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Abstract: Although numerous investigations have revealed the gas physisorption characteristics of
porous media, the essence of physisorption behavior of gas within nanoscale space is still indistinct.
We speculated that the physisorption behavior of a complex molecular system (e.g., CHy and CO5)
exhibits a quantum effect due to the confinement effect of nanopores. Gas molecules occur in
varied orbitals following certain probabilities and, therefore, have separate energy levels inside a
nanoscale space. Energy level transition of molecules from excited state to ground state triggers
gas physisorption, while non-uniform spatial distribution of energy-quantized molecules within
nanopores dominates the gas physisorption behavior. The spatial distribution of gas molecules can
be adjusted by temperature, pressure and potential energy field. Based on the quantum effect, we
developed a physisorption equation from the perspective of quantum mechanics to re-understand
the basic principles of gas physisorption within nanopores.

Keywords: quantum physisorption; confinement effect of nanopores; methane and carbon dioxide;
energy level transition

1. Introduction

Climate change induced by increasing emission of greenhouse gases of methane (CHy)
and carbon dioxide (CO,) threatens the living environment of human beings [1-4]. To
reduce carbon emissions, carbon capture and storage (CCS) has long been a concern of
global scholars and government organizations [5-8]. Physical adsorption is one of the
significant properties utilized to accomplish CCS by nanoporous media. There are two
types of storage media that have received widespread attention, and they are: (a) naturally
formed organic-rich rocks (coal, shale), which are rich in nanoscale pores and are an
important geological place for CHy and CO; storage [9-13]; (b) artificially synthesized
nanoporous materials such as metal-organic frameworks (MOFs), which have been widely
used for the separation and storage of CHy and CO; due to their super adsorption capacity
and highly adsorptive selectivity [14-18].

During the past century, the nature of the gas physisorption has been investigated in
light of various possible theories, such as monolayer adsorption [19], multi-molecular layer
adsorption [20], potential theory [21,22], and volume filling of micropores [23]. The most
famous adsorption theory proposed by Langmuir regards gas physisorption behavior as the
dynamic equilibrium of evaporation-condensation of gas on plane surfaces [19]. Although
it has been successfully applied to characterize the physisorption behavior of CO; and CHy,
essential issues involving how gas physisorption is triggered within nanoscale pores and
what dominates the gas physisorption behavior are still thought provoking.

In this presentation, we proposed a new theory from the perspective of quantum me-
chanics improving our understanding of the basic principles of the physisorption of gases
within confined nanoscale space and provided a new idea to predict the physisorption be-
havior of CHy and CO, within nanoporous media. Especially in the fields of energy and
the environment, including geo-resources (coalbed methane and shale gas) assessment and
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extraction, gas storage and transport, gas separation and purification, and CCS technique, the
quantum physisorption theory proposed here would be demonstrated as a powerful tool.

2. Theory and Modelling
2.1. Quantum Effect of Gas Physisorption

A conceptually physical model of quantum physisorption for CHs and CO; gases was
established. Gas molecules within the confined nanoscale space make up the Boltzmann
system, which is characterized by the same molecular properties, negligible intermolecular
interaction, and discrete energy levels with an unlimited number of molecules at each
energy level. The molecular energy of the Boltzmann system is quantized, that is, the
energy levels are separated, which is manifested as a quantum effect. This quantum
effect embodies two aspects: (a) The potential energy of interaction between pore surface
and molecule shows a discontinuously quantized distribution, and the spatial potential
energy field consists of n + 1 energy levels in different orbitals with a number set of
M={ili € N,i <n,n > 2} (Figure 1A). The potential energy in different orbitals is an
integer multiple of the smallest potential energy unit Ey, that is, E,; = (i—n)Ey, and the
lowest potential energy —nEj occurs near the pore surface (Figure 1B,C). (b) The kinetic
energy of molecules is simplified to two states according to phase difference, in which
the non-adsorbed molecules have the same kinetic energy, that is E,; = E,, i > 1; while
the adsorbed molecule locates in the orbital with the lowest potential energy, and its
kinetic energy is E,; = Eyo,i = 0. Therefore, gas molecules in different orbitals have
separate energy levels, i.e., E; = Ey; + Ej;. The width of the excited molecular orbital
should be an integer multiple of the de Broglie wavelength, which satisfies the condition of
maintaining standing wave. Molecules can exist stably in the orbital when this condition is
met (Figure 1D). Based on this understanding, the maximum quantum number n can be
discriminated by a function of considering the gas type, molecular kinetic diameter, and
temperature of molecular system, expressed as (see Appendix A):

. dv2RTM
~ hNua/T

It can be further expressed as n = 0.277+/T and n = 0.399y/T for CH; and CO,,
respectively. Because the value of n should be a positive integer, the smaller integer is
assigned to the value of 7 when the calculated 7 value is between two integers. Theoretically,
the maximum quantum number of CHy and CO; gradually increases with the increasing
temperature. Under the same temperature conditions, the maximum quantum number of
CO; is greater than that of CHy.

