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Abstract 

Mesophase pitch-based porous carbons (ACs) were prepared by different calcination 
temperatures using mesophase pitch as carbon source, ammonium sulfate as auxiliary 
agent and nano-silica as template. The structure and surface properties of ACs were 
characterized by N2 adsorption/desorption, XRD, FT-IR, etc., and ACs were used to 
catalyze the decomposition of residual H2O2 from H2O2 solution and N-
methylmorpholine oxide (NMMO) product. The results show that the calcination 
temperature has a great influence on the pore structure of ACs, the average pore size is 
negatively correlated with the calcination temperature, and the specific surface area can 
reach 916.36 m2/g at the maximum. The catalytic activity of ACs to degrade H2O2 is 
related to the specific surface area and surface functional groups. When the calcination 
temperature is 1000 °C, its catalytic activity is the best. When the catalytic dosage is 0.1%, 
the decomposition rate of H2O2 solution without NMMO reaches 91.1%, and the 
decomposition rate of H2O2 in NMMO product is 70.9%.  
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1. Introduction 

N-methylmorpholine oxide (NMMO) is a typical cyclic aliphatic tertiary amine oxide with good 
cellulose solubility. Therefore, NMMO is mainly used to produce new solvent-processed 
cellulose fibers (ie Lyocell fibers), and it is also the only Lyocell fiber production process that 
has formed large-scale production [1]. Usually, NMMO is synthesized by using nitrogen methyl 
morpholine (NMM) as a raw material, and NMMO is prepared by hydrogen peroxide. This 
method is simple in operation and short in process. In this reaction, the complete reaction of 
NMM with excess hydrogen peroxide will result in residual hydrogen peroxide. When NMMO 
containing residual hydrogen peroxide will degrade cellulose during spinning, and a small 
amount of antioxidants are added to the NMMO cellulose solution to inhibits the decomposition 
of NMMO [2]. Therefore, it is of practical significance to remove the residual hydrogen peroxide. 

The catalysts that catalyze the decomposition of H2O2 can be divided into metal catalysts and 
non-metal catalysts. Metal-based catalysts such as manganese, iron, copper and other metals 
and their oxides [3-5]. However, metal ions such as copper ions and iron ions also catalyze the 
decomposition of NMMO and cellulose in the spinning solution system [6]. Non-metallic 
catalysts such as carbon nanotubes, graphene and porous carbon catalysts, etc [7-9] . Among 
them, carbon nanotubes and graphene cannot be promoted on a large scale due to their high 
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prices. Porous carbon materials have the advantages of wide sources, easy separation, and large 
specific surface area. Moreover, the physicochemical properties of the porous carbon are stable, 
there is no secondary pollution problem in the catalyst separation process, and it is easy to 
recover. 

Mesophase pitch is obtained by subjecting pitch or heavy aromatic hydrocarbons to a series of 
heat treatments, and has a highly oriented microstructure and plane molecular birefringence 
[10] . It is a high-quality raw material for preparing a variety of high-performance carbon 
materials, so it is also favored by researchers. Therefore, in this paper, ammonium sulfate is 
used as auxiliary agent, nano-SiO2 is used as template agent, mesophase pitch is used as carbon 
source, and carbon dioxide is used as activation gas to prepare porous carbon with high specific 
surface area for catalytic degradation of H2O2. 

2. Materials and Methods 

2.1. Chemicals and Materials 

Nano-SiO2 (99.5 wt.%) was purchased from Aladdin Co., Ltd. (Shanghai, China). 30% hydrogen 
peroxide was purchased from Chengdu Jinshan Chemical Reagent Co., Ltd. Hydrofluoric acid 
(HF), tert-butanol (TBA), ammonium sulfate and potassium hydroxide were purchased from 
Kelong Chemical Reagent Co., Ltd. (Chengdu, China). All chemicals were analytical grade 
reagents. The coal-measure mesophase pitch was purchased from Jining Keneng New Carbon 
Material Technology Co., Ltd. 

