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A B S T R A C T   

Porous carbon is an extensively used adsorbent for the removal of dye. However, the conventional high- 
temperature carbonization and activation method with prolonged heating and annealing process was compli
cated, energy-consuming and polluting, which greatly limit the large-scale production. In this study, rapid and 
efficient preparation of porous carbon by the Flash Joule heating (FJH) method was realized for the first time 
using three bituminous coal samples with different degrees of metamorphism. The preparation process was 
completed in less than 1 s without chemical treatment, the process was more environmentally friendly. The 
physical and chemical properties of porous carbon were analyzed and the adsorption mechanism of porous 
carbon on methylene blue (MB) was investigated. The results showed that the specific surface area of porous 
carbon prepared by Shuozhou (PC-SZ), Gujiao (PC-GJ) and Changzhi (PC-CZ) could reach 601.95, 361.91 and 
256.33 m2⋅g− 1, respectively. The diversity in chemical properties of coal with different metamorphic degrees 
leads to the different properties of porous carbon. PC-SZ had a higher content of oxygen-containing functional 
groups and defects. The adsorption experiments indicate that PC-SZ had the best adsorption capacity on MB. The 
adsorption process was fitted by pseudo-second-order model commendably. It was found that more lattice defects 
and larger interlayer spacing made PC-SZ to become an excellent adsorbent of methylene blue (MB). Therefore, 
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FJH can be an innovative approach for preparing porous carbon with excellent adsorption properties and is 
expected to achieve large-scale production.   

1. Introduction 

Coal is an inexpensive carbon source with a unique carbon structure 
and abundant mineral composition. Converting it into carbon material 
has unique advantages and prospects, which is of great significance to 
implementing efficient conversion and utilization of coal resources [1]. 
The performance of coal-based porous carbon was severely limited by 
the preparation method. Presently, the preparation of porous carbon 
mainly includes carbonization and activation processes [2]. The 
carbonization process is inevitable. There are one-step [3] and 
multi-stage [4] activation methods that require complex processes. The 
traditional furnace heating method is mostly used for low-temperature 
carbonization and high temperature activation [5–7]. These methods 
are time-consuming, labor-intensive and energy-intensive, which limit 
the large-scale production of porous carbon. At present, researchers 
mainly prepare porous carbon with the required performance by 
selecting different materials and special treatment methods. Zhang et al. 
utilized microwave technology to prepare porous carbon with specific 
surface area of 2768.52 m2⋅g− 1 from chili straw pyrolysis residue [8]. 
Liu et al. used potassium cinnamate as raw material to prepare honey
comb porous carbon with a specific surface area of 2198 m2⋅g− 1 [9]. 
Tian et al. reported that porous carbon made of low-rank coal and 
oxidized pellets had well-developed mesopores with a specific surface 
area of 370.42 m2⋅g− 1 [10]. However, these categories required high 
temperature equipment and were time-consuming. Flash Joule heating 
(FJH) is a typical non-radiative heating method, which utilizes the 
electrical resistance exotherm of the sample to generate instantaneous 
high temperature within 1 s allowing a rapid conversion of the coal 
sample with lower energy consumption [11]. It could convert carbon 
sources into graphene [12–16]. Carbonization and pore formation of 
materials can also be achieved at low temperatures (below 1500 K). At 
present, there has been extensive research on the preparation of gra
phene by FJH. However, the research concerning the microstructure 
evolution of coal-based porous carbon prepared from different meta
morphic degree bituminous coal by the FJH method is not well 
understood. 

Coal-based porous carbon with excellent electrochemical perfor
mance has been widely used for supercapacitor [17], battery material 
[18], and catalytic material [19]. Besides, the high specific surface area 
of coal-based porous carbon makes it possible to be used as an efficient 
adsorbent. For instance, coal-based porous carbon has extensive appli
cations in gas adsorption or storage, wastewater treatment, and other 
fields. Moreover, the controllable pore structure of porous carbon is a 
prerequisite for high-quality adsorption material. Wang et al. regulated 
the inherent minerals in coal precursor to produce high porosity 
coal-based porous carbon [20]. Vassileva et al. discussed the removal of 
ammonium ions and toxic ion from water using coal-based porous car
bon [21,22]. Yi et al. studied the adsorption of lead(II) from aqueous 
solutions through porous carbon, and the adsorption quantity reached 
162.33 mg⋅g− 1 [23]. To summarize, coal-based porous carbon can 
achieve effective elimination of organic and inorganic contaminants in 
water. However, the adsorption mechanism of coal-based porous carbon 
prepared by FJH on methylene blue (MB) dye wastewater is still unclear. 

