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Abstract: CO; sequestration in coal is mainly attributed to adsorption. The adsorption experiments of
CO, were conducted at injection pressures ranging from 1 to 3 MPa on coal samples with five kinds of
particle sizes. The fitting degree of four classical adsorption models to experimental adsorption data
was systematically compared. The adsorption properties of CO, were comprehensively discussed.
The temperature changes of coal samples at different positions during CO, adsorption were measured
by using the improved adsorption tank, and then the energy conversion law was obtained. The
results showed increasing gas injection pressure can effectively increase the adsorption capacity of
CO; on coal samples. The BET equation had the best fitting accuracy for CO, adsorption on various
size coal samples. There was a significant exothermic effect during CO, adsorption and storage.
With the rise of injection pressure, the peak value of the rising temperature of coal samples increased,
but the change rate decreased. The maximum temperature rise of coal samples was up to 13.6 °C at
3 MPa, which should be of great concern for the prevention of coal spontaneous combustion. During
the sequestration process of CO,, the adsorption resulted in a decrease in coal surface free energy
and then partial conversion to heat, leading to the rise of coal temperature. In addition, the CO,
adsorption on the pore surface caused the expansion and deformation of coal.

Keywords: particle size; CO, sequestration; adsorption model; temperature; energy conversion

1. Introduction

With the increasing consumption of fossil fuel energy, CO, emissions continue to rise,
which poses a serious threat to the global climatic and ecological environment [1-3]. The
carbon capture and storage (CCS) technology has become an internationally recognized
and critical emission reduction strategy [4-6]. Based on the strong adsorption capacity
of CO, in coal, injecting CO; into coal seam can realize the dual purposes of geological
storage of CO, and displacement mining of coalbed methane [7-9].

CO, storage in a coal seam is closely related to adsorption characteristics [10-13].
A number of investigations had been performed on the adsorption capacity of CO, in coal.
Under certain temperature conditions, the adsorption capacity of CO, in moisture coal is
11.1% lower than that in dry coal on average [14]. Likar and Tajnik, using the gravimetric
method, concluded that the adsorption capacity of lignite increased with the increase in
pressure and up to 14 m?/ton at 23 °C and 4 MPa [15]. Research studies have concluded
that CO, adsorption in coal is an exothermic process [16,17]. Generally, the adsorptive
capacity and storage rate of CO; in coal decrease with the increase in temperature [18].
The temperature significantly impacts coal permeability and further affects the adsorption
capacity of the different rank coal samples [19]. In addition, Hao et al. indicated that the
equilibrium adsorption capacity of CO, in coal is logarithmic to pressure and proposed a
prediction model of CO; adsorption capacity, whose predictions are slightly different from
the measured data [20].

Injecting and sealing supercritical CO; into deep coal seams is an essential way of
emission reduction. The isothermal adsorption curves of supercritical CO, were measured
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at 35 °C, 45 °C, and 55 °C, and there was a negative linear correlation between temper-
ature and adsorption capacity [12]. The research confirmed that the dual-site Langmuir
adsorption model can reasonably describe the relationship between the adsorption capacity
of supercritical CO, and temperature, and be used to carry out thermodynamic analysis
further [21]. Moreover, the type of coal also has an impact on the adsorption capacity of
supercritical CO;, and the experimental results showed that the relationship between the
two is U shaped [22].

Some studies have concluded that CO, adsorption can induce coal deformation [23,24].
Studies indicated that the coal matrix shrinks with increasing gas injection pressure but
expands with rising temperature and adsorption [25,26]. Perera et al. tested the influence
of CO, adsorption in different states on mechanical properties. The quantitative results
displayed that gaseous CO, adsorption and supercritical CO, adsorption reduced Young’s
modulus of bituminous coal by up to 36% and 74%, respectively [27]. The analysis showed
that this was related to CO, adsorption-induced coal swelling. Majewska and Zietek
measured the volumetric strain during the isothermal adsorption of CO; by the strain
gauge and calculated that the maximum expansion of bituminous coal was about 1.6% at
298 K and 4.0 MPa [28].

