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Abstract: Useful insight can be gained into the underlying adsorption mechanism by studying the
adsorption of nitrogen by primary structure coal with different water content. In this work, a coal-adsorption
gas experimental system is used to investigate the adsorption of nitrogen by coal samples containing
different amounts of water ( 2.894%, 1.871%, 0.897%, and 0%) and different pressures (0.7, 1.2, 1.7, 2.2,
2.7, 3.2, and 3.7 MPa). The adsorption rates under the different conditions were calculated using a volume
method, and the adsorption kinetics investigated using a kinetic model. The results show that an adsorption
model based on an opposing process characterizes the adsorption behavior better than the pseudo-first
order kinetic model and pseudo-second order kinetic model. The adsorption rate constant, , reflects the
rate at which the gas can get into the pores of different sizes in the coal a greater £ value, implies a greater
increment in the rate. The k£ value is found to decrease when the initial pressure is increased for the same
moisture content. Also, the greater the water content, the smaller the value of & for a given initial pressure.
As the moisture content continues to increase, the £ value tends to a certain value. The results presented can
provide an experimental basis for the study of the mechanism responsible for the adsorption of nitrogen by
primary structure coal with different moisture content.

Key words: adsorption kinetics, adsorption rate constant, primary structural coal, moisture content.

INTRODUCTION

Many experimental studies have shown that coal adsorbed gas is not selective (Zhao et al. 2012, Kang et
al. 2017, Ou 2014). Different conditions (e.g. coal composition, its pore and fracture structure, its moisture
content, etc.) can cause the rate of adsorption and the total adsorption capacity of the coal to differ. Studies
that investigate the rate of adsorption of gas by coal can be used to study the adsorption mechanism
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itself (Zhang et al. 2014). Adsorption and desorption experiments using powdered coal to absorb CHy,
Ny, CO;, and other gases, have been carried out using different temperatures, pressures, particle sizes,
moisture content, and coal with different metamorphic degrees by employing high temperature and high
pressure isothermal adsorption instruments (Yang 2014, Do and Rice 1987, Payne and Kreutzer 1989, Zuo
et al. 2016). The results obtained show that provided all the other conditions are the same, the higher the
temperature, the greater the kinetic energy of the gas, which is disadvantageous to gas adsorption. Also,
the higher the pressure, the greater the adsorption capacity. Smaller particle sizes tend to make adsorption
easier. Furthermore, when the moisture content is within a certain range of values, the greater the moisture
content, the smaller the total amount of adsorption (Zhao et al. 2014, Feng et al. 2009, Hao et al. 2015, Wei
etal. 2017).

Researchers in China and elsewhere have analyzed and summarized the available experimental results
and established various models (the pseudo-first order adsorption model, quasi two-stage adsorption model,
the Bangham kinetic model, etc.) (Ya and Zhi 2016, Wei et al. 2017, Zhao et al. 2016). Under different
experimental conditions it has been found that the adsorption of different substances on the solid accord
with different adsorption models. For example, the adsorption of shale gas is more suitably described by
the Bangham adsorption equation. Higher temperatures and pressures correspond to smaller adsorption rate
constants in the Bangham model, which means it becomes more difficult to increase the adsorption capacity
(Yi 2014, Dai 2016, Ren et al. 2015, Dong et al. 2017, Xiao and Cai 2017, Bai et al. 2011). Overall, the
models devised can provide a useful foundation for the further description of the adsorption process as coal
absorbs gases.

Due to the experimental conditions used, the previous isothermal adsorption experiments are carried out
using pulverized coal (primary component with a particle size no greater than 180 um). As the particle size is
very different to that of the primary structure coal (the primary structural coal refers to the coal seam which
preserves the original structure and structural characteristics, and retains a large number of pores and fracture
structures of different scales such as millimeter, micrometer and nano-scale cracks), the experimental results
are also very different. To study the adsorption of nitrogen gas at a variety of initial pressures, and investigate
the effect of having coal with different moisture content, an appropriate homemade set of experimental
apparatus was constructed. Experiments were subsequently carried out to determine the rate of adsorption,
adsorption capacity, and the effect of initial pressure and moisture content.

The experimental sampling area is the southern margin of the ordos basin. The geological structure of
the sampling area is based on the movement of the middle Yanshan and the development of the Himalayan
movement. Geological decided to gas reservoir, due to the sedimentation stability, simple structure, therefore
area for coalbed methane exploration and development demonstration area in China, study the regional
characteristics of the original structure of coal adsorption on its guidance and development of great
significance.