As a result, this study is dedicated to investigate the influence of 
bituminous coal metamorphism degree on the microstructure of Flash 
coal-based porous carbon and its adsorption mechanism. Porous carbons 
were prepared from bituminous coal with different degrees of meta
morphism using FJH method. The pore structure and size distribution of 
porous carbon were analyzed. The physical and chemical properties of 
porous carbon were explored using various chemical analysis equip
ment. The adsorption performance of Flash coal-based porous carbon for 

MB was studied and the adsorption mechanism was determined. This 
study is expected to lay the foundation for developing new methods for 
coal-based carbon material preparation and elucidate the adsorption 
mechanism of MB on Flash coal-based porous carbon. 

2. Materials and methodology 

2.1. Materials 

Three coal samples with different metamorphism degrees were ob
tained from Shuozhou (SZ), Gujiao (GJ) and Changzhi (CZ) of Shanxi 
Province, China. The degree of metamorphism in descending order was 
SZ, GJ and CZ. The coal samples were dried at 70 ℃ and then ground to 
less than 200 mesh. Float and sink test of three coal samples was con
ducted using heavy liquids with densities of 1.35, 1.41 and 1.42 g⋅cm− 3 

respectively to prepare ultra-low ash sample. The prepared coal samples 
and K2CO3 with a mass ratio of 1:3 were mixed in a reactor filled with 
deionized water and then dried using a heating oven for 6 h. Finally, it 
was vacuum dried for 10 h for subsequent FJH test. Table 1 listed the 
proximate analysis of raw coal and the prepared ultra-low ash coal 
samples. After deashing treatment, the ash content of three coal was 
reduced to around 3% and the fixed carbon content increased by more 
than 7%. The volatile content was slightly reduced. 

The heavy liquid used in the experiment was composed of benzene, 
carbon tetrachloride and tribromomethane, all of which were produced 
by Tianjin Yifang Technology Co., Ltd. Potassium carbonate was pro
duced by Xilong Chemical Co., Ltd. MB solution was purchase from 
Tianjin Ruijinte Chemical Co., Ltd. These purchased reagents used in the 
experiments were analytical pure. The deionized water was used in the 
experimental process. 

2.2. Flash Joule heating experiment 

The schematic diagram for FJH experiment of preparing coal-based 
porous carbon was shown in Fig. 1. The system was consist of control 
module, workpiece module, energy storage module, sample stage and 
computer[24]. The sample stage is made of a quartz tube with a length 
of 50 mm and a diameter of 8 mm. The prepared ultra-low ash coal 
samples were mixed with carbon black and activator (K2CO3) evenly in a 
ratio of 1:1:3 by mass to increase the conductivity of the samples. Firstly, 
a piece of graphite electrode was plugged into one end of the quartz 
tube, then 300 mg of powder sample was added to the quartz tube, and 
finally another piece of graphite electrode was plugged from the other 
end and the sample was compacted. To increase the tightness of graphite 
electrodes, a layer of copper foil was wrapped on the surface. Copper foil 
only served as a sealing material but not essential for experiments. Then 
the quartz tube was placed on the Flash Joule heating equipment. The 
sample was heated instantaneously at a flash voltage of 80 V and reacted 
with the activator through capacitance discharge. Flash coal-based 
porous carbon obtained by FJH of the three coal samples was recor
ded as PC-SZ, PC-GJ and PC-CZ, respectively. 

Table 1 
Proximate analysis of raw coal and ultra-low ash coal samples.  

Coal samples Mad Aad Vdaf FCd 

Shuozhou(raw)  2.30  14.24  38.72  51.15 
Gujiao(raw)  0.70  11.76  20.69  69.43 
Changzhi(raw)  0.66  12.00  13.30  74.60 
Shuozhou(ultra-low ash)  2.50  3.03  37.92  58.65 
Gujiao(ultra-low ash)  1.20  2.98  20.03  76.63 
Changzhi(ultra-low ash)  0.90  3.05  12.88  83.68  
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2.3. Flash Joule heating process simulation 

The inner diameter of the quartz tube used in the simulation process 
was 6 mm, in which the sample was tightly compacted in the tube with a 
length of 5 mm. Both sides of the sample were two graphite electrodes 
with a thickness of 8 mm. The initial temperature of the sample was 
293.15 K. The simulation process was carried out using COMSOL soft
ware. The parameters selected for the simulation process were shown in  
Table 2. 