2.2. Material Preparation 

First, the mesophase pitch, nano-SiO2 and ammonium sulfate were thoroughly ground and 
mixed in a ratio of 3:1:3, and then the ground mixture was placed in a tube furnace for the first 
calcination in an N2 atmosphere, and the heating rate was 5 °C/min, and incubated for 2 hours 
after reaching 800 °C. Then soak in 40% HF solution for 12 hours to remove nano-SiO2, and 
wash with deionized water until neutral. Then, it was put into a hydrothermal reactor 
containing KOH solution, and the hydrothermal reaction was carried out at 120 °C until the pH 
did not change, and then it was placed in an oven at 80 °C for drying for 12 h. Finally, using CO2 
as the activation gas, the second calcination carbonization was carried out in a tube furnace at 
a temperature of 5 °C/min to 600 °C, 800 °C and 1000 °C, respectively, and then kept for 2 h 
respectively to obtain the final porous carbon product named as AC-600, AC-800, AC-1000. 

2.3. Characterizations 

The N2 adsorption/desorption isotherms were measured by a 3H-200PM2 instrument of 
Beishide instrument technology (Beijing) Co., Ltd. The specific surface area (SBET) was 
calculated according to the BET equation. The total pore volume (Vt) is the volume of N2 
adsorbed at a P/P0 of 0.995. Mesopore pore size distribution and mesopore volume (Vmeso) 
were calculated according to the BJH model. Raman scattering spectra (Raman) were acquired 
with a LabRAM HR 800 by Jobin Yvon. X-ray diffraction patterns were determined using a D8 
advanced X-ray diffractometer (XRD) (Bruker, Germany), Cu-Kα radiation (λ = 1.5418 Å). 
Fourier transform infrared spectroscopy (FT-IR) of ACs was measured by Tensor 27 (Bruker 
Optics). 

2.4. Catalytic Degradation Experiments 

In a three-necked flask (250 mL), the catalytic hydrogen peroxide decomposition experiment 
was carried out. First, adjust the pH of the initial solution of hydrogen peroxide (100 mg/L, 150 
mL) to the set value using H2SO4 solution (0.1 M) or NaOH solution (0.1 M). It was then heated 
to the indicated temperature and porous carbon was added under magnetic stirring (600 rpm) 
to initiate the reaction. After the reaction, the water sample was filtered through a 0.45 μm filter 
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membrane, and a titanium sulfate color developer was added, and the concentration of H2O2 

was determined by ultraviolet-visible spectrophotometry (the characteristic wavelength was 
400 nm). 

3. Results and Discussion 

3.1. N2 adsorption/desorption isotherms  

 
Figure 1: N2 adsorption/desorption curves (a) and 

 pore size distribution curves (b) of ACs 

It can be seen from Figure 1 that the adsorption isotherm curves of porous carbons obtained at 
different carbonization temperatures are all typical IV curves [11].The adsorption effect 
increases significantly in the higher P/P0 region, which is mainly due to the capillary 
condensation phenomenon, and a hysteresis loop can be observed in the isotherm. The 
characteristics of this curve mostly appear in the isotherm adsorption/desorption curves of 
mesoporous materials, which can indicate that the prepared porous carbon is mesoporous 
porous carbon. 

Table 1: Pore structure parameters of ACs 

Catalysts 
SBET/ 

(m2/g) 

Vtotal/ 

(cm3/g) 

Vmeso/ 

(cm3 /g) 

Vmeso / Vtotal 

% 

DBJH/ 

nm 

AC 188.91 0.23 0.21 93.93 5.53 

AC-600 228.84 0.28 0.22 77.84 4.97 

AC-800 300.80 0.29 0.21 72.28 4.10 

AC-1000 916.36 0.71 0.44 61.31 3.09 

It can be seen from Table 1 that the average pore size of the porous carbon obtained at different 
carbonization temperatures is 3.09-5.53 nm, and the proportion of mesopores is more than 
61%, indicating that the porous carbon is dominated by mesoporous structure, which is 
different from the isothermal structure. The adsorption and desorption curves were consistent 
with the results obtained. At the same time, according to Table 1, it can be obtained that the 
specific surface area of the porous carbon obtained increases from 118.91 m2/g to 916.36 m2/g 
with the continuous increase of carbonization temperature. The reason for the analysis is that 
CO2 is used as the activation gas in the calcination process, and the activated gas will firstly 
drive out the originally adsorbed substances in the carbon pores existing in the material itself 
in a physical form. As the temperature increases, the carbon material itself will react with CO2 , 
generate CO gas, and then achieve the purpose of pore making. High temperature is conducive 
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to a more violent reaction between CO2 and the carbon material itself, and the parameter has a 
larger specific surface area [12]. 