EQUIPMENT AND EXPERIMENTAL SCHEME
SAMPLE PREPARATION AND EQUIPMENT
Sample preparation
The coal sample is selected as the Xiegou coal mine in linxing gas field, and its geographical location is

shown in Fig. 1. Following the standards given in the document GT/T23561-2009, the coal was processed
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into samples of diameter 50 mm and height 100 mm by sawing, drilling, and polishing. After they were
cleaned in an ultrasonic cleaner, the samples were placed in a drying oven at 75 °C for more than 48 hours.
The mass of each sample was weighed using a precision balance. The coal samples density, microscopic
composition, reflectivity, etc. were tested and industrial analysis tests, see Table 1. The experimental
apparatus and test sample are shown in Figs. 1 and 2.

TABLE I
Industrial analysis test.

Coal sample

Types
1# 2# 3# A#
Moisture content 1.05% 1.66% 1.83% 1.19%
Ash content 8.29% 7.73% 13.66% 18.68%
Apparent density 1.46g/em3  1.30g/em’  1.52g/em’  1.36g/cm’

Mirror group reflectance 0.69% 0.65% 0.73% 0.77%
Vitrinite group 46.9% 44.8% 58.9% 66.6%
Inertinita group 25.7% 33.1% 30.7% 17.0%
Exinite group 23.4% 18.9% 8.5% 9.8%
Minerals 4.0% 3.2% 1.9% 0.6%

Note: The table is made by Zedong Liu.
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Figure 1 - Location of coal samples studied in this paper.

Equipment

The test apparatus is composed of several parts connected in the manner shown schematically in Fig. 3. The
main components are the pneumatic loading system, adsorption system, and data acquisition system:

1. Pneumatic loading system: This system is comprised of gas cylinders, gas booster pump, pressure
vessels, safety valve, and so on. If the cylinder pressure is insufficient to achieve the required pressure,
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Figure 2 - The experimental apparatus and test sample.

the gas booster pump is used to create the additional pressure required. The pressure vessels can control
the system pressure, and the safety valve can control the starting and stopping of the system.

2. Adsorption system. This part of the apparatus includes the generator, axial- and confining-pressure
pump groups, temperature controller, precise gas flow-meter, vacuum pump, and safety valve, etc. The
manually-operated axial-pressure pump, confining-pressure pump, and pneumatic loading system can
provide both axial and confining pressure. The vacuum pump is used to pump gas out of the system
and the temperature controller controls the experimental temperature. The gas flow-meter with safety
valve is used to determine the volume of test gas flowing.

3. Data acquisition system: This part is comprised of the pressure sensor, temperature sensor, synthetic
circuit, computer, and data recording program, etc. The pressure and temperature sensors record the
temperature and pressure changes in real-time (the data is transmitted to the computer).

EXPERIMENTAL METHOD
The main experimental steps involved are:

1. Sample drying: The coal samples were grouped, numbered (No. 1 - 4), and placed in a drying box at
70 °C for not less than 72 hours. The experimental design pressure gradient was 0.7 MPa, 1.2 MPa,
1.7 MPa, 2.2 MPa, 2.7 MPa, 3.2 MPa, 3.7 MPa.

2. Gas tightness inspection and free volume measurement: After degassing, the coal samples were
filled with helium until the gas pressure reached a set value (P1). Then, the valve at the end of the
flow generator was opened, and the flow-meter recorded the flow. When these operation steps were
completed, the system was filled with helium until the gas pressure reached to the second set value
(P2). The operation and recording of the change in flow were repeated as before. In order to avoid
interference from other factors, the temperature difference between these two procedures must be no
more than 1 °C.