After molecules are injected into the nanoscale space, the specific location of molecules
at the initial moment before the molecules are adsorbed cannot be predicted, but in the
quantized energy field, gas molecules will be distributed in orbitals (1 < i < n) by a
certain probability distribution (Figure 1E,F), and the distribution conforms to the classic
Boltzmann distribution law [24], that is:

)

co(-43)

n _ jEo
j=1 eXP( ksT

fi= 2
)

Molecules in the same orbital have a uniform quantum state, and have diverse quan-
tum states in different orbitals. Ideally, from the surface (the lowest potential energy, orbital
i = 0) to the inside of a pore, the molecular energy level gradually increases. Excited gas
molecules in orbitals i = 1~n — 1 are unstable and will spontaneously return to the ground
state (orbital i = 0) near the pore surface. When the molecule returns to the ground state
orbital, it appears to be adsorbed on the pore surface. Therefore, the physisorption behavior
of gas molecules is exactly the result of molecular energy level transition, and the amount
of adsorption is the number of molecular transitions.
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Figure 1. Conceptually physical model of quantum physisorption for gases of CO, and CHy (take n
= 6 for example). (A) Spatial distribution of quantized energy field within nanopore; (B) An ideal
pattern of energy level transition of molecules, showing a profile in (A); (C) Energy distribution
within a nanopore showing a straight line in (B), where the blue line indicates kinetic energy, and
the red line indicates potential energy. (D) Taking n = 6 as a case, individual orbital width equals
to the de Broglie wavelength of the molecule and total width (2nA, length of the blue dotted line)
equals to the molecular kinetic diameter; in larger pores, individual orbital width equals to the integer
multiples of the de Broglie wavelength of the molecule and total width is 2¢nA (length of the blue
dotted line). (E) The figure shows an ideal case of the distribution of 100 molecules following the
probability distribution (T =298 K, Ej = 10721 7) presented in (F).

Energy level transition of gas molecules occurs only when the kinetic energy and
potential energy decrease simultaneously and follows the principles: (a) Only transitions
from i = 1~n — 1 orbitals (excited state) to i = 0 orbital (ground state) occur, showing a
transition selectivity; (b) It is not that all the molecules in an excited state will undergo en-
ergy level transition, but that they have a certain probability of transition, that is, transition
is probabilistic; (c) The probability of energy level transition is equal to each other for all
molecules due to the exactly identical molecular properties; (d) Molecular transition speed
is equal to the average velocity of molecular motion; (e) During the molecular transition,
energy releases including both the kinetic energy and potential energy and is numerically
equal to the difference in energy level, i.e., AE;_y = E; — Eo.
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The orbital of i = n belongs to the zero potential energy region, and molecules in
this orbital are always in a free state because they get rid of the constraints of gas-solid
interaction. In addition, desorption is the reverse process of the adsorption and can be
regarded as the process of molecules returning to the excited state from the ground state
when receiving external energy.

2.2. Equation of Quantum Physisorption

Gas physisorption isotherm is parameterized according to the above physical model.
Based on the quantum statistical physics, a quantum equation for the CHy and CO,
physisorption within nanoporous media was established (see Appendix B). The total
amount (1,) of gas adsorption is the sum of molecular transition from energy levels of
i = 1~n—1 and can be expressed as:

n—1
Ng = Z Nyi 3)
i=1

where n,; is the adsorption amount of gas molecules at i-th energy level and is equal to the
number of transitions of gas molecules at the i-th energy level, which can be determined by
the quantum physisorption equation:

_ Mmip — k;z

; , Mg >0, kiyq > ki 4)

Ngi

where,
eXp (_ m) X nL
oyl jEo
Lt exp (- £)
In Formula (4), k; is the adsorption coefficient of gas molecules at the i-th energy
level, which reflects the adsorption saturation speed of gas during pressurization process,

generally k; 1 > k;. A smaller k; value indicates a faster physisorption saturation. Gases
of different energy levels start to undergo transition at varied initial pressures, which are

©)

Nipi

equal to ,’;’—; In other words, the transition occurs when the molecules reach a certain
concentration. During the process of gas pressurization, when the pressure p reaches
the initial pressure, the molecules of the i-th energy level begin to undergo energy level
transitions, which conform to the quantum physisorption equation.