2.4. Structure analysis of Flash coal-based porous carbon 

The microstructure of prepared Flash coal-based porous carbon was 
obtained by FE-SEM (Hitachi S-4800, Japan) with magnification from 
0.5 to 50 kV. Before testing, the samples were glued to the sample holder 
with conductive adhesive and sprayed with gold. The adsorption 
isotherm of Flash coal-based porous carbon samples was measured at 
77 K using a Micrometric ASAP2420 automatic adsorption instrument. 
The total specific surface area was calculated by the Brunner-Emmett- 
Teller (BET), the t-plot and the Barrett-Joyner-Halenda (BJH) method, 
respectively [25–27]. The total pore volume was determined using the 
nitrogen adsorption amount under a relative pressure of 0.99. The 
density functional theory was employed to obtain pore size distribution. 
Before testing, the moisture and gaseous impurities were removed by 
degassing at 180 ℃ for 8 h. 

Flash coal-based porous carbon prepared from coal with different 
metamorphic degrees was ground to below 74 µm for analysis. A Raman 
spectrometer (HORIBA HR, Germany) was utilized to test the micro
crystalline structure of all samples with a spectral resolution of 
≤ 1.5 cm− 1 and a 532 nm excitation wavelength. The crystal structure 
of porous carbon was measured by X-ray diffraction analyzer (D8 Advan, 
Germany). The surface speciation analysis of these samples was con
ducted via X-ray photoelectron spectrometer (Nexsa, China) with the 
excitation source being A1Kα (1486.6 eV) X-ray. The oxygen content in 
coal and porous carbon was characterized by the O mode of organic 
element analyzer (Thermo FLASH 2000, America). 

2.5. Methylene blue adsorption experiment 

The MB adsorption experiment was conducted in a conical flask. The 
input dosage of Flash coal-based porous carbon was 50 mg. PC-SZ, PC- 
GJ, and PC-CZ were added to 200 mL prepared 100 mg⋅L− 1 MB solution. 
Each experiment oscillated on a constant temperature water bath 
oscillator at a frequency of 200 r⋅min− 1 at 25 ℃. After the adsorption 
process, 5 mL of liquids were sucked by pipette and then loaded into a 
centrifuge tube, followed by centrifugation using centrifuge (AXTG20G, 

China) with speed of 5000 r⋅min− 1 for 5 min to obtain the supernatants. 
They were diluted to a certain concentration to ensure that absorbance 
was within the range of Beer’s law. Ultraviolet spectrophotometer 
(Evolution 350, China) was employed at the wavelength of 664 nm to 
test the absorbance of the diluted supernatant and calculate the 
remaining concentration of MB solution [28,29]. 

The evaluation of the adsorption capacity of Flash coal-based porous 
carbon for MB was based on the removal rate of MB, which was obtained 
by Eq. (1). The amount of MB adsorbed on Flash coal-based porous 
carbon was calculated using Eq. (2). 

R =
C0 − Ct

C0
× 100% (1)  

Γ =
(C0 − Ct + Cb) × V

m
(2)  

where R is removal rate of MB, %; C0 is initial concentration of MB so
lution, mg⋅L− 1; Ct is remained MB concentration in the solution after 
adsorption, mg⋅L− 1; Γ represents the amount of MB adsorbed per unit 
mass of coal-based activated carbon, mg⋅g− 1; Cb represents the con
centration of blank sample after absorbance conversion, mg⋅L− 1; V is the 
volume of MB solution with a value of 0.2 in this study, L; and m is the 
mass of coal-based porous carbon, g. 

3. Results and discussion 

3.1. Analysis of Flash Joule heating process 

In order to prepare porous carbon with a high specific surface area, 
the selected Flash voltage was 80 V, which could avoid excessive 
graphitization of the sample. Because the high temperature was gener
ated under high voltage.[24] The maximum temperature and output 
energy during the practical FJH process were shown in Fig. 2(a). It 
showed that the maximum temperature reached during the FJH process 
of PC-GJ was 1290 ℃ and the output energy was 613 J. The maximum 
temperature that can be reached during the PC-SZ preparation process 
was 1175 ℃ while the output energy was 677 J. Under the same con
ditions, the total energy remains unchanged, and the more energy used 
for temperature rise, the less remaining output energy. Fig. 2(b) illus
trated the Flash temperature versus time during the practical FJH pro
cess, it showed that the reaction process of PC-SZ could be completed 
within 250 ms and the cooling time was only 900 ms. The reaction time 
of PC-GJ and PC-CZ was around 500 ms. It means that the process of 
preparing porous carbon by FJH can be completed in an instant without 
long heat treatment process. 