Previous studies have focused on the adsorption and deformation of CO; in coal
and carried out isothermal adsorption experiments considering pressure, moisture, coal
rank, etc. However, few scholars have paid attention to the exothermic effect caused by
adsorption and the related energy conversion law during CO, sequestration in coal seams.
In this paper, the traditional isothermal adsorption experimental device was improved by
adding the temperature measurement and thermal insulation device. The temperature
calibration of coal samples was carried out by using granite samples with negligible
adsorbed gas, which eliminated the influence of gas expansion and compression effect on
temperature measurement in adsorption experiments. The effects of gas injection pressure
and coal sample size on CO, adsorption capacity and temperature were studied. Then, four
adsorption models were used to fit the adsorption experimental data, and the adsorption
characteristics of CO, in coal were analyzed. Finally, based on the adsorption characteristics
and surface chemistry theory, the energy conversion law during CO, sequestration in coal
was concluded. This study provides theoretical guidance for the safe and efficient storage
of CO; in coal seams.

2. Adsorption Theories
2.1. Adsorption Models

At present, scholars mainly use the Langmuir equation, BET equation, D-R equation,
and D-A equation to interpret the adsorption characteristics of gas—solid interface, and
these models are summarized as follows:

1. Langmuir monolayer adsorption model [29].

The Langmuir equation was proposed based on the assumption of uniform solid
surface, monolayer adsorption, and no interaction between adsorbed gas molecules.

P P P P
_ Ui x or— = —+ ==, 1)
Pp+P Vv Vi Vi

where V is the adsorption capacity in mL/g; P is the equilibrium pressure in MPa; P; and
V1, are the Langmuir parameters in MPa and mL /g, respectively.

2. BET multimolecular adsorption model.

Based on Langmuir theory, Brunauer et al. [30] assumed multilayer adsorption and
deduced the BET equation:
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where P’ is the saturated vapor pressure in MPa; V;, is the maximum monolayer adsorption
capacity in mL/g; A is the constant.

3. Theoretical model of adsorption potential.

The adsorption potential theory indicates that the adsorption phase density on the
solid surface depends on the adsorption potential energy. Based on this, Dubinin pro-
posed the concept of micropore filling and deduced D-R Equation (3) [31] and D-A Equa-
tion (4) [32].

2
V=W exp[—(?g n%) I, ©)]
V= Voepl~(g In ) |, @

where V) is the microporous volume of adsorbent in mL/g; 8 is the scaling factor; n is the
heterogeneity coefficient of solid surface, generally 1-4.

2.2. Surface Free Energy

Based on the surface chemistry theory, when the adsorption reaches an equilibrium
state, it is assumed that the surface excess concentration and gas pressure change dr and
dy, respectively. Accordingly, the reduction value of Gibbs free energy can be calculated by
Equation (5).

—do =RITdInp, (5)

Surface excess concentration refers to the concentration of adsorbed phase per unit
area at a specified temperature and pressure conditions, and its calculation formula is

as follows: v
I'=—;, 6
s (6)
where S, the surface area in m?/g, is determined by Equation (12); V is the adsorption

capacity in cm?/g; V; is the gas volume constant in 22.4 x 10° cm3/mol.
P g g
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where ¢ is the adsorbent molecule cross-sectional area, x 10~ ecm?; e, = 8.5487 x 10716 cm?.

The adsorption amount was calculated by the Langmuir model. By substituting
Equations (1), (6) and (7) into Equation (5) and performing the integral operation, the
calculation equation for the reduction value of surface free energy can be obtained, as
shown in Equation (8).

In(1+ =), (8)

2.3. Heat Energy

Heat energy is expressed in the form of temperature. According to the thermodynamic
formula, the heat of adsorption can be calculated by Equation (9). As the quality of different
sized coal is unequal, unit heat of adsorption is selected.