Additionally, the results obtained by widely used volumetric and gravimetric methods
are the Gibbs excess adsorption (#.), which is not the actual amount of adsorbed gas (11,).
When the gas-adsorbed volumes cannot be ignored especially at high pressure, they can be
converted into each other through the density ratio of free gas to adsorbed gas [25], which

is mathematically expressed as:
Ne = < - ﬁ) Ny (6)

3. Application Method of Quantum Physisorption Theory

The quantum physisorption theory is applicable to the adsorption processes of CHy
and CO; in various nanoporous media, such as metal organic frameworks (MOFs), porous
organic frameworks (POFs), molecular sieve, activated carbon, coal rock, shale rock, and
clay minerals etc. For a set of isotherm adsorption data of CHy or CO, measured by widely
used volumetric and gravimetric methods, the adsorption isotherm can be parameterized
by using the equation of quantum physisorption.

Firstly, the maximum quantum number can be determined by Equation (1) for CHy
and CO,, respectively. Because the value of n should be a positive integer, the smaller
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integer is assigned to the value of n when the calculated n value is between two integers.
Details are presented in Appendix A.

Secondly, to determine the free phase density and compressibility factor of gases at
experimental temperature and pressure conditions, the data can be directly obtained from
the Reference Fluid Thermodynamic and Transport Properties Database (REFPROP), which was
developed by the National Institute of Standards and Technology (NIST). REFPROP is a
computer program, distributed through the Standard Reference Data Program of NIST,
that provides thermophysical properties of pure fluids and mixtures over a wide range of
fluid conditions including liquid, gas, and supercritical phases.

Thirdly, it is necessary to analyze the isotherm adsorption data (absolute adsorption
amount vs. gas pressure) by combining Equations (3)—(5). If the adsorption data is the
Gibbs excess adsorption, Equation (6) also needs to be employed. The next thing that
needs to be done is to obtain the undetermined parameters in these adsorption equations,
including Ey, ny, k;, and p, (for excess adsorption). In this study, we developed a computer
program based on particle swarm algorithm, which can get the above parameters by fitting
the experimental data (m points) with these adsorption equations and minimizing the
relative error (Equation (7)). After determining the parameters, the amounts of adsorbed
molecules at different energy levels can also be calculated by using Equation (4), so as to
predict the physisorption behavior.
nt

)
cal nttZ

0= 271:1 )

i
Minea

In this study, relative error § was used instead of residual (as shown in literature [26])
taking into account the large difference in adsorption amounts at low and high gas pressures.

4. Results and Discussion
4.1. Calculated Results

This study is not focused on analyzing the differences of gas physisorption in various
porous media but on verifying the feasibility of the theory and exploring the gas physisorp-
tion mechanism. Therefore, two MOFs (Cuz(BTC);, MOF-2) and two shale rocks were
presented here as a case study. Related parameters obtained by using the average of repeti-
tive analyses were listed in Table 1. MOFs have homogeneous pore structure [15], while
shale is a chemically heterogeneous porous rock [12]. The quantum physisorption equation
can well predict the adsorption behavior of CH4 and CO; in the above nanoporous media,
and the adsorption of gases with different energy levels is markedly distinct (Figure 2a—d).
We can see that the contribution to total adsorption amount decreases as molecular energy
level increases, particularly at the stage of rapid increase in adsorption amount (Figure 2h).
The gap between the contributions of different energy levels is dominated by probability
distribution of molecules in different orbitals. As gas adsorption trends towards saturation,
the gap gradually decreases until it reaches stability. As shown in Figure 3, it can be
seen that with the increase in the quantum number, maximum the adsorption amount
of molecules (1,,;) decreases in an exponential form while the adsorption coefficient of
molecules (k;) gradually increases. This indicates that a larger adsorption amount and a
fast adsorption saturation speed will occur in molecules with relatively lower energy level.
This also implies that gas molecules near the pore surface are more likely to adsorb.
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Table 1. Analyzed results of the studied cases.

