed. During the stretching process of the PTFE film, the fiber was 
continuously pulled from the folded wafer, becoming longer and thinner 
to form node-fiber structures. At low catalyst content, the fiber diameter 
exceeded the catalyst particle size, causing the catalyst particles to 
become embedded within the fibers, which led to catalyst deactivation. 
In contrast, at higher catalyst loading, the increased weight of the 
catalyst exerted a vertical tensile force, causing premature fiber 
breakage. This resulted in the formation of numerous filaments that 
intertwined to create network structures, effectively trapping the cata
lyst powder, which enhanced contact between the catalysts and 
contaminants.

3.3. Structural characteristics

The XRD patterns (Fig. 4a) showed that MnCeCuOx catalysts 
exhibited diffraction peaks corresponding to CuMn2O4 (PDF # 74- 
2422), which indicated the successful formation of Cu-Mn solid solu
tion [31]. Notably, the peak at 35.8◦, assigned to the (311) planes of 
CuMn2O4, represented the most intense diffraction peak of spinel 
structure [32]. With the increase of Cu content, the intensity of the 35.8◦

diffraction peak became more pronounced, and the peak at 28.5◦

Fig. 3. SEM images of (a) Mn2Ce1Ox; (b) Mn2Ce1Cu0.2Ox; (c) Mn2Ce1Cu0.6Ox; (d) Mn2Ce1Cu1Ox; TEM images of (e) Mn2Ce1Cu0.6Ox; SEM images of (f) 40C-PTFE 
fibers; (g) 20C-PTFE; (h) 30C-PTFE; (i) 40C-PTFE.
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exhibited a slight shift to a higher value. These observations further 
confirmed the incorporation of Cu into the Mn oxide lattice and the 
formation of Cu-Mn solid solutions. The pore structure parameters of 
catalysts were tested and shown in Fig. 4b and Table. S3. All catalysts 
exhibited type IV adsorption–desorption isotherms with H3-type hys
teresis loops, indicating that the prepared catalysts were typical meso
porous materials. The specific surface area of catalyst exceeded 100 m2/ 
g, which were mainly attributed to the pyrolysis of MOFs precursor and 
the generation of structural defects [33]. As the Cu content increased, 
the specific surface area and pore volume initially rose, followed by a 
decline. Combined with SEM results, this suggests that excessive Cu 
species blocked the pores by forming CuO. Among all samples, 
Mn2Ce1Cu0.6Ox has the largest specific surface area (115.80 m2/g) and 
the largest pore volume (0.27 cm3/g). The excellent catalytic perfor
mance of Mn2Ce1Cu0.6Ox can be explained in terms of the rich pore 
structures, as bigger specific surface area and pore volume improved the 
diffusion and adsorption of organic contaminants [33]. Furthermore, all 
catalysts exhibited a unimodal pore size distribution centered around 3 
nm, which facilitated the free diffusion of CVOCs molecules (0.5–1 nm) 
within the pores. This pore structure also supported the deposition of 
degradation products, enhancing catalytic activity [34]. In summary, Cu 

doping not only facilitated the formation of Cu-Mn solid solutions but 
also improved the textural properties, including specific surface area 
and pore volume, thereby enhancing catalytic performance.

The XRD patterns of catalytic fibers were shown in Fig. 4c. The 
diffraction peak at 18.1◦ corresponds to (100) planes of PTFE. As the Cu 
content increased, the intensity of this peak gradually diminished, sug
gesting a decrease in the crystallinity of catalytic fibers. To further 
evaluate the effect of catalyst content on the mechanical properties of 
PTFE fibers, the breaking force and elongation at break were measured 
as shown in Fig. 4d and 4e. Upon the addition of 20 wt% catalyst to the 
PTFE resin, the breaking force and elongation at break of fibers 
decreased significantly from 109.2 cN/dtex and 370 % to 73 cN/dtex 
and 260 %, respectively. Notably, 30C-PTFE showed similar mechanical 
properties with 20C-PTFE. However, when the catalyst content was 
further increased to 40 wt%, the mechanical properties of 40C-PTFE 
were sharply reduced and easy to break during stretching, which was 
not conducive to industrial production. Shore hardness of C-PTFE was 
measured on the 2 mm thick PTFE films and the results were shown in 
Fig. 4f. The hardness of C-PTFE increased with the increase of catalyst 
content from 25 HA (pure PTFE) to 60 HA (40C-PTFE), which was 
mainly attributed to intrinsic hardness of the catalyst particles. From the 