Finite element simulation of the FJH process was processed using 
COMSOL software to analyze temperature fluctuations within the re
action zone of the sample. The simulated temperature changes during 
the preparation process of porous carbon were shown in Fig. 2(c-e). The 
comparison of the maximum temperature reached during the practical 
and simulation process was shown in Fig. 2(a). The maximum temper
ature of simulated was about 100 ℃ higher than that of practical due to 
the inhomogeneous of the actual samples and the energy loss in the FJH 
process. The temperature variation trends of the three types of porous 
carbon preparation processes were similar, but the time to reach the 
highest temperature was different. For SZ and GJ with low degree of 
metamorphism, the time to reach the highest temperature was relatively 
short. The temperature in the sample area was the highest, and the 
temperature gradually decreased as it extends to both sides vertically. It 
should be noted that the temperature of the graphite electrode is 
significantly lower than that of the sample, which indicated that the 
electrode would not cause excessive energy loss. The temperature was 
basically the same on the same horizontal plane. The heating of the 
sample was uniform. The increase in the degree of coal metamorphism 
may slightly increase the reaction time, possibly due to the stable 
structure of high metamorphic coal making the pore forming process 

Fig. 1. Schematic diagram of the flash Joule heating device.  

Table 2 
Parameters of COMSOL simulation.  

Coal samples σ/ S⋅m εr Cp/ J/ (kg⋅K) k/ W/ (m⋅K) ρ/ kg⋅m− 3 

Shuozhou  235  1  150  710  1400 
Gujiao  310  1  150  710  1450 
Changzhi  185  1  150  710  1470  

Q. Li et al.                                                                                                                                                                                                                                        
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more difficult. The temperature trends obtained from simulation and 
practical of the porous carbon preparation process were in concurrence, 
thus evidencing the viability of the process. 

The FJH method could instantly convert electrical energy into the 
heat required for sample reaction. Thereby, FJH process achieved rapid 
high-temperature preparation of porous carbon with low energy con
sumption. The heating and annealing times were short, greatly short
ening the preparation process and time of porous carbon. Compared to 
traditional porous carbon production methods, it can significantly 
improve production efficiency and save reaction time. In addition, it has 
been shown that the FJH method reduced costs and pollutant gas 
emissions by more than 50% compared to methods such as synthetic 
graphite and hydrometallurgy.[30,31] The advantage of the FJH 

method is also highlighted by the high energy efficiency resulting from 
Joule’s law.[32]. 

3.2. Pore structure and size distribution of Flash coal-based porous 
carbon 

The pore structure, specific surface area and pore size distribution 
were closely related to the performance of Flash coal-based porous 
carbon. Firstly, the surface morphology of Flash coal-based porous 
carbon was obtained by SEM. Fig. 3 showed the SEM images of PC-SZ, 
PC-GJ and PC-CZ. It can be observed that the surface of PC-SZ was the 
roughest and developed a great quantity of cellular pores. The number of 
pores of PC-GJ decreased and the pore size increased. The surface of PC- 

Fig. 2. (a) Maximum temperature and output energy during the practical and simulate FJH process; (b) Curve of Flash temperature versus time; (c-e) temperature 
clouds for the preparation process of PC-SZ, PC-GJ and PC-CZ by FJH using COMSOL simulation. 

Fig. 3. SEM pictures of three Flash coal-based porous carbon.  

Q. Li et al.                                                                                                                                                                                                                                        
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CZ was the smoothest with fewer pores, possessing “Silk-Like” 
morphological characteristics. This may be due to the increased degree 
of coal metamorphism, making the carbon structure more stable and less 
prone to pore structure formation during the flash process. The Flash 
coal-based porous carbon tends to generate larger pores in the form of 
convolutions, which attributed to the destruction of the coal structure 
under the vigorous reaction conditions. 

The N2 adsorption method is a common method for analyzing the 
specific surface area of porous carbon. The N2 adsorption isotherms of 
three raw coal and its Flash coal-based porous carbon were displayed in  
Fig. 4. PC-SZ adsorbed the highest amount of N2 to reach the saturation 
state, followed by PC-GJ and PC-CZ. The adsorption quantity of raw coal 
was extremely low. The N2 adsorption capacity of porous carbon 
decreased as the degree of metamorphism of raw coal increased. The 
more N2 adsorption quantity indicated a higher specific surface area. It 
showed that the adsorption isotherms of porous carbon were well- 
modeled by typical I and IV Langmuir isotherm types, indicating the 
predominant presence of micropores. A hysteresis loop was observed 
clearly under a relative pressure of 0.5, which illustrated that the pre
pared porous carbon had a certain proportion of mesopores. The specific 
surface area and pore volume of three raw coal and its Flash coal-based 
porous carbon was listed in Table 3. The specific surface area of three 
raw coal was less than 2 m2⋅g− 1. PC-SZ had the largest specific surface 
area of 601.95 m2⋅g− 1. The specific surface area of PC-GJ and PC-CZ 
were 361.91 and 256.33 m2⋅g− 1, respectively. The data agreed well 
with the N2 adsorption results. 