Adsorption Coefficient (cm®-MPa/g)

Porous Media T (K) nr, (cm3/g) Ep (10-2]) 04 (kg/m®)

k1 ka k3 kg ks
2 Cu3(BTC), 298.00 273.1466 425.5455 1809.4766 0.3846 0.7750 1.1527 3.3665 6.4195
b MOF-2 298.00 94.4453 134.5343 1819.1773 0.0897 0.2472 0.6186 1.1612 2.8258
¢ Sleen Shale 338.15 5.0481 40.6973 382.8547 0.0307 0.1187 0.2194 0.3992 /
d Grange Hill Shale 331.15 1.2984 46.3658 / 0.0007 0.0042 0.0091 0.0239 /

2 Cug(BTC), adsorbs CO, at 298 K [15]. P MOF-2 adsorbs CO, at 298 K [15]. © Sleen shale adsorbs CH, at 338.15 K [27].
d Grange Hill shale adsorbs CHy at 333.15 K [12]. 1 mol =22.4 x 10% em® (STP, 273.15 K, 101.325 kPa).
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Figure 2. Application cases of quantum physisorption theory. (a,e,i). Cuz(BTC), adsorbs CO; at
298 K [15]; (b,£,j). MOE-2 adsorbs CO, at 298 K [15]; (c,g k). Sleen shale adsorbs CHy at 338.15 K [27];
(d,h,i). Grange Hill shale adsorbs CHy at 333.15 K [12]. (e f,g,h) present the contribution of molecules
with different energy level to total adsorption amount. (i,j,k,1) show the probability distribution of
molecules at different energy levels. The gray circle indicates experimental data; the dark blue dotted
line indicates simulated Gibbs excess adsorption; the orange dotted line indicates simulated absolute
adsorption; purple, blue, cyan, green and red solid lines indicate molecules withi=1,i=2,i=3,i=4,
and i = 5, respectively.
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Figure 3. Relationships of quantum number (i) with maximum adsorption amount (1,,;) and adsorption
coefficient (k;). (a,e). Cuz(BTC)y; (b,f). MOF-2; (c,g). Sleen shale; (d,h). Grange Hill shale.

4.2. Mechanism of Quantum Physisorption

The physisorption behavior of complex molecular systems of CH4 and CO; confined
within nanopores is essentially resulted from energy level transition of gas molecules from
excited state to ground state. The ground state orbital is located near the internal pore
surface, which resembles the elementary space described by Langmuir [19]. The maximum
adsorption capacity theoretically equals to the total space occupied by the ground state
orbital, which positively associates with internal surface area of pores. Vast specific surface
area for MOFs may be the main reason that the MOFs have larger adsorption capacity
compared to shale rock. The actual adsorption amount of gas closely relates to the gas
pressure, gas temperature, and potential energy field of the gas-solid system. Under
certain temperature and pressure conditions, excited gas molecules are initially unevenly
distributed in the orbitals (i = 1~n) following the Boltzmann distribution law. The molecular
amount of energy level transition is a function of the total number of molecules with the
same transition probability. Therefore, the amount of gas physisorption gradually increases
due to the increase in the total amount of molecules in all the orbitals during pressurization
process. Change in pressure, however, does not change the probability of molecular
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transition. In addition, there is an initial pressure at which adsorption occurs; that is, the
law of quantum physisorption is followed when a certain amount of molecules is reached.

Potential energy of gas-solid interaction decrease or temperature increase will promote
a more even molecular distribution within nanoscale space (Figure 2i-1), which enhances
the difficulty of gas physisorption. As an extreme case, the gas molecules evenly distribute
inside nanopores and will be non-adsorptive for a gas-solid system without interaction or
under an extremely high temperature condition. With an enhanced potential energy field, the
percentage of molecules with a low quantum number (especially i = 1 and 2) will increase
(Figure 4), which causes an increasing adsorption amount. Temperature also adjusts the
probability distribution of molecules in orbitals together with a potential energy field. As
shown in Figure 5, the increase of temperature will cause a dramatic decrease in the percentage
of molecules with a low quantum number. Therefore, the temperature increase makes it more
difficult for gas physisorption. Previously, the impacts of specific surface area of porous
medium and temperature on the adsorbed amount have been widely observed. These
phenomena can be reasonably explained by the quantum physisorption theory.