Fig. 4. The XRD patterns (a), N2 adsorption–desorption isotherm and pore size distribution (b) of catalysts; the XRD patterns (c), breaking force (d), elongation at 
break (e), shore hardness (f), thermogravimetric analysis (g), water contact angle (i) of catalytic fibers; water contact angle (h) of pure PTFE fibers.
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perspective of industrial production, lower breaking force and elonga
tion at break would cause film fracture in the production process and 
result in a lower yield. Excessive hardness could damage the extruder 
and calender, leading to the formation of uneven films. Conversely, poor 
mechanical properties would result in coarse fiber diameters and cata
lyst deactivation due to poor embedding within the fibers. Therefore, to 
balance mechanical performance and catalytic efficiency, the catalyst 
content should be controlled to a maximum of 30 wt%.

According to the TG curves (Fig. 4g), the total weight losses for pure 
PTFE, 20C-PTFE, 30C-PTFE, 40C-PTFE were 100 %, 81 %, 70 %, 60 %, 
respectively. There was no catalysts loss occurred during the prepara
tion, which further confirmed that the decrease of catalytic activity of C- 
PTFE was caused by the encapsulation of catalysts within the fibers. C- 
PTFE exhibited excellent thermal stability as the pyrolysis of catalytic 
fibers occurred at 536 ◦C. To explore the hydrophobicity of C-PTFE, 
water contact angles were tested as shown in Fig. 4h and 4i. The water 
contact angles of pure PTFE (130.17◦) and 40C-PTFE (129.49◦) were 
both higher than 90◦, indicating that 40C-PTFE inherited the excellent 
hydrophobicity of pure PTFE. Since flue gas from incineration process 
typically contains high humidity, strong hydrophobicity is beneficial for 
isolating catalysts from condensate water to avoid plugging the pore 

structures of catalyst.

3.4. Redox properties and acid sites

The redox properties of all catalysts were analyzed by XPS, O2-TPD, 
and H2-TPR. The O 1s, Mn 2p, Ce 3d and Cu 2p spectra were shown in 
Fig. 5a–d and the elemental valence state ratios were calculated based 
on the peak areas (Fig. 5e). The O 1s spectrum (Fig. 5a) could be 
deconvoluted into surface lattice oxygen (Olatt, 529.5 eV–530.0 eV) and 
surface chemisorbed oxygen (Oads, 531.0 eV) [35]. The mobility of Oads 
was higher than that of Olatt and Oads was able to donate electrons more 
quickly in the reaction [36]. Mn2Ce1Cu0.6Ox had the highest content of 
Oads (52.34 %), followed by Mn2Ce1Cu0.2Ox (50.34 %), Mn2Ce1Cu1Ox 
(48.26 %) and Mn2Ce1Ox (43.58 %), which was consistent with the 
catalytic performance. It can be inferred that Cu doping contributed to 
the catalytic activity by increasing the proportion of Oads content on the 
catalyst surface. The Mn 2p3/2 peak (Fig. 5b) can be deconvoluted into 
Mn2+ (640.5 eV), Mn3+ (642.2 eV) and Mn4+ (644.7 eV) [37]. Among 
them, Mn3+ was proposed to be the most active species for low- 
temperature CB oxidation [38]. The increase of Mn4+ content in 
Mn2Ce1Cu0.6Ox explained the excellent catalytic performance by 

Fig. 5. XPS spectra of samples: O 1s (a), Mn 2p (b), Ce 3d (c) and Cu 2p (d); the percent of valence state (e), H2-TPR (f), O2-TPD (g), NH3-TPD (h), Py-IR (i) 
of samples.
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accelerating the oxidation of NO to NO2 to facilitate the fast-SCR and CB 
oxidation [36]. The Ce 3d spectrum (Fig. 5c) was deconvoluted into 
eight peaks corresponding to Ce3+ and Ce4+. The presence of Ce3+