3. Adsorption of nitrogen at different pressure: A group of coal was selected and placed in generator 2. To
simulate the stress in the coal seam, the loading axial pressure and confining pressure were increased
using the rotating hand rocker of the axial pressure pump and the surrounding pressure pump until
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Figure 3 - Schematic diagram of the connection between the different parts of the system.

the target pressure was reached. Meanwhile, the temperature control switch was adjusted to set the
temperature to 23 °C. The target sample inside the device is degassed. After 3 hours, the valve was
opened so the gas can get into generator 1. When the pressure in generator 1 was stable, the target
sample in generator 2 was loaded to target pressure. The pressure sensor inside the chamber (accurate
to 0.05 MPa) recorded the internal gas pressure every 10 seconds. We can then calculate the nitrogen
adsorption capacity at any time point in the process of the pressure dropping using Boyle’s law. The
data processing system was used to monitor the falling pressure (volume) as a function of time (to a
precision of 10 s) in order to quantify the nitrogen adsorption process. Experiments were carried out
using different initial pressures so the adsorption of nitrogen by the coal samples was obtained for a
variety of different pressures.

. Adsorption of nitrogen using coal with different moisture content: A coal sample was selected and
soaked in water. The moisture content was roughly set by controlling the soaking time, but the exact
moisture content was determined according to sample weight. A target sample was soaked in distilled
water for 48 hours. After this time, the sample was weighed every 1 hour and weighing continued until
it changed by less than 0.001 g on 3 consecutive weighings. Thus, the coal sample could be taken to
be saturated. To make coal samples that are less than saturated, we started from saturated ones. These
were allowed to dry out and weighed every 3 hours. Once the moisture content reached the target
value, the adsorption experiment was carried out. The experimental steps involved are the same as in
Step (1) above. Thus, the adsorption of nitrogen by coal samples containing different moisture content
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could be determined. When the volumetric method is used for the adsorption experiment, the pressure
drop of the sample tank within 60 min is not more than 0.02 MPa, and it is considered to reach the
adsorption equilibrium state.
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Figure 4 - Quality loss diagram of the thermogravimetric Figure 5 - The & values obtained for different levels of moisture
method. content.

EXPERIMENTAL RESULTS AND ANALYSIS
COMPARISON OF DIFFERENT ADSORPTION MODELS
Adsorption isotherm studies

Langmuir theory (Langmuir 1918), Freundlich theory (Freundlich 1906) and BET multi-layer adsorption
theory (Tian 2015) are nonlinear models for studying gas equilibrium isotherm adsorption. The fitness of
the model is determined by determining a non-linear coefficient (R?).

Langmuir isotherm is expressed as follows:

p+pL

(1

Where p is the gas pressure, V is the volume of the adsorbed gas, V1 is maximum adsorption capacity,
and py is pressure at 50% of the maximum adsorption capacity.

The Freundlich model is an empirical formula in which the adsorption process changes directly with
pressure until equilibrium pressure is reached. This model is only suitable for use in low pressure gas
environments and is not suitable for high pressure gas environments. The Freundlich model is expressed
as follows:

V=K, p" (2)

Where V represents the amount of gas adsorbed, Ky, represents the binding constant, p represents the gas
pressure, and n represents the model parameter, which is related to temperature and coal pore distribution.
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The BET multi-layer adsorption theory is based on the Langmuir single-layer adsorption theory, and it
is believed that multi-layer adsorption can also occur on the first layer of adsorbed molecules. This theory
is mostly applicable to the adsorption of solid porous materials. The BET equation is expressed as follows:

= YinpC X o
= = (p/p) = Clprm] G)

Where: V' represents the total volume of adsorption (balanced pressure is p), Vi, represents the volume
of adsorbent vacancies on the surface of the adsorbent filled with the required adsorbate, p represents
equilibrium pressure, ps represents saturated vapor pressure, and C represents constant associated with
adsorption.

Adsorption kinetics and mechanism

There are many kinetic models that can be used to describe the adsorption of gas by coal. In this article,
three of these models are considered: (i) the pseudo-first order kinetic model, (ii) the pseudo-second order
kinetic model, and (iii) the opposite process adsorption model — the models are compared and applied to the
data to see which gives the better fit to the behavior observed (Wang et al. 2015, Suganya and Senthil 2018a,
b, Ponnusamy et al. 2018, Aditya et al. 2018, Saravanan et al. 2018, Suganya et al. 2017, Gunasundari and
Senthil 2017, Gerard et al. 2015, Nithya et al. 2018, Senthil et al. 2018).