35 4 35 4
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Figure 4. Impact of potential energy field (Eg = 0~1072! J in this case) on molecular distribution
within nanoscale space. (a—c) indicate the temperature conditions of 298.15 K, 398.15 K, and 498.15 K
for CHy, respectively; (d—f) indicate the temperature conditions of 298.15 K, 398.15 K, and 498.15 K
for CO,, respectively.
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Figure 5. Impact of temperature (T = 298.15~498.15 ] in this case) on molecular distribution within
nanoscale space. (a) indicates the CH4 with a potential energy field of Eg = 10721 J; (b) indicates the
CO, with a potential energy field of Eg = 10721 J.

5. Conclusions

In summary, this study attempts to explore the essence of the physisorption behavior
of gas (CHs and CO,) within nanoscale space. We proposed a new mechanism to re-
understand the basic principles of gas physisorption within nanoscale space and found
that the physisorption behavior of the complex molecular system of CH4 and CO, within
nanoporous media exhibits a quantum effect; that is energy level transition induces gas
physisorption. Based on this phenomenon, we established a quantum physisorption
equation, which matches well with experimental data for various nanoporous media. This
discovery differs from any traditional theory and is expected to open a new field involving
in the quantum physisorption of gases. Confidently, the quantum physisorption theory
proposed will be of significance to the researchers of multidisciplinary sciences (energy,
environment, physics, and materials).
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Nomenclature
e excess adsorption amount, mol or mol/g
i actual (absolute) adsorption amount, mol or mol/g

Pg density of free gas, cm®/g

Oa density of adsorbed gas, cm3/g

T gas temperature, K

p gas pressure, MPa

z gas compressibility factor, dimensionless
M molar mass, kg/mol

n maximum quantum number, integer

1 quantum number, integer

Eg smallest potential energy unit, J

Ei potential energy of molecules with different energy level, |

E, mean kinetic energy for free gas molecules, ]

E,i kinetic energy of molecules with i-th energy level, |

Ey kinetic energy of adsorbed gas molecules, |

Mg actual (absolute) adsorption amount of molecules with i-th energy level, mol, or mol/g
Ny maximum adsorption amount of molecules with i-th energy level, mol, or mol/g

k; adsorption coefficient of molecules with i-th energy level, mol-MPa or mol-Mpa/g

n, maximum adsorption amount, mol, or mol/g

Kp Boltzmann’s constant, J/K
Ny Avogadro’s constant, mol 1
h Planck’s constant, J-s
R universal gas constant, 8.314 ] /mol/K
d kinetic diameter of molecule, m
¢ positive integer ratio of orbital width to molecular de Broglie wavelength, integer
fi probability, fraction
1 relative error, dimensionless
tal calculated i-th value by the equation of quantum physisorption, mol, or mol/g
Ny,  Mmeasured i-th value obtained from adsorption experiment, mol, or mol/g

Appendix A. Determination of Maximum Quantum Number (n)

The orbital width occupied by excited molecules should be an integer multiple of
the De Broglie wavelength based on the theory of matter wave, which is the condition of
maintaining standing wave. Therefore, molecules can exist stably in the orbital when this
condition is met.

A total of 2n orbitals are formed inside the nanopores for accommodating excited
molecules and satisfy the following conditions:

L
CA = (A1)
of which,
h
myo ( )

_ /8RT
0=0= m (A3)

where, 1 is the maximum quantum number, integer; & is the Planck’s constant, J-s; mj is
the rest mass of molecule, kg; v is the molecular velocity, m/s; v is the mean velocity of
gas molecules, m/s; A is the de Broglie wavelength, m; L is the total width of 2n orbitals in
pores, m; R is the universal gas constant, 8.314 ] /mol/K; M is the molar mass, kg/mol.

We can obtain:
_ Lv2RTM

" EhNavT (a4
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In a complex network of nanopores, molecules can enter all the interconnected pores
with a size of larger than the kinetic diameter of the molecule (CHy, 0.38 nm; CO;,, 0.33 nm).
When the width L is equal to the molecular kinetic diameter, it is the smallest width at
which the molecule can exist stably. In this case, the largest quantum number 7 can appear
when ¢ =1. In larger pores, the individual orbital width is equal to {A. Therefore, gas
molecules can exist stably in all the interconnected pores that molecules can enter, and the
following relationships are established to discriminate the largest quantum number.