The high specific surface area of PC-SZ was related to the higher 
volatile matter. The release of gases during the FJH process promoted 
the formation of pores. Table 4 listed the preparation process and spe
cific surface area of several coal based porous carbons reported in lit
eratures. Obviously, the preparation of porous carbon inevitably 
required high-temperature carbonization and activation, which was 
energy-intensive and time-consuming. Inert gas protection was required 
during the heating process, which increased the preparation cost. 
However, FJH method does not require these complex processes and 
could achieve the preparation of porous carbon within 1 s. The porous 
carbon prepared simultaneously has a considerable specific surface area. 
It indicated that FJH could facilitate the preparation of porous carbon 
with high specific surface area. 

In addition to specific surface area, pore size distribution also 
affected the performance of porous carbon. Fig. 5 showed the pore size 
distribution of three Flash coal-based porous carbon. According to the 
standards of International Union of Pure and Applied Chemistry 
(IUPAC), pores were divided the pores into micropores (<2 nm), 

mesopores (2–50 nm) and macropores (>50 nm) [39]. Fig. 5 showed 
that the proportion of micropores in three types porous carbon occupied 
advantage and most of the pores were less than 1 nm. The number of 
mesopores and macropores was relatively fewer. The content of mac
ropores was almost consistent among the three types of porous carbon. 
The number of pores was associated with the activator and volatile 
matter. The higher the volatile content, the more pores would be formed 
after escaping at high temperature, which was conducive to the acti
vator entering the internal of coal to form enrichment pore structure. Fig. 4. N2 adsorption isotherm of three Flash coal-based porous carbon.  

Table 3 
The specific surface area and total pore volume of three Flash coal-based porous 
carbon.  

Samples Specific 
surface area/ 
m2⋅g− 1 

Specific surface 
area of micropores/ 
m2⋅g− 1 

Total pore 
volume/ 
cm3⋅g− 1 

Micropore 
volume/ 
cm3⋅g− 1 

SZ  0.66  0.56 - - 
GJ  1.63  0.66 - - 
CZ  1.87  0.51 - - 
PC-SZ  601.95  328.98 0.44 0.17 
PC-GJ  361.91  207.53 0.29 0.11 
PC-CZ  256.33  142.53 0.24 0.07  

Table 4 
Preparation process and specific surface area of coal-based porous carbon.  

Materials and ash 
removal method 

activator Preparation process Specific 
surface 
area/ 
m2⋅g− 1 

Ref. 

anthracite; HCl 
and HF 
washing 

NaOH activated by H2SO4 in 
an ice-water bath 
condition, KMnO4 

oxidation and freeze- 
drying for 12 h, Tube 
furnace, 700 ℃ under 
nitrogen atmosphere 

402.00 [18] 

sub-bituminous 
coal; HCl and 
HF washing 

mineral- 
Loaded 

Tube furnace, 900 ℃ 
under nitrogen & 
carbon dioxide 
atmosphere for 1 h, 
acid wash to neutral 

933.00 [20] 

Lignite; HCl and 
HF washing 

ZnCl2 Tube furnace, 550 ℃ 
under nitrogen 
atmosphere for 1.5 h, 
acid wash to neutral 

731.48 [33] 

Bituminous coal; 
HCl washing 

Steam Tube furnace, 800 ℃ 
under nitrogen & steam 
atmosphere for 3 h 

338.30 [34] 

Dahuangshan 
coal; H2SO4 

and H2NO3 

washing 

Air, Steam Electrospinning & Tube 
furnace, 280 ℃ for 3 h 
in Air, 800 ℃ for 1 h in 
Ar, 800 ℃ for 30 min 
with steam 

902.00 [35] 

Zhundong coal CO2 and 
H2O co- 
activation 

Tube furnace, 800 ℃ 
under nitrogen 
atmosphere for 2 h to 
carbonize activate 

556.21 [36] 

Coal KOH Tube furnace, 800 ℃ 
under nitrogen 
atmosphere for 2 h, 
water washing 

1225.38 [37] 

coal pitch; 
modified by 
chemical cross- 
linking 

KOH Tube furnace, charred 
at 500 ℃ under 
nitrogen atmosphere 
for 40 min, activation 
at 600 ℃ under 
nitrogen atmosphere 
for 2 h 

around 
650.00 

[38] 

bituminous coal; 
Float and sink 
experiment 

K2CO3 Flash Joule heating 
method, reaction 
process is completed 
within 1 s without 
chemical treatment 

602.95, 
362.91, 
256.33 

This 
work  

Q. Li et al.                                                                                                                                                                                                                                        
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Instantaneous high-voltage discharge caused a large number of volatile 
components to escape, resulting in “thermal expansion effect”. Mean
while, a huge number of pores will remain in the coal. However, the 
escaping gases cannot be released in a timely manner, which led to an 
increase in pressure inside the quartz tube and made it easier for the 
activator to enter the pore channels etching the coal sample. It led to the 
rich pore structure of PC-SZ. 