proved the formation of oxygen vacancies and unsaturated chemical 
bonds due to charge imbalance on the surface of catalyst [39]. The Cu 2p 
peak (Fig. 5d) was divided into three peaks at 962.0, 943.7 and 940.8 eV 
belonging to Cu2+, Cu1+ and metal Cu [40]. Three obvious satellite 
peaks at 962.0、943.7 and 940.8 eV represented the surface Cu2+ spe
cies. Cu2+ content was an important factor affecting redox reactions due 
to its strong oxidation capacity [23]. In addition, the coexistence of Ce3+

and Cu2+ can lower the redox potential and promote the formation of 
Cu-Ce solid solution [41]. To further verify the effect of Cu doping on the 
stability of catalysts, XPS analysis were performed on the catalyst before 
and after the stability test (Fig. S6). Interestingly, the Oads content 
increased significantly after reaction from 47.66 % to 80.61 %, while 
Cu2+ content increased from 60.66 % to 72.92 %. Thus, the improving of 
Cu doping on the stability of catalysts can be attributed to that Cu1+ and 
mental Cu were oxidized during the reaction process and produced more 
Oads on the catalyst surface [42]. Olatt on the surface of catalyst partic
ipated in the reaction, which proved that the synergistic removal reac
tion of CB and NO was consistent with the Mars-van Krevelen 
mechanism. Mn2+ content increased from 22.98 % to 31.97 % and Ce3+

content increased from 18.77 % to 24.90 % after 24 h reaction, indi
cating that there was not only the electron transfer between Mn and Ce, 
but also Ce and Cu. The Cl 2p spectrum (Fig. S6e) can be divided into 
peaks at 198.2 and 199.8 eV, corresponding to metal chlorides and 
organochlorine species, respectively. The peak at 206.6 eV represented 
the products of CB degradation or chloric acid or hypochlorous acid, 
which might come from residues in the solvent. Metal chlorides and 
organochlorine appeared on the surface catalyst indicated that Cl 
deposition happened during the reaction, leading to catalyst poisoning 
[43].

The synergistic removal of CB and NO was closely related to the 
reducibility of the catalyst. Therefore, the reducibility of all samples was 
analyzed by H2-TPR and displayed in Fig. 5f. The reduction peaks can be 
attributed to the sequential reduction of Mn4+→Mn3+→Mn2+ and 
Cu2+→Cu1+. The hydrogen consumption of catalysts increased with the 
increase of Cu content in the following order: Mn2Ce1Cu1Ox (8.105 
mmol/g) > Mn2Ce1Cu0.6Ox (5.678 mmol/g) > Mn2Ce1Cu0.2Ox (4.421 
mmol/g) > Mn2Ce1Ox (1.923 mmol/g), indicating that Cu doping 
greatly significantly enhanced the reducibility of the catalysts. Addi
tionally, the reduction peak at 442 ℃ disappeared upon Cu doping, 
which is likely due to the weakened Mn-O bond energy caused by the 
incorporation of Cu [20]. Furthermore, O2-TPD analysis was conducted 
to inestigate the surface oxygen species of all samples. Typically, the O2- 
TPD spectra can be divided into three regions: low-temperature region 
(below 200 ◦C), middle-temperature region (200–400 ◦C) and high- 
temperature region (>400 ◦C) [44], corresponding to surface adsorbed 
oxygen, surface lattice oxygen, and internal lattice oxygen, respectively. 
It was observed that MnCeCuOx catalysts possessed more active oxygen 
species at low temperature, which were more prone to migration and 
participation in reactions. It can be inferred that Cu doping increased the 
content of surface adsorbed oxygen and promoted its migration.

The surface acidity of catalyst played a crucial role in the catalytic 
process. Fig. 5h displayed NH3-TPD curves of MnCeCuOx catalysts and 
were divided into three distinct peaks corresponding to weak acid sites 
(100–200 ◦C), moderate acid sites (200–500 ◦C) and strong acid sites 
(500–700 ◦C) [45]. New peaks corresponding to weak and moderate 
acid site appeared on the Cu doping catalyst. The NH3 desorption peak of 
MnCeCuOx catalysts also shifted to lower temperature compared to 
Mn2Ce1Ox. It can be inferred that Cu doping significantly increased 
acidic sites of catalyst according to the above analysis. To further 
investigate the surface acidity of samples, Py-IR was employed to 
identify the types and relative acidity of acid sites (Fig. 5i). The vibra
tional peak at 1542 cm− 1 was attributed to Brønsted acid sites, while the 
peaks at 1450 cm− 1 and 1606 cm− 1 were attributed to Lewis acid sites. A 