E = AT, ©)
where E is the unit heat of adsorption in J/g; AT is the calibrated temperature in K.

3. Experiments
3.1. Samples Preparation

The coal samples were supplied by the San-Yuan Zhongneng mine, in Changzhi,
Shanxi Province, China. The industrial parameters of coal samples were measured by
an automatic industrial analyzer of Xinke Company, Henan Province, China. The results
are listed in Table 1. ASAP2020 automatic specific surface area tester of Micromeritics
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Instrument Corporation was used to measure the pore structure parameters of coal samples.
The results are listed in Table 2. The intact granite without impurities was selected as the
control sample. The samples were packed into the sealed tank and transported to the
laboratory for crushing and screening. After weighing, the samples were sealed and kept
in a drying oven. The five particle size ranges of samples prepared in this experiment were
2~4,4~8,8~16, 16~30, and 30~60 mesh, respectively.

Table 1. Proximate analysis of coal sample.

Coal Sample M.q/% Ash/% Ad/% VM/% FC/% FCd/%  Coal Type
San-Yuan Zhongneng 0.70 12.02 12.01 12.19 75.09 74.92 Lean coal

Table 2. Pore structure parameters of coal samples.

BET Specific Area/ Pore Volume/(x10~4ml-g—1) Specific Surface Area/(m?-g~1)
Coal Sample 2 1
(m*-g~) <10nm  10~100nm  100~1000nm <10nm  10~100nm  100~1000 nm
San-Yuan Zhongneng 0.3784 3.78 10.49 17.94 0.3478 0.1289 0.0501

3.2. Experimental Setup

Conventional adsorption experimental devices cannot measure temperature and
adsorption capacity at the same time. Therefore, the experimental setup was processed by
adding the temperature measurement and acquisition device and the insulation device. The
parameters of the temperature measurement system are shown in Table 3. The experimental
system is shown in Figure 1. For purpose of realizing the real-time measurement of
temperature at different positions of coal sample surface during the CO, adsorption
experiment, the top of the sample tank was drilled and welded with an 8 mm clamping
sleeve, through which the temperature sensor probe was in direct contact with the coal
sample. Aerogel felt, whose thermal conductivity is only about 0.02, was selected as the
insulation layer of the reference tank and sample tank to exclude the deviation caused by
ambient temperature to the temperature data of coal and granite samples as far as possible.
Figure 2 shows a photo of the sample tank. By implementing the above improvements, the
accuracy of temperature data in the experimental process was guaranteed. The high purity
CO; (99.999%) and helium (99.999%) were purchased from Yihong Gas Industry Co., LTD,
Shanxi Province, China.

Pressure Gauge

Temperature QP
Sensor #1 3

_, Temperature

B Sensor #2

Cylinder

Three-way
e @ Valve Temperature
Vacuum Recorder
_] ] Meter | :
Vacuum Pump Computer

Figure 1. Adsorption experimental system.
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Table 3. Parameters of the temperature measurement system.

Device

Model Scope Precision Manufacturer

Temperature sensor

Temperature converter module

SIN-WZP-PT100 —50~500 °C £(0.15 + 0.002 °C) H .
angzhou Sinomeasure
SIN-ST-500 —40~85°C <0.1%FS Automation Technology

Paperless recorder

SIN-R200D —200.0~650.0 °C +0.2%FS Co. Ltd., Hangzhou, China.

Figure 2. Photo of sample tank.

3.3. Adsorption Experiment Procedure

The adsorption experiment of CO, in coal consisted of four procedures:

(1) The experimental equipment was assembled according to Figure 1. The airtightness
and reliability of the equipment were tested by slowly injecting 5 MPa high-pressure helium.
If the pressure gauge value remained constant within 12 h without obvious change, the
experimental system would be considered stable.

(2) The coal samples were dried in a vacuum drying oven at 60 °C for 6-8 h. Then,
a certain quality of coal samples was loaded into the sample tank. The reference tank
and sample tank were wrapped with insulation material. The vacuum pump and the
corresponding valve were used to vacuumize the experimental system and coal sample for
12 h. Then, helium was injected for free-space volume calibration.