3.3. Structure of Flash coal-based porous carbon 

Crystal structure is an important property of porous carbon. The 
crystal structure of Flash coal-based porous carbon was examined by 
XRD. Fig. 6(a) showed the XRD spectra of three types of Flash coal-based 
porous carbon. It can be seen that three types of porous carbon had 
apparent (002) characteristic peak with larger half peak widths, proving 
the stacking layer structure in porous carbon. The ordered degree of 
layered structure in porous carbon was relatively low. The peak position 
of (002) was around 24.8◦. The interlayer spacing of porous carbon was 
calculated using the Bragg equation: 2dsinθ=nλ. The result was about 
0.36 nm. Weak (100) characteristic peak appeared around 43◦. The 
(002) peak significantly increased and the peak position gradually 
shifted towards a higher angle with the increase of raw coal meta
morphism degree. It indicated that the layers of porous carbon were 

Fig. 5. Pore size distribution of three Flash coal-based porous carbon.  

Fig. 6. (a) XRD spectra, (b) Raman spectra and (c) FTIR spectrogram of three Flash coal-based porous carbon; High resolution C ls spectrum of SZ (d), GJ (e), CZ (f), 
PC-SZ (d), PC-GJ (e) and PC-CZ (f). 
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stacked and the layer spacing gradually decreased. Raman spectroscopy 
is the most commonly used method for detecting defect structures in 
carbon materials. As shown in Fig. 6(b), two obvious peaks were found 
in the Raman spectrum located near 1350 and 1580 cm− 1. They were D 
peak and G peak respectively. D peak represented the content of defects 
in porous carbon, while the G peak represented the degree of order. The 
ratio of integrated area of D peak to G peak (ID/IG) is regarded as an 
indicator of defect density in porous carbon. The larger ratio indicated 
the higher defect degree. The ID/IG value of PC-SZ was the highest, 
followed by PC-GJ and PC-CZ, which proved that PC-SZ had maximum 
defect density. 

Semiquantitative analysis was conducted on the surface functional 
groups and elemental content of Flash coal-based porous carbon through 
FTIR and XPS analysis. From Fig. 6(c), it can be seen that peaks around 
3435 and 1100 cm− 1 were corresponding to the stretching vibrations of 
hydroxyl and phenolic/alcoholic hydroxyl groups, respectively. The 
peak was noticed for the C––O stretching vibration about 1620 cm− 1. 
The peaks at 2850 and 2920 cm− 1 may be for stretching vibration of 
-CH3 and -CH2. The peak at 798 cm− 1 was caused by C-H bending vi
bration. The XPS C 1 s peaks fitting results of three coal and Flash coal- 
based porous carbon were demonstrated in Fig. 6(d-i). The content of 
elements and oxygen-containing functional groups were analyzed, and 
the results were shown in Table 5. The element C content in raw coal was 
higher than that in porous carbon, while the oxygen content was exactly 
the opposite. The oxidation reaction during the FJH process increases 
the oxygen content of porous carbon. PC-CZ had the lowest content of 
oxygen-containing functional groups (27.07%), while that in PC-SZ 
(31.59%) and PC-GJ (31.53%) was relatively low. The C-O and C––O 
content decreased from 28.18% to 23.07% as the degree of meta
morphism of the raw coal increased. The rich pore structure and oxygen- 
containing functional groups content of porous carbon enable it to be 
used as an excellent adsorption material. 

3.4. Adsorption of MB on Flash coal-based porous carbon 

The adsorption performance of three Flash coal-based porous carbon 
was investigated by adsorbing MB and the adsorption kinetics was 
calculated. The curves of the adsorption quantity of MB on PC-SZ, PC-GJ 
and PC-CZ verse time were shown in Fig. 7. The amount of MB that 
adsorbed on porous carbon increased with time and reaching equilib
rium after 80 min. It can be clearly seen that equilibrium adsorption 
capacity of PC-CZ was the highest, reaching 292 mg⋅g− 1, that of PC-GJ 
and PC-CZ were 185 and 133 mg⋅g− 1, respectively. The results showed 
that the adsorption capacity of PC-SZ on MB was superior to PC-GJ and 
PC-CZ. This might be due to the larger specific surface area that pro
vided more adsorption sites on the PC-SZ surface. 