peak at 1490 cm− 1 was observed which was attributed to a synergistic 
peak of Lewis and Brønsted acid sites [42]. Quantification analysis of 
acid sites (Table. S4) revealed that Lewis acid sites were predominant on 
the surface of all samples. The acidity increased with the increase of Cu 
content, further proved that Cu doping promoted the generation of 
surface acid sites, especially Lewis acid sites. It was suggested that 
Brønsted acid sites were conducive to the adsorption of CB and Lewis 
acid sites were conducive to the break of C-Cl bond [46]. Therefore, we 
suggested that Cu doping improved the catalyst stability by promoting 
the complete oxidation of CB and reducing the chlorine poisoning. On 
the other hand, abundant H+ helped improving the selectivity of HCl.

3.5. Catalytic mechanism

The synergistic catalytic mechanism of CB and NO over Mn2Ce1

Cu0.6Ox was analyzed using in-situ DRIFTS experiments. As shown in 
Fig. 6a, the bands at 1029 and 1200 cm− 1 were attributed to the bending 
vibration of the N–H of NH3 coordinated at the Lewis acid sites [47], 
which was consumed after heating up to 250 ◦C. The peaks at 1367 and 
1424 corresponded to –NH2 and NH4

+ species coordinated at Brønsted 
acid sites [48]. And the peak at 1546 cm− 1 was attributed to the 
didentate nitrate [49]. The intensity of three peaks above increased 
significantly at 150 ◦C and then decreased at 250 ◦C, suggesting that 
adsorbed NH3 reacted with oxygen to form –NH2, NH4

+ and nitrate. 
When the temperature rose to 250 ◦C, new peaks appeared at 1280 and 
1600 cm− 1 were associated with monodentate nitrate and bidentate 
nitrate, respectively. In-situ DRIFTS spectroscopy of CB catalytic 
oxidation was shown in Fig. 6b. The weak peak at 1086 cm− 1 and 1380 
cm− 1 correspond to the tensile vibration of O–H in the alkoxide [50]
and the C–O tensile vibrations in maleate, respectively [51]. The peak 
at 1564 cm− 1 correspond to the tensile vibration of the surface acetate 
due to the destruction and oxidation of the aromatic ring [52]. Peaks of 
maleate and acetate increased at 150 ◦C and significantly decreased at 
250 ◦C, indicating that both maleate and acetate were intermediates in 
the reaction, especially acetate. A new peak appeared at 1428 cm− 1 at 
150 ◦C suggested the formation of maleic anhydride [53]. The peak at 
1652 cm− 1 (CB adsorption) disappeared after heating up proved that CB 
adsorption was the first step of oxidation reaction. Peak at 2356 cm− 1 

was associated with asymmetric stretching vibration of C––O and 
adsorption of CO2. When NO coexisted with CB  (Fig. 6c), the peak in
tensity of NH4

+ decreased slightly compared with Fig. 6a, which sug
gested that NH4

+ was not consumed at 250 ◦C. Combined with the XPS 
results, we suggested that NH4Cl was formed. The peak intensity of 
acetate decreased a lot at 150 ◦C compared with Fig. 6b, suggesting that 
CB oxidation was improved during synergistic removal reaction. The 
CO2 absorption peak increased significantly at 250 ◦C, indicating that Cu 
doping improved the CO2 selectivity of catalyst.

To verify the effect of Cu doping on the catalytic mechanism, same 
tests were performed on Mn2Ce1Ox samples and in situ DRIFTS spectrum 
of two catalysts were compared as shown in Fig. 6d–i. Nitrogen-oxide 
significant peak was observed in Fig. 6d, indicating that both catalysts 
had excellent degradation effects on NO. The peak intensity of CB 
adsorption decreased after Cu doping (Fig. 6e). It was most likely that 
the increased acid sites after Cu doping promoted the reaction of 
adsorbed CB. As shown in spectrum over Mn2Ce1Ox (Fig. 6f), the peak 
intensity of NH4

+ increased greatly and the peak intensity of acetate 
decreased. But both peaks over Mn2Ce1Cu0.6Ox remained very weak. 
The NH3-SCR reaction is inhibited by CB, which reacts with in
termediates of strong oxidizing property (like NO, –NH2 and so on), and 
remaining NH4