3.2. XRD analysis  

Figure 2 shows the X-ray diffraction patterns of ACs obtained at different carbonization 
temperatures. It can be seen from this figure that there are obvious diffraction peaks around 2θ 
= 25° and 2θ = 44°, which correspond to the (002) crystal plane and the (100) crystal plane [13]. 
This figure illustrates that the obtained porous carbon has the characteristics of disordered 
multilayer carbon material. At the same time, it can be seen from the figure that the degree of 
graphitization of porous carbon is the highest when the carbonization temperature is low, 
because the mesophase pitch is an ordered carbon material with crystalline properties. 
However, as the carbonization temperature gradually increases, it can be clearly seen that the 
diffraction peaks gradually become lower and wider, which indicates that as the carbonization 
temperature increases, the degree of graphitization of the porous carbon decreases and the 
porous carbon becomes more disordered. 

 
Figure 2: XRD spectrum of ACs 

3.3. Raman Analysis 

Raman spectroscopic analysis is an important characterization method used to judge the 
surface defect structure and graphitization degree of carbon materials. Figure 3 is the Raman 
spectrogram of porous carbon at different carbonization temperatures. It can be seen from 
Figure 3 that the figure contains two characteristic peaks (D band and G band) observed at 1342 
cm-1 and 1594 cm-1 respectively, ID/IG indicates the degree of disordered structure of porous 
carbon[14]. As the carbonization temperature of porous carbon increases, the ID/IG value 
increases, indicating that higher carbonization temperature will lead to a greater degree of 
structural defects of porous carbon. And the higher the degree of graphite structural defects, 
the stronger the activation performance, which is consistent with the XRD results. 
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Figure 3: Raman spectra of ACs 

3.4. FT-IR analysis 

The functional groups of the prepared porous carbon materials were analyzed by FT-IR 
spectroscopy. The FT-IR of porous carbon obtained at different carbonization temperatures is 
shown in Figure 4. It can be seen from Figure 4 that the absorption peak of -OH at 3400 cm-1 
gradually weakens with the increase of carbonization temperature, which indicates that the 
carbonization temperature affects the hydroxyl content in porous carbon. The absorption peak 
around 1250 cm-1 is a typical stretching mode from CN heterocycles [15] .1601 cm-1 is a C=N 
functional group,[16] which means that the addition of (NH4)2SO4 in the first stage of calcination 
may increase the nitrogen-containing functional group of the porous carbon. At the same time, 
this is also one of the reasons why porous carbon can catalyze the decomposition of hydrogen 
peroxide. The formation of nitrogen-containing groups can become an active potential for 
electron donors, providing electrons for accelerating the decomposition rate of H2O2. 

 
Figure 4: FT-IR spectra of ACs 

3.5. Catalytic degradation of H2O2 

The carbonization temperature determines the pore structure of the porous carbon. From the 
previous characterization results, it can be seen that the higher the carbonization temperature, 
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the larger the specific surface area of the porous carbon, and the more abundant the micropores, 
which is more conducive to the contact between the hydrogen peroxide and the porous carbon. 
Good effect on the decomposition of hydrogen peroxide. 

The hydrogen peroxide decomposition experiments were carried out at pH = 7, hydrogen 
peroxide concentration of 100 mg/L, AC-1000 dosage of 0.03 g and at 50 °C. The experimental 
results of the decomposition of hydrogen peroxide by porous carbon obtained at different 
carbonization temperatures are shown in Figure 5. It can be seen from Figure 5(a) that H2O2 
alone hardly decomposes, and the hydrogen peroxide decomposition rate of AC-1000 catalyst 
is the highest, reaching 98%, while the hydrogen peroxide decomposition rate of porous carbon 
obtained by carbonization at 800 ℃ and 600 ℃ is only 56.4% and 28.29%, respectively. In 
order to better compare the reaction rates at different calcination temperatures, kinetic fitting 
was performed on them (Fig. 5(b)).Its R2>0.95, in line with pseudo-first-order kinetics, 
consistent with previous studies [17]. Due to the large difference in specific surface area of 
porous carbon prepared by different calcinations, a new physical quantity kapp/SBET was 
introduced to further analyze the relationship between hydrogen peroxide decomposition rate, 
physical structure characteristics, and chemically active groups, which represents the unit ratio. 
The apparent rate constant for the surface area. The kapp/SBET of materials at different 
calcination temperatures are shown in Table 2. It can be seen that their values are 2.49×10-5, 
4.65×10-5 and 8.82×10-5 g/(min×m2), respectively. The inclusion indicated that functional 
groups were the main factors affecting the catalytic activity. 