The adsorption process could be fitted by the pseudo-first-order, 
pseudo-second-order and Weber-Morris intra-particle diffusion models 
to confirm the possible adsorption mechanism of MB on porous carbon 
surface. The confidence of fit was evaluated according to actual data 
based on the R2 value (R2 value was close or equal to 1 representing 
better fitting effect). Lagergren proposed the pseudo-first-order kinetic 

model, which assumes that adsorption is controlled by diffusion pro
cesses and the reaction rate is proportional to the amount of remaining 
adsorbate in the solution [40]. The integral equation of linear form is 
shown in Eq. (3). 

ln(Qe − Qt) = lnQe − k1t (3)  

Where t is reaction time, min; Qe and Qt represent the adsorption 
quantity of MB on porous carbon at equilibrium and time t, mg⋅g− 1; k1 
represents the pseudo-first-order rate constant, min− 1. 

Listed in Table 6 showed the calculated kinetics parameters ac
cording to the experimental results. The fitting results were displayed in  
Fig. 8(a). It showed that R2 value calculated was around 0.97, proving 
that the fitting effect was not very good. There is a significant difference 
between the experimental and calculated values of qe. The pseudo-first- 
order model cannot explain the adsorption process commendably, 
indicating that MB adsorbed on Flash coal-based porous carbon was not 
primarily controlled by diffusion process. 

According to the pseudo-second-order model, the adsorption process 
is mainly controlled by the chemical adsorption steps. The adsorption 
reaction rate constant of the adsorbate on the adsorbent is proportional 
to the square of the adsorbate concentration [41]. The linear expression 
after integration is shown in Eq. (4). 

t
Qt

=
1

k2Q2
e
+

t
Qe

(4)  

Where k2 is the pseudo-second-order reaction rate constant, 
mg⋅g− 1⋅min− 1. Table 6 showed the fitting values of coefficients and the 
fitting results were shown in Fig. 8(b). The R2 values of the pseudo- 
second-order model were all greater than 0.99, and the value of 
qe(cal.) was agreement with qe(exp.). It implied that the pseudo-second- 
order model could effectively explain the adsorption process of MB on 
PC. 

The Weber-Morris intra-particle diffusion model shown in Eq. (5) 
commonly considered that the adsorption process is divided into 
external mass transfer and intraparticle diffusion steps [42], intra
granular adsorption is supposed to the ultimate stage of the entire 
adsorption process. 

Qt = kpit1/2 +C (5)  

Where kpi is the intraparticle diffusion rate constant, mg⋅g− 1⋅min− 1/2; C 
is the constants related to boundary layer thickness, mg⋅g− 1. The pa
rameters were provided in Table 7. The fitting curves were shown in 
Fig. 8(c). As exhibited in Fig. 8(c), the adsorption process was divided 

Table 5 
Element and oxygen-containing functional groups content of coal and Flash coal- 
based porous carbon.  

Sample Element and oxygen-containing functional group 
content measured from XPS (%) 

Element O 
measured from 
organic element 
analyzer (%) C-C/ 

C––C 
C-O C––O COOH Element 

C (%) 

SZ  71.26  8.6  11.04  9.1  85.33  8.76 
GJ  73.15  8.72  9.45  8.68  87.66  5.23 
CZ  75.36  8.42  8.36  7.85  88.90  3.45 
PC-SZ  68.41  17.38  10.8  3.41  87.25  11.57 
PC-GJ  68.47  15.67  9.53  6.32  90.04  9.03 
PC-CZ  72.93  15.59  7.48  4.00  90.29  8.21  

Fig. 7. Adsorption kinetics of MB on PC-SZ, PC-GJ and PC-CZ.  
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into two linear intervals, verifying the two adsorption stages. The 
significantly high linear slope of the first interval indicated that MB can 
rapidly diffuse to the outer surface of porous carbon. The lower linear 
slope of the second interval was because of the low adsorption rate from 
the outer surface diffusion of porous carbon to the inner pores. 

The results showed that the adsorption of MB on porous carbon could 
be legitimately described by pseudo-second-order kinetic model. 
Chemical adsorption dominated the entire adsorption process. It is 
undoubtfully that the diffusion process also affected the adsorption 
process. The difference in adsorption performance of three Flash coal- 
based porous carbon might be due to the differences in physical and 
chemical properties. Therefore, it is necessary to understand the phys
ical and chemical properties of three coal-based porous carbon to 
determine the underlying adsorption mechanism. 