The pseudo-first order adsorption kinetic model:

Lagergren’s pseudo-first order adsorption kinetic model can be expressed thus:

dq

= =hge—a) = =4q.(1 —e kil (4)

where g; and g, correspond to the amount adsorbed (g/g) at time ¢ and at equilibrium, respectively, and k1 is
the pseudo-first order adsorption constant (min™").
The pseudo-second order adsorption kinetic model:

qzkzt

- A 5
1+ qekzl ( )

qt

where ¢; and ¢, correspond to the amount adsorbed (g/g) at time ¢ and at equilibrium, respectively, and & is
the pseudo-first order adsorption constant (min™").

Opposite process adsorption model:

The process by which coal absorbs gas is dynamic. That is, adsorption and desorption do not occur on
their own — they both happen at the same time. The net adsorption or desorption behavior is a macroscopic
characterization that reflects the difference between the absolute adsorption rate and absolute desorption
rate (on the microscopic level). The leads to a process of ‘process confrontation’:

Vad =Va—Vy (6)

where V, is the absolute adsorption rate, V4 the absolute desorption rate, and V.4 the relative adsorption
rate.

When V44 > 0, there is net adsorption. Similarly, V ,q <0, reflects net desorption and a zero value means
that the absolute adsorption and absolute desorption rates are the same, i.e. the system has reached dynamic
equilibrium.
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The adsorption and desorption process applied to coal and nitrogen can be expressed by the opposite
process, namely:

Ag) = Aw
t=0np0
t=tnyg — nny
t =oong—ne N, (7

where 4 represents nitrogen in the gas phase, A, nitrogen in the adsorbed phase, n is the total amount
of gas (with none adsorbed), n; is the amount adsorbed by the adsorbent at time ¢, and #. is equilibrium
adsorption capacity at that pressure.

Adsorption and desorption rates (according to Langmuir) do not just depend on the surface adsorption
coverage rate. Rather, they are also proportional to the pressure. The adsorption rate of the nitrogen can be

expressed as follows:

dn

d—; = koP (o — 1) — kany (8)
where K, is the absolute adsorption rate constant, K4 the desorption rate constant, and ¢ is adsorption time.

When the adsorption rate is equal to desorption rate, we have:
dn,
dt

Taking Eq. (9) from Eq. (8) gives:

= kqP (no —n,) —kgn, =0 9)

dn;
d% = (kaP+kg) (ne — 1y) (10)

It can be found from the formula above that the rate of change of adsorption capacity with time is
proportional to the difference between the amount of adsorption and the amount of equilibrium adsorption
in the adsorption process. If k, P + k; = kP, that is, k,P + k, is the relative adsorption rate of the adsorption
kinetics which is related to the pressure used in the adsorption process, then, Eq. (10) can be rewritten as:

dn
7; = kP (n, —ny) (11)

If both sides of the equation are divided by the equilibrium adsorption capacity, ne, we find:

d(n;{ne):kP(l—n,/ne) (12)
Hypothesis:
y=n/n, (13)
Then, Eq. (9) implies that:
%:kP(l—y) (14)

According to the relationship between the downwardly moving pressure and time corresponding to
different initial pressures, the data can be fitted to the nonlinear equation:

P(t)=a—bn(t+c) (15)
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where a, b, and ¢ are constants which depend on the initial pressure.
According to Egs. (13)—(15), k can be found such that:

B —In|1 —y|+C
~ (a+b)t—b(t+1)n(t+c)

(16)

Where C is a constant.

It can be seen from formula (11) that under constant temperature conditions, given a block of primary
structural coal, the parameters affecting its adsorption capacity have values of & (intrinsic factors: pore size,
water content, etc.) and pressure P (external factors). The £ value reflects to some extent a block-like pore
and crack distribution, and the £ value is inversely proportional to the pressure P. To verify the relationship
between the k value and the pressure P, the following experiment was performed.

ANALYSIS OF THE EXPERIMENTAL RESULTS
Adsorption rates for a dry sample under different initial pressures

Experiments were carried out in which the nitrogen that was absorbed by the coal had an initial pressure of
0.7,1.2,1.7,2.2,2.7, 3.2, and 3.7 MPa. The ways in which the pressure changed with time are shown in
Fig. S1 (Supplementary Material).

According to the formulas (1)-(3), the isothermal adsorption models of the adsorbed nitrogen of the
native structural coal in the dry state were compared according to the six sets of pressure gradients in Fig.
4. Take the pressure of 1.7MPa as an example. The comparison results are shown in the following Table II.

TABLE 11
Isothermal adsorption model comparison
(Where V; is maximum adsorption capacity, and
Py is pressure at 50% of the maximum
adsorption capacity, K, represents the binding
constant, p represents the gas pressure).