(3) High-purity CO, cylinders were accessed, and all valves were closed and vacu-
umed again for 12 h.

(4) The temperature acquisition device was opened. CO; gas with certain pressure
(1.0 MPa, 1.5 MPa, 2.0 MPa, 2.5 MPa, 3.0 MPa) was filled into the reference tank. After the
pressure was stabilized, the valve between the reference tank and the sample tank was
slowly opened for continuous gas injection for 12 h. Temperature and pressure values were
recorded and saved in real time.

3.4. Experimental Data Calibration

By taking advantage of the non-adsorption of CO, by granite, an experimental control
group was established to calibrate the temperature values of coal samples. Under the
condition of equal free space volume of granite sample and coal sample with the same
particle size, the mass of granite sample was calculated by density formula. The above
adsorption experiment procedure was repeated with granite samples. The temperature
variation in granite samples caused by the compression and expansion of CO; gas can be
obtained in the experimental control group.
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According to the first law of thermodynamics [33], if the sample tank were adiabatic,
all the volume work generated by gas compression and expansion would be converted
into gas internal energy.
PV -PV;
- K-1 7
where W is the volume work; P;, V] are the initial pressure and volume, respectively; P,,
V, are the equilibrium pressure and volume, respectively; K is the specific heat ratio.

The temperature variation due to volume work can be calculated by Equation (11).

W (10)

AT = |T, - Ty| =

144
= )

where c is the specific heat in k] / (kg-k), the specific heat of coal sample (c.) is 1.46, and the
specific heat of granite sample (cg) is 0.8.

The control group had the same pressure condition and free-space volume as the
adsorption experiment. Therefore, it can be concluded that the volume work performed by
CO; on coal sample and granite sample is the same, that is,

AT/c. = ATcg, (12)

The difference between the temperature measured in the experimental adsorption
group and the coal sample temperature caused by volume work is only the temperature
variation caused by adsorption.

AT = AT, — AT, (13)

where AT, is the temperature of the coal sample measured by the CO, adsorption experiment.
By substituting Equation (12) into Equation (13), the calibration equation for tem-
perature data of coal sample in adsorption experiment can be obtained, as shown in

Equation (14).
AT = AT. — 0.55ATy, (14)

4. Results and Discussion
4.1. Adsorption Capacity and Temperature

The calculation results of the CO, adsorption capacity against injection pressures are
illustrated in Figure 3. The adsorption capacity of the same size coal samples is positively
related to the gas injection pressure. At the equal injection pressure, the smaller the particle
size, the more CO, adsorption capacity in coal. The reason is that coal is a typical porous
material with a complicated pore structure [34], and adsorption occurs at the gas—solid
interface. When the adsorption occurs in a coal sample with smaller particle size, along
with enlarging the contact area between the unit mass coal sample and CO, molecule, the
adsorption probability increases, leading to the increase in adsorption capacity. Under the
condition of the same particle size, the larger gas injection pressure pushes CO, molecules
to enter smaller cracks and pore surfaces in the coal body for adsorption, leading to the
increase in adsorption capacity.

Figure 4 shows the temperature changes with time at the positions of temperature
sensors #1 and #2 for 30~60 mesh coal samples. The temperature for each pressure point
was obtained by subtracting the initial value from the measured value collected in real
time by the temperature recorder. The temperature variation trends of different injection
pressures were basically consistent. Within 0~200 s, the temperature increased rapidly. As
the adsorption continued, the change rate decreased gradually. This indicated that the
adsorption process of CO, by coal is exothermic. Under the experimental conditions, the
peak value of temperature rise reached 13.6 °C. The temperature rise caused by adsorption
should be taken into consideration in the engineering practice of CO, sequestration. In
theory, the temperature in the sample tank will rise continuously, reaching a peak at equi-
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librium. However, the thermal insulation device adopted in this paper could not achieve
the experimental conditions of complete heat isolation. There was still heat conduction
among coal samples, the tank body, and the external environment, so the temperature
began to decline slowly in the later stage of the experiment.