Thus, the maximum quantum number 7 can be discriminated by a function of con-
sidering the gas type, molecular kinetic diameter, and temperature of molecular system,

expressed as:
_— dv2RTM

=Y A5
N (A5)
For methane (CHy):
n=0277VT (A6)
For carbon dioxide (CO5):
n = 0.399vT (A7)

Because the value of n should be a positive integer, the smaller integer is assigned
to the value of n when the calculated n value is between two integers. For example, the
calculated n value is equal to 4.78 for methane at 298 K. The maximum quantum number n
should be assigned the value 4 to ensure that the kinetic diameter of the molecule is smaller
than the pore size.

Appendix B. Establish of the Equation of Quantum Physisorption
Appendix B.1. Energy Level Transition

The number of molecular transitions is exactly the amount of gas adsorption. Only
transitions from i = 1~n—1 orbitals (excited state) to i = 0 orbital (ground state) occur,
showing a transition selectivity. With respect to a nanoporous medium with a unit mass
(e.g., one gram), the frequency of the energy level transition of gas molecules for the i-th
energy level under certain temperature and pressure conditions can be expressed as:

dN

F=S,—
¢ dt

(A8)
where F is the frequency of energy level transition of gas molecules, that is the number of
molecules undergoing energy level transition per second, s~1; S, is the effective surface

area providing for the ground state position, cm?.

Se = Sm(Oim — 0i)Nany (A9)

where S,, is the cross-sectional area of adsorbed molecule, cmZ; N4 is the Avogadro’s constant,
6.022 x 10?® mol~1; 6;,, is the maximum coverage rate of adsorbed molecules from the i-th
energy level orbital on the ground state orbital, fraction; 6; is the actual coverage rate of
adsorbed molecules from the i-th energy level orbital on the ground state orbital, fraction; 7,
is the maximum adsorbed amount from all the energy level molecules, mol.

In Equation (B1), dN//dt is the number of molecular transition to unit area (1 cm?) ground
state orbital during unit time (1 s); based on the assumption that molecular transition velocity
is equal to the average velocity of molecular motion, it can be described as:

dN N\_

where V is the pore volume, cm3; N is the total number of molecules in the pore, dimen-
sionless; 7 is the mean velocity of gas molecules, cm/s. In Equation (A10), N/V indicates a
mean gas concentration, that is the molecular number per unit volume.
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According to Maxwell’s velocity distribution theory, mean velocity of gas molecules
can be written as:
8RT

™M
R is the universal gas constant, 8.314 J/mol/K; M is the molar mass, kg/mol; T is the

temperature, K.
Further, we can obtain:

7 =100 (Al1)

F = 1008, (8 — 6;)Natim (I‘\/]) (%)05 (A12)
According to the equation of gas state:
pV =znRT (A13)
and the relationship:
N = Nyn (A14)

where p is the apparent mean gas pressure in pore, MPa; V is the pore volume, cm?; z is the
gas compressibility factor, dimensionless; 7 is the amount of substance of gas, mol; R is the
universal gas constant, 8.314 J/mol/K; T is the temperature, K; N is the total number of gas
molecule, number.
We can obtain:
F= CpSm(Bim — 0i)nim
z ( MT)O.S

(A15)

where
_ 200v/2N,2

C
v TR

Appendix B.2. Energy Release

During the process of molecular energy level transition (i.e., gas physisorption), the
release of molecular energy is accompanied. During the energy level transition, the energy
released by the molecule includes both the loss of kinetic energy and potential energy.

The kinetic energy loss (AE,;) of molecules is:

AE,; = Eyj — Eyg = Ey — Eyp (Ale6)

where, E, is the mean kinetic energy for free gas molecules (see Equation (A11)), J; Eo is
the kinetic energy of adsorbed gas molecules, J; E; is the kinetic energy of molecules with
i-th energy level, J; i is the quantum number, integer (1,2, ..., n—1).

The potential energy loss (AE;) of molecules is:

AE,; = Ej — Eyo = iEg (A17)

where, E,; is the potential energy of molecules with i-th energy level and is mathematically
described as E,; = (i—n)Ey, J; Eo is the smallest potential energy unit, J; i is the quantum
number, integer (1,2, ..., n—1).

Total energy loss of molecules during energy level transition can be obtained as:

AE; g = AEy; + AEy, (A18)

The carrier of this energy released may be an infrared light radiation, which has a
frequency as:
AEz?O = hUl‘ (A19)
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where I is the Planck’s constant, J-s; v; is the frequency of infrared light radiation released
by the i-th energy level molecules, s~ !.