Isotherm model  parameter R?
. Vi=4.891
Langmuir 0.9367
PL=4.1156
. Kb=0.7917
Freundlich 0.9188
n=1.676
Vm=5.18
BET Ps=0.0030 0.9816
C=0.9708

Note: The table is made by Zedong Liu.

Using the experimental results, the constants required to fit the data to Eq. (16) were found. The resulting
rate constants are shown in Table III.

The adsorption data for three different initial pressures were selected and fitted to the pseudo-first order
and opposite process adsorption kinetic equations. The fitting curves are shown in Fig. S2.
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TABLE III
Adsorption rate constants for dry coal under different initial pressures (R” is the correlation coefficient, the closer the
coefficient is to 1, indicating that the stronger the correlation, the higher the degree of fit).

Initial pressure fitting parameters R Adsorption equilibrium temperature °C Adsorption rate  Constant
(MPa) a b c pressure MPa constant k C
0.79 0.8310 0.1058  0.0289  0.9517 0.16 23.6 0.008184 -0.417
1.28 1.7589 0.2384  9.5598  0.9978 0.26 23.6 0.004366 -0.271
1.70 2.0231 0.2733  1.8245 09935 0.29 23.5 0.004781 -0.295
2.24 2.7701 0.3825  3.2196  0.9985 0.37 23.7 0.004431 -0.210
2.75 3.3718 0.4623  2.9000  0.9967 0.44 23.6 0.003137 -0.243
3.24 42908 0.5715  6.4843  0.9985 0.65 235 0.002023 -0.203
3.75 5.7635 0.7501 17.7457  0.9989 0.70 237 0.001198 -0.166

Note: The table is made by Zedong Liu.

Comparing the fitting results, the opposite process adsorption kinetic equation can be seen to give a
better fit which means this model is a better reflection of the adsorption kinetics of the coal. The fitting
parameters are further contrasted in Table IV.

TABLE IV
Dry the parameters of the three kinetic equations (Where g; and g, correspond to the amount adsorbed at time 7 and at
equilibrium, respectively, and k; is the pseudo-first order adsorption constant where a, b, and c are constants which
depend on the initial pressure. R is the correlation coefficient, the closer the coefficient is to 1, indicating that the stronger
the correlation, the higher the degree of fit).

Initial Pseudo first Pseudo second Adsorption
pressure order order kinetics of
(MPa) adsorption kinetics adsorption kinetics opposing process
e K R? e k> R? a b c k R?

1.70MPa 1365 0.00786 0.92822 1.55302 0.01005 0.98407 2.0231 0.2733  1.8245  0.004781  0.9935
2.75MPa 2216 0.01116  0.92062 2.52975 0.00609 0.97977 3.3718 0.4623  2.9000  0.003137  0.9967
3.75MPa  2.679 0.01121 093683 3.20377 0.00293 0.97735 5.7635 0.7501 17.7457 0.001198  0.9989

Note: The table is made by Zedong Liu.

Adsorption rates for different moisture content

Experiments were carried out to investigate the adsorption of nitrogen by coal with a moisture content of
2.894%, 1.871%, and 0.897%. The changes in the gas pressure with time are shown in Fig. S3.

As before, using the experimental data and Eq. (16), the constants required to fit the coal data were
found. The resulting rate constants are shown in Tables V, VI and VII.

Similarly, using the formulas (4)-(16), the kinetic equations can be fitted to coal samples with different
water contents, see Fig. S4.
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TABLE V
Adsorption rate constants for coal with 0.898% moisture content.

Initial pressure Fitting parameters R Adsorption equilibrium temperature °C Adsorption rate  Constant
(MPa) a b c pressure MPa constant k C
0.69 0.6336 0.0612 -0.7086 0.9901 0.22 23.6 0.002530 -0.584
1.20 1.1206  0.1241 -0.5331  0.9881 0.27 237 0.002772 -0.593
1.75 1.6827 0.2037 -0.1988  0.9969 0.31 233 0.002767 -0.552
2.27 22522 0.2784 0.5432  0.9961 0.38 23.6 0.002352 -0.540
2.56 3.0730  0.3929  4.4090  0.9980 0.45 235 0.002036 -0.380
3.27 3.9735 0.4936 5.6777 0.9914 0.69 235 0.001280 -0.353
3.70 54671 0.7080 12.059  0.9945 0.76 23.6 0.001302 -0.160
Note: The table is made by Zedong Liu.
TABLE VI

Adsorption rate constants for coal with 1.871% moisture content.