Figure 3. Adsorption experiment results of CO; in the coal samples.
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Figure 4. Temperature variation with time at the different positions of 30~60 mesh coal samples: (a) temperature sensors #1;
(b) temperature sensors #2.

Under the same experimental conditions, the temperature at the position of temper-
ature sensor #2 was significantly greater than that at the position of temperature sensor
#1. Additionally, the peak temperature stability time was longer. The reasons for this
phenomenon are that the gas inlet was located below the sample tank, and the CO; in
the reference tank was continuously injected into the sample tank and fully covered the
surface of the lower coal sample for adsorption first. This result indicated that the closer to
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the injection point, the more significant the temperature rise of coal during the practice of
injecting CO; into the coal seam.

4.2. Adsorption Characteristics

According to the four classical adsorption models, the experimental adsorption results
of coal samples with 2~4, 4~8, 8~16, 16~30, and 30~60 mesh were simulated. The fitting
results are displayed in Figure 5 and Table 4.
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Figure 5. Fitting curves of four adsorption models: (a) 2~4 mesh; (b) 4~8 mesh; (c) 8~16 mesh; (d) 16~30 mesh;
(e) 30~60 mesh.
Table 4. Fitting data of four adsorption models.
Model Langmuir BET D-R D-A
Parameters Vi Py R? A Vin R? D Vo R? D Vo n R?
2~4 mesh 5496 0.83 0992 1537 3130 0998 013 43.60 0.991 0.52 72.17 1.0 0.998
4~8 mesh 62.84 0.83 0995 1654 3469 0.999 0.13 4997  0.995 0.51 79.18 1.0 0.999
8~16 mesh 6210 074 0990 1856 36.19 0.998 0.12 51.24 0990 048 80.79 1.0 0.997
16~30 mesh 5446 045 0980 31.59 34.07 0997 0.09 4917 0984 0.39 71.79 1.0 0.993
30~60 mesh 54.24 0.38 0988 3454 36.62 0.998 0.08 50.98 0.992 0.37 74.37 1.0 0.997

Note: D = (RT/BE)? in D-R equation and D-A equation.

As shown in Table 4, the correlation coefficients remained above 0.980. The variation
trend of characteristic parameters was consistent, basically. Overall, the fitting accuracy of
each adsorption model from high to low was BET, D-A, Langmuir, and D-R. BET could
more accurately interpret the correlation between pressure and CO, adsorptive amount,
which indicated that CO, molecules underwent multilayer adsorption in coal samples. In
the theoretical model of adsorption potential, n is the heterogeneity coefficient of adsorbent,
and the smaller the n, the larger the pore volume of the adsorbent. Compared with the D-R
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with n = 2, the D-A with n = 1 can better characterize the adsorption law of CO; by coal
samples. It can be concluded that the pore size of coal increases after absorbing CO,, that
is, the coal expands and deforms.

Combined with the parameter meaning of each adsorption model, the adsorption
properties of CO, can be further analyzed. The V} in Langmuir represents the largest
monolayer gas adsorption amount, which is greater than the first-layer saturated adsorption
amount Vj, in BET and less than two times of V;,;. Theoretically, it also can be inferred that
CO; molecules” adsorption in coal samples was multilayered. The microporous volume Vj
of D-R and D-A was larger than the experimental value of adsorption capacity in Figure 3.
The primary cause is that the type of coal samples selected in this study was lean coal. As
can be seen from Table 2, the specific surface area of micropores of coal samples accounted
for 66.02% of the total specific surface area, while that of mesoporous pores only accounted
for 9.51%. The coal samples had a high degree of coalification and micropore development.
It can be concluded that CO, molecular adsorption mainly occurred on the microporous
surface of coal samples.

