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S1. Consideration of Non-linearity of Gas and Solutions for a Mixed Gas 2 

State 3 

For gas flow, we can use a pseudo-pressure variable to linearize Eq. (2A) as 4 

𝜇  and 𝑐𝑡  are functions of pressure. The pseudo-pressure 𝑝𝑝  is defined as 5 

(Haskett et al., 1988) 6 

𝑝𝑝 = 2 ∫
𝑝