Simultaneously, we can obtain the energy released by one mole molecules as:
Qi = Na(AEy; + AEy;) (A20)
where Q; is the energy released by one mole molecules at the i-th energy level, ] /mol.
From the perspective of adsorption energy, the frequency of energy level transition of
a gas molecule can also be written as:

F= wap(%) (A21)

where A; is the frequency factor for the molecules at the i-th energy level, which is a constant
independent of temperature and concentration of gas, s !.

Combining Equations (A15) and (A21), we can obtain:

CpSm(Oim — 0:)nm ( Qi >
= Aiex = A22

Further, it can be obtained as:

z(MT)O'SAl-exp(%)

i =0 — A2
It can be further simplified as:
zvMT ;

where n,; is the actual (absolute) adsorption amount of molecules with the i-th energy level,
mol; n,,,; is the maximum adsorption amount of molecules with i-th energy level, mol.

For a classic Boltzmann system composed by gas molecules, molecules have identical
properties under a certain temperature during physisorption. Some parameters (M, T, A;,
Q;) can be considered as constant values. Thus, we put these parameters into one item and
define it as the adsorption coefficient (k;). It can be expressed as:

_ VMT Q;
ki = cs.. Aiexp(RT) (A25)

where k; is the adsorption coefficient of molecules with the i-th energy level, mol-MPa,
generally k; 1 > k;. A smaller k; value indicates a faster molecular adsorption saturation
during pressurization process.

Appendix B.3. Equation of Quantum Physisorption

Combining Equations (A24) and (A25), the equation of quantum physisorption de-
scribing the physisorption isotherm of gas molecule with a certain energy level can be
obtained as:

Ny = ;, nai >0, ki1 >k (A26)

Gas molecules of different energy levels begin to adsorb at varied gas pressures. Before
adsorption begins, the adsorption amount is of zero. The initial pressures for physisorption
of molecules with a different energy level can be determined by the Equation (A26), and
can be written as:

k,’Z
pi=_— (A27)

My
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When the pressure p reaches the initial pressure p;, the molecules of the i-th energy
level begin to adsorb, and the adsorption capacity increases as the pressure increases
according to the equation of quantum physisorption.

The total amount (1) of gas physisorption is the sum of molecular transition from
energy levels of i = 1 ~ n—1 onto i = 0, and can be expressed as:

n—1
Mg =Y g (A28)
i=1

Additionally, the results obtained by widely used volumetric and gravimetric methods
are the Gibbs excess adsorption (), which is not the actual amount of adsorbed gas (11,).
When the gas-adsorbed volumes cannot be ignored especially at high pressure, they can be
converted into each other through the density ratio of free gas to adsorbed gas, which is

mathematically expressed as:
1e = < - pg)na (A29)

Pa

where p, is the density of free gas, cm3/g; p, is the density of adsorbed gas, cm?/g.

Appendix B.4. Determination of Adsorption Capacity

According to the equation of quantum physisorption, the adsorption amount of
each energy level gradually increases as the gas pressure increases. When the pressure
tends toward infinity, adsorption of molecules of different energy levels towards saturation.
Under an infinite pressure, the number of molecules at each energy level (i = 1 ~ n) conforms
to the Boltzmann distribution before adsorption occurs, which can be written as:

e (-45)

n _ JjEo
Faexe(—f5t)

fi= (A30)

where, f; is the probability of the occurrence of molecules at the i-th energy level, fraction;
Ey is the smallest potential energy unit, J; i is the quantum number, integer; kg is the
Boltzmann's constant, ] /K; T is the temperature, K.

It is not that all the molecules in an excited state (i = 1~n — 1) will undergo energy
level transition, but that they have a certain probability of transition, that is, transition is
probabilistic. Moreover, the probability of energy level transition is equal for all molecules
due to the identical molecular properties. Since molecules in the i = 1~n — 1 orbitals have
the same probability of adsorption, the adsorption amounts of molecules at different energy
levels is proportional to the number of molecules at each energy level. According to this
principle, the proportional relationship between 7,,; and the maximum adsorption amount
n;, can be determined as:

; fixnp exp(—g—%) X np
mi — _ - .
L o ee (-4t

(A31)

where, n,,,; is the maximum adsorption amount of molecules at the i-th energy level, mol;
ny is the maximum adsorption amount (including all the energy levels), mol.
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