 
Fig. 5 Degradation of H2O2 by ACs (a) and fitting of pseudo-first-order kinetics (b) 

 

Table 2 Relationship between SBET and kapp 

AC catalysts SBET 

(m2/g) 

kapp× 102 

(min-1) 

kapp/SBET 

(g/(min×m2)) 

AC-600 228.84 0.57 2.49E-05 

AC-800 300.80 1.40 4.65E-05 

AC-1000 916.36 8.08 8.82E-05 

 

3.6. Effects of Reaction Process Parameters on H2O2 Degradation 

3.6.1. Effect of reaction temperature  

The reaction temperature also has a great influence on the catalytic hydrogen peroxide 
decomposition. Therefore, in this experiment, we investigated different temperatures under 
the conditions of pH = 7, hydrogen peroxide concentration of 100 mg/L, and AC-1000 dosage 
of 0.03 g.  

It can be seen from Figure 6 that when the reaction temperature is 20 °C, 30 °C, 40 °C, and 50 °C, 
respectively, the decomposition rate of porous carbon to hydrogen peroxide within 60 min 
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reaches: 91%, 89%, 96%, 97%, namely With the increase of the reaction temperature, the 
catalytic activity of the porous carbon is also enhanced. At the same time, it was found that the 
decomposition rate of H2O2 did not differ much between the reaction temperature of 40 ℃and 

50 ℃ for 60 min. 

 
Figure 6: Effects of different reaction temperatures on H2O2 degradation 

3.6.2. Effect of pH 

Under the conditions of reaction temperature of 40 °C and porous carbon mass of 0.01 g, AC-
1000 was used as catalyst to investigate the reaction times at pH = 1, pH = 3, pH = 7, pH = 10 
and pH = 12. The experimental results obtained in 60 min are shown in Figure 7a. It can be seen 
from the figure that when the pH values are 1, 3, 7, 10, and 12, the H2O2 decomposition rates 
reach: 38%, 65%, 73%, 94%, and 91%, respectively. It can be seen from the above data that in 
a certain pH value range, the activity of carbon increases with the increase of the initial pH value 
of the reaction solution. In H2O2 solution, negative monovalent oxygen includes H2O2 and HO2-. 
HO2- is an important intermediate species in the decomposition of H2O2. Considering that the 
content of HO2- - is much greater in alkaline solutions than in neutral or acidic solutions, H2O2 
is more stable in neutral or acidic solutions and not stable in alkaline solutions [18]. Therefore, 
hydrogen peroxide is easier to decompose under alkaline conditions. At the same time, 
comparing the case without AC-1000 under the same pH condition as shown in Figure 7b, it can 
be seen that there is almost no decomposition under alkaline conditions, indicating that the 
prepared catalyst has a key role in catalyzing the decomposition of H2O2. 

 
Figure 7: Effect of different pH on H2O2 degradation (a) and comparison without catalyst (b) 
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3.6.3. The effect of catalyst dosage 

In this paper, by investigating different dosages of AC-1000 (0.010 g, 0.015 g, 0.020 g, 0.025 g, 
0.030 g), under the conditions of reaction temperature of 40 °C, reaction time of 60 min, and pH 
= 7, the catalytic decomposition of H2O2 at room temperature effect, as shown in Figure 8.It can 
be seen from the figure that when the amount of porous carbon is 0.01 g, 0.015 g, 0.020 g, 0.025 
g and 0.030 g, the decomposition rates of hydrogen peroxide are 73%, 83%, 94%, 97% and 
98%, respectively. The analysis data shows that with the increase of the amount of porous 
carbon, the decomposition rate of hydrogen peroxide also increases. Because with the increase 
of the amount of porous carbon, its active sites combined with H2O2 increase, and the rate of 
hydrogen peroxide decomposition also increases. And with the increase of AC-1000 dosage, the 
decomposition rate of H2O2 did not decrease, indicating that the amount of porous carbon was 
more than required for the reaction, which would not lead to other effects on the reaction. 