Initial pressure Fitting parameters R Adsorption equilibrium temperature °C Adsorption rate  Constant
(MPa) a b c pressure MPa constant k C
0.74 0.5201 0.0562 -0.9810 0.9887 0.25 233 0.004829 -0.842
1.26 1.2752  0.1511  0.0822  0.9990 0.29 235 0.003055 -0.542
1.72 1.7578 0.2105  0.2997  0.9984 0.31 23.6 0.002434 -0.524
2.17 22862 0.2758  2.1424 09972 0.39 23.7 0.001952 -0.492
2.76 3.1600 0.3899  8.5656  0.9965 0.49 23.6 0.001588 -0.409
3.28 59384 0.7506 34.5911 0.9814 0.77 23.8 0.000961 -0.058
3.80 6.6304 0.8486 29.9244 0.9863 0.79 235 0.000953 -0.076

Note: The table is made by Zedong Liu.

Combined with Fig. S2 and Fig. S4, the pseudo-first order adsorption kinetic model, the pseudo-second
order adsorption kinetic model and opposite process adsorption models for the coal samples with different
water contents are fitted. The non-linear coefficient (R?) of the three kinetic equations are shown in Fig. S5.

It can be seen from Fig. S5 that the nonlinear correlation coefficients (R?) of the three kinetic equations
are different. The pseudo-first order adsorption kinetic model is between 0.71 and 0.98, and the pseudo-first
order adsorption kinetic model is between 0.89 and 0.98. The opposite process adsorption models is between
0.98 and 0.99. It can be concluded that opposite process adsorption model constructed in this paper are more
consistent with the adsorption characteristics of the original structural coal.

Thermogravimetric Analysis error correction

Considering that the experimental procedure shown in Fig. 2 was carried out at a constant temperature of
23 °C. Due to the long experimental time, the adsorption process may cause pyrolysis of the surface of the
massive coal. This leads to a loss of mass and, to some extent, this process causes a change in the volume of
the coal matrix . Since this experiment uses the volumetric method to test the adsorption process, the volume
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TABLE VII
Adsorption rate constants for coal with 2.891% moisture content.

Initial pressure Fitting parameters R Adsorption equilibrium temperature °C Adsorption rate  Constant
(MPa) a b c pressure MPa constant k C
0.69 1.1592  0.1071  65.3970  0.9947 0.39 23.6 0.000555 -0.018
1.25 25116 02666 109.523  0.9989 0.59 23.7 0.000711 -0.013
1.73 2.8577 02956 354770 0.9953 0.75 23.6 0.000642 -0.049
2.19 3.8345 04174 44.0962 0.9967 0.89 233 0.000556 -0.061
2.73 5.0270 0.5354 74.2763  0.9998 1.18 235 0.000388 -0.029
3.18 8.0254 09364 175.124 0.9991 1.23 23.7 0.000346 -0.014
3.69 7.8686 0.8507 131.680  0.9989 1.71 235 0.000236 -0.017

Note: The table is made by Zedong Liu.

change may affect the experimental results. In order to avoid the negative effect of this process, the TGA-IR
thermogravimetric analyzer is used for different masses (initial mass is 8.632 mg, 12.917 mg, 18.882 mg,
and 28.012 mg) were tested. According to the density of the coal matrix, the corresponding volume change
is obtained.

The combined test data is shown in Table VIII and Fig. S1. It is found that the mass loss of different
quality block coal samples under the constant temperature of 23 °C is between 0.199-0.370 mg. The amount
of mass loss is independent of the original mass of the coal sample, and as the pyrolysis time (longer than
120 min) increases, the mass change no longer has a significant difference. According to formula V; =M /p
(Where V; is volume loss, M is mass loss, p = 1.4g/cm?), the volume reduction caused by mass loss can be
estimated to be between 0.000142 and 0.000264 ml. Comparing the volume of the sample tank 33.5+1.5
mL, such errors can be ignored, so the experimental data is reliable.

TABLE VIII
Thermogravimetric analysis data.