+ reacted with the dissociated Cl- to form sediment like 
NH4Cl. Cu doping promoted the consumption of NH4

+ to reduce the 
formation of NH4Cl, which might explain the excellent stability of 
Mn2Ce1Cu0.6Ox. On the other hand, intermediates of CB oxidation like 
carboxylate groups were quickly removed by reacting with amino 
groups like –NH2 to reduce chlorine accumulation. Heating up to 250 ◦C, 
two curves of NH3-SCR reaction were similar (Fig. 6g) but that of CB 
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oxidation had a great difference (Fig. 6h). The decline of acetate peak 
intensity proved that Cu doping promoted the CB oxidation. The 
metallic sites presented on the Lewis acid metal sites can contribute to 
the CB oxidation by generating oxygen-metal adducts, promoting acti
vation of reactive sites and subsequently facilitating the ring-opening 
process [54,55].

Based on the analysis above, a reaction mechanism for the syner
gistic removal of CB and NO was proposed. Ammonia (NH3) was first 
coordinated at Lewis acid sites and reacted with NO and O2 to form 
intermediate products (NH4

+, –NH2 and so on) and by-products (mono
dentate nitrate, bidentate nitrate and so on). Finally, NO was converted 
to N2 and H2O. On the other hand, CB was first adsorbed on the surface 
of catalyst to form a chlorinated intermediate, and then the C-Cl bond 
was dissociated and the benzene ring was opened to form major in
termediates such as maleate and acetate. Finally, these intermediates 
were further oxidized to produce CO2 and H2O. During the synergistic 
removal reaction, NH3-SCR reaction took precedence over CB oxidation 
to form intermediates with strong oxidizing properties. Then CB reacted 
with them rather than NH4

+ to form acetates. Remaining NH4
+ reacted 

with the dissociated Cl- to form sediment like NH4Cl and resulted in 
catalyst inactivation. Cu doping increased the Lewis acid sites, 

enhancing CB oxidation by improving CB adsorption and promoting 
benzene ring opening. This accelerated the reaction rate and electron 
cycling, which inhibited NH4Cl formation, reduced chlorine deposition, 
and ultimately improved catalyst stability.

4. Conclusion

This study developed Cu-doped MnCeCuOx catalysts and catalyst- 
embedded PTFE fibers for the synergistic removal of CB and NO. Cop
per doping enhanced catalytic activity, with Mn2Ce1Cu0.6Ox achieving 
90 % CB conversion and 100 % NO conversion at 180 ◦C. The 40C-PTFE 
fibers exhibited excellent CB catalytic performance (T90 = 185.4 ◦C). 
Dioxin removal experiments confirmed the catalysts’ effectiveness. Cu 
doping improved catalytic activity primarily by increasing Lewis acid 
sites, forming solid solutions, enhancing pore structures, and increasing 
the presence of active oxygen species. As catalyst content increased, the 
mechanical properties of C-PTFE decreased, but catalytic activity 
improved. However, this enhancement was limited by the availability of 
catalyst loading sites, as catalysts embedded within the fibers did not 
contribute to the reaction. A catalyst content of 30 wt% was identified as 
optimal for C-PTFE preparation. Notably, C-PTFE also exhibited some 

Fig. 6. In situ DRIFTS analysis on Mn2Ce1Cu0.6Ox under exposure to NO (a), CB (b), NO and CB (c) at different temperatures; in situ DRIFTS analysis on different 
catalysts at 50 ℃ (d–f) and 250 ℃ (g–i).
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adsorption capacity for dioxins and SO2, which could extend the service 
life of catalytic bag filters. During the synergistic removal process, the 
NH3-SCR reaction took precedence over CB oxidation, forming strong 
oxidizing intermediates that reacted with CB. These intermediates 
facilitated the formation of acetates, while NH4

+ reacted with Cl- to form 
NH4Cl, leading to catalyst deactivation. Cu doping enhanced CB 
oxidation by increasing adsorption and promoting benzene ring open
ing, accelerating reaction rates, and improving electron cycling. This 
inhibited NH4Cl formation, reduced chlorine deposition, and improved 
catalyst stability. This study provides a cost-effective and eco-friendly 
strategy for the synergistic removal of multiple pollutants from flue gas.
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