4.3. Law of Energy Conversion

By substituting the experimental adsorption data and the fitting parameters in Table 4
into Equation (8), the reduction in surface free energy can be calculated. The calculations
of different coal sizes under different CO, injection pressures are displayed in Figure 6.

0.12

—m— 2~4mesh

| —@—4-8mesh I
—A— 8~16mesh /
0.10 |- —v— 16~30mesh
| —*—30~60mcsh /
008 | /

\
A\

0.04 |

0.5 1.0 1.5 2.0 2, 3.0 3.5
P (MPa)

Figure 6. Reduction in surface free energy with pressure.

To better illustrate the conversion rule between surface free energy and heat energy,
the relation curves between the unit heat of adsorption and the pressure were drawn, as
shown in Figure 7.

In general, the surface free energy and adsorption heat of coal samples in this ex-
periment had the same relationship with CO, injection pressure. Both values showed an
upward trend with the increasing injection pressure. The trend was basically in line with
the correlativity between CO, adsorption capacity and pressure in Adsorption capacity and
temperature. The reason is that when CO, molecules contact the coal surface, part of CO,
will change from gas phase to adsorbent. In this process, the surface energy of coal is
reduced to meet the stability of the whole system. The greater the reduction, the stronger
the adsorption force, and the gas adsorption capacity increases correspondingly. This
process is the nature of adsorption [35]. During this period, the reduced surface energy is
released as heat, which can cause the temperature of the coal body to rise.



Energies 2021, 14, 8079

10 of 12

18 - —m—2~4mesh */*
—@— 4~8mesh
*/

16 | —A—8~16mesh
—v— 16~30mesh / v
1 | —*—3ON60mesh /

E (J/g)

0.5 1.0 1.5 2.0 2.5 30 3.5
P (MPa)

Figure 7. Variation in unit adsorption heat with pressure.

On the other hand, comparing the reduction in surface energy, shown in Figure 5,
and the heat of CO, adsorption, shown in Figure 6, it can be observed that the variation
curves in Figure 5 are closely separated under large experimental pressures. There are even
some crossover points, such as 4~8 mesh and 8~16 mesh coal samples at 2.5 MPa. When
the coal size decreases to 30~60 mesh, almost all the points on the surface energy curve of
30~60 mesh are below that of 16~30 mesh, which is contrary to the relationship between
the corresponding adsorption amount. By contrast, the variation curves of temperature
rise peaks are obviously separate. The author believes that the phenomenon is due to
higher experimental pressure would make the adsorption amount of CO, increase on coal
samples, which results in the expansion and deformation of coal structure. Meanwhile,
the smaller the size of the coal sample, the higher the mechanical strength, leading to less
deformation. The above indicated that the surface free energy reduced and partially turned
into strain energy during CO, adsorption.

5. Conclusions

In this paper, the common isothermal adsorption system was improved by adding
temperature measurement and thermal insulation devices. The adsorption experiment
under the thermal insulation was carried out to study the exothermic effect at a series of
gas injection pressures. This study carried out adsorption experiments, adsorption model
fitting, and surface free energy calculation to analyze the energy conversion law during
CO; sequestration in coal. The conclusions are summarized as follows:

(1) Variable particle sizes and injection pressures led to different CO, adsorption
capacities and had a significant exothermic effect during CO; sequestration in coal. The
adsorption increased with an increase in pressure and was in contrast with size. Near the
injection point, the coal body temperature was higher, with a maximum increase of 13.6 °C.

(2) Four classical adsorption models were used to analyze the adsorption character-
istics of CO,. BET and D-A could better fit the adsorption capacity of CO; in coal than
Langmuir and D-R, which demonstrates that the adsorption type of CO, is multilayer
adsorption and micro-pore adsorption.

(3) The CO;, injection pressure had a significantly positive linear relationship to the
reduction in surface energy and the adsorption heat. During CO, sequestration, the
surface energy was reduced by adsorption converted in the form of adsorption heat and
strain energy.
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