 
Figure 8: Effects of different catalyst dosages on H2O2 degradation 

3.7. Mechanism investigation 

Mechanistically, the basic functional group on the surface of activated carbon is beneficial to 
catalyze the decomposition of hydrogen peroxide, because the basic functional group on the 
surface of activated carbon is an electron-rich Lewis base structure [19]. Electrons can be 
transferred to hydrogen peroxide molecules adsorbed on the surface of activated carbon, 
thereby generating intermediates such as HO• and other free radicals[17] or HO2• and other 
peroxide intermediates[20]，thereby promoting the decomposition of hydrogen peroxide. 

In order to further study the decomposition mechanism of H2O2, tert-butanol (TBA) was used 
as the hydroxyl radical (HO•) quencher to investigate the decomposition rate of H2O2 by AC-
1000 within 60 min. The experimental results are shown in Figure 9. The decomposition rate 
of H2O2 decreased from 73% to 16% after adding TBA, which proved that HO• was generated 
during the hydrogen peroxide decomposition process, and HO• also participated in the 
decomposition of hydrogen peroxide. 

3.8. Catalytic stability 

In this experiment, we explored the stability of AC-1000 as a catalyst in the process of catalytic 
decomposition of 2% H2O2 under the conditions of its dosage of 0.1%, reaction temperature of 
40 °C, and reaction time of 60 min. A total of 3 cycles were used to obtain The experimental 
results are shown in Figure 10. By analyzing Figure 10, it can be seen that in the first and second 
experiments, the decomposition rate of H2O2 did not change significantly, but in the third cycle 
experiment, its decomposition rate was 14% lower than the second one. The main reason is 
There are two aspects: on the one hand, the carbon mass in the third experiment is 0.02 g lower 
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than that of the second catalyst, and on the other hand, some active sites on the carbon surface 
may be deactivated in the process of decomposing H2O2. 

 

 
Figure 9: Mechanism investigation 

 
Figure 10: Stability investigation 

3.9. Catalytic decomposition of residual H2O2 in NMMO 

In order to apply to the decomposition of residual hydrogen peroxide in practical NMMO 
synthesis products. Therefore, the porous carbon obtained at different carbonization 
temperatures will be used to decompose a small amount of residual H2O2 (2%) in NMMO 
products. Under the conditions of reaction temperature of 70 ℃, addition of porous carbon of 
0.1 %, and reaction time of 180 min, the experimental results of decomposing a small amount 
of H2O2 in NMMO products with porous carbons obtained at different carbonization 
temperatures are shown in Figure 11. It can be seen from the figure that the corresponding 
decomposition rates of AC-600, AC-800 and AC-1000 are: 51.3%, 54.4%, and 70.9%, 
respectively. It is obvious that the higher the carbonization temperature, the higher the 
decomposition rate of H2O2. However, the porous carbon prepared in this experiment did not 
have a good effect on the catalytic decomposition of the residual H2O2 in NMMO. It is speculated 
that the large size of the NMMO molecule blocks the pores of the porous carbon and blocks the 
contact between the H2O2 and the porous carbon, thereby reducing the H2O2. The 
decomposition of , on the other hand may also be the formation of hydrogen bonds between 
NMMO and H2O2, reducing the contact between ACs and H2O2. 
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Figure 11: Decomposition of residual hydrogen peroxide applied to NMMO products 

4. Conclusion 

1. The high-specific surface area porous carbon material is prepared by "hard template + CO2 

activation" high-temperature carbonization, among which AC-1000 has the highest catalytic 
ability. 

2. When the temperature is 40 °C and the addition amount of AC-1000 is 0.1%, the 
decomposition rate of H2O2 is 91.1%; when the temperature is 70 °C and the addition amount 
of AC-1000 is 0.1%, the decomposition rate of residual H2O2 applied to NMMO products can 
reach 70.9% 

3. Free radical masking experiments show that HO• is the main intermediate in the 
decomposition of hydrogen peroxide. 
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