Sample serial number  Initial quality (mg)  Quality after pyrolysis (mg)  Quality difference (mg)

1# 8.632368 8.261575 0.370425
2# 12.917275 12.625212 0.291787
3# 18.882196 18.682597 0.199403
4# 28.012533 27.745807 0.266192

Note: The table is made by Zedong Liu.

THE EFFECT OF DIFFERENT FACTORS ON ADSORPTION RATE
The effect of initial pressure on adsorption rate constant

As can be seen from Table I1I, the value of £ becomes smaller as the initial pressure increases. When the initial
pressure is low, there is no pressure in the pores of the coal (the initial pressure is the difference in pressure
between the outer space of the coal and the pores of the coal). Gas can easily enter the larger pores of the
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coal under these circumstances. As the amount of gas going into the pores increases, the internal pressure
increases and the pressure in the outer space decreases. The pressure difference between the internal and
external spaces therefore decreases. This continues until the pressure difference means it is almost impossible
to make more gas enter into the smaller pores.

At this time, the pressure difference between the outer space and the internal pores of the coal remains
almost unchanged. If the outer pressure now rises, a pressure difference between the outer space and the
pores of the coal is formed and gas can enter into the smaller pores. As the pressure difference needed to
make the gas enter the smaller pores is greater, but the maximum pressure difference is almost equal each
time, the value of the adsorption rate constant k£ decreases.

The effect of water content on adsorption rate constant

The variation of the adsorption rate constant with moisture content is shown in Fig. 5. It can be seen from Fig.
5 that for a given initial pressure the adsorption rate constant k& decreases as the moisture content increases.
This is mainly because the water in the pores of the coal will occupy some of the adsorption sites in the pores.
Coal more readily absorbs water under the same temperature and pressure which means that the nitrogen

cannot occupy such adsorption sites. Thus, the value of the adsorption rate constant k£ decreases as does the
adsorption capacity.

THE EFFECT OF MOISTURE CONTENT ON TIME

The times for the adsorption process to reach equilibrium in samples with different moisture content are
shown in Table IX.

TABLE IX
Comparison of adsorption times for different levels of moisture content.

Initial pressure Equilibrium time 0.7 1.2 1.7 2.2 2.7 32 3.7
min Moisture water MPa MPa MPa MPa MPa MPa MPa
Drying coal sample 566 568 559 567 580 639 622

0.898 688 739 809 830 838 860 829
1.871 820 866 865 893 951 936 952
2.894 1180 1230 1235 1288 1273 1268 1272

Note: The table is made by Zedong Liu.

The Table IX shows that the higher the moisture content of the coal sample, the longer the system takes
to reach equilibrium for a given initial pressure. This may be due to the competition between the moisture
and the gas to become adsorbed in the pores of the coal. On the other hand, the moisture in the pores increases
the resistance to the gas and helps stop it from entering the system.

CONCLUSIONS

1. The adsorption kinetics of primary structure coal under different initial pressures and with different
moisture content were determined using a homemade coal adsorption gas system. A new adsorption
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kinetic equation was constructed and the characteristics of the adsorption kinetics were thus revealed
with experiments.

2. The adsorption parameter k decreases at higher initial pressures (but same moisture content). However,
k tends to a constant value when the initial pressure increases indefinitely. The value of k also decreases
at higher levels of moisture content (for the same initial pressure). As the moisture content of the
primary structure coal approaches saturation, k£ approaches its minimum value.

3. The observed variation in & reflects the pore size distribution in the coal. In this article, the experimental
pressure varied continuously, and the relationship between the adsorption rate constant and pore size
was not studied at the different pressures. Moreover, the whole experiment is a constant temperature
23 °C process, so the effect of temperature on the adsorption rate constant is not considered from the
thermodynamic point of view. This is the shortcoming of this paper, so this will be my future research
direction. Primary structure coal is an important one in nature and so its adsorption characteristics
are of some interest. With further research similar to that presented here, the mechanism underlying
adsorption by primary structure coal should gradually become apparent.
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SUPPLEMENTARY MATERIAL

Figure S1 - Curves showing the change in pressure with time for a dry coal sample.

Figure S2 - Curves showing the fitting of the data to the dynamic equations for different initial pressures.
Figure S3 - The variation of the pressure with time for coal with different moisture content.

Figure S4 - Adsorption dynamics curves at different water cuts.

Figure S5 - Comparison of nonlinear correlation coefficients (R?).
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