Fig. 9 showed the adsorption mechanism of MB on PC-SZ, PC-GJ and 
PC-CZ. The specific surface area of porous carbon was the initial factor 
affecting adsorption performance. In general, porous carbon with a large 
specific surface area has more pores, especially micropores and meso
pores, providing more adsorption sites for adsorbates, resulting in better 
adsorption performance. PC-SZ had the largest specific surface area and 
well-developed micropores, which was beneficial for the adsorption of 
MB on its surface. People believed that the molecular diameter of MB 
was approximately 1.2 nm with a line-shaped structure [43]. The most 
ideal adsorbent pore size is just slightly larger than the adsorbed mol
ecules. The number of pores within the range of 1.2–5 nm in PC-SZ was 
greater than that in PC-GJ, followed by PC-CZ. Therefore, the difference 
in the number of micropores and mesopores was the main reason for the 
difference of three porous carbons. As a result, PC-SZ had the best 
adsorption effect on MB. Besides, the chemical structure of porous car
bon can also affect its adsorption performance. The interlayer spacing of 
PC-SZ was the largest and there were many defects, which was beneficial 
for MB molecules to enter and adsorb on porous carbon surfaces. That in 
PC-GJ and PC-CZ was relatively low, the adsorption performance was 
poor. Meanwhile, the amount of oxygen-containing functional groups in 
porous carbon played a significant role in the adsorption of MB. The 
surface of PC-SZ and PC-GJ carbon contained many negatively charged 
oxygen-containing functional groups, which were easy to absorb posi
tively charged MB under the action of electrostatic attraction [44]. 
Therefore, the adsorption performance of PC-CZ for MB was weaker 

Table 6 
Kinetic parameters of the pseudo-first-order and pseudo-second-order models.  

Adsorbent Qe (cal.) (mg⋅g− 1) Pseudo-First-Order Model Pseudo-Second-Order Model 

k1 (min− 1) Qe (exp.) (mg⋅g− 1) R2 k2 (mg⋅g− 1⋅min− 1) Qe (exp.) (mg⋅g− 1) R2 

PC-SZ  292.17 1.65 × 10− 2  92.98  0.98 3.40 × 10− 3  298.51  0.99 
PC-GJ  185.00 1.51 × 10− 2  67.53  0.97 5.31 × 10− 3  190.11  0.99 
PC-CZ  120.33 1.44 × 10− 2  52.44  0.97 8.02 × 10− 3  125.00  0.99  

Fig. 8. Fitting results of: (a) pseudo-first-order model; (b) pseudo-second-order model;(c) Weber-Morris intra-particle diffusion model.  

Table 7 
Kinetic parameters of Weber-Morris intra-particle diffusion model.  

Adsorbent Stage kpi (mg⋅g− 1⋅min− 1/2) C R2 

PC-SZ 1st  1.68  263.27  0.99 
2nd  15.57  144.02  0.98 

PC-GJ 1st  1.06  166.19  0.99 
2nd  12.13  68.89  0.99 

PC-CZ 1st  0.98  102.94  0.99 
2nd  10.48  22.97  0.98  

Fig. 9. Adsorption mechanism of MB on PC-SZ, PC-GJ and PC-CZ.  
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than that of PC-SZ and PC-GJ. 

4. Conclusion 

Flash Joule heating method eliminated the need for prolonged 
heating and highly polluting chemical treatment, achieving the rapid 
preparation of porous carbon with excellent adsorption performance. 
The degree of metamorphism of bituminous coal led to differences in 
physical and chemical properties of the prepared porous carbon. The 
higher volatile content of low metamorphic bituminous coal was 
conducive to the pore development of porous carbon, and the prepared 
porous carbon had a specific surface area of 601.95 m2⋅g− 1. Porous 
carbon prepared from low metamorphic degree bituminous coal 
possessed more lattice defects and oxygen-containing functional groups 
and a lower degree of graphitization. The maximum adsorption capacity 
of Flash Porous carbon for MB reached 292.17 mg⋅g− 1. The diffusion 
process and chemical adsorption dominated the adsorption process. PC- 
SZ with more micropore and defects would provide more chemical 
adsorption sites for MB. Meanwhile, the negatively charged oxygen- 
containing functional groups on the surface of porous carbon were 
easily adsorbed with positively charged MB under electrostatic inter
action. The results proved that FJH method achieved the preparation of 
porous carbon with excellent adsorption performance. This method 
provides a new approach for the green and efficient preparation of 
porous carbon, which is expected to achieve large-scale production. 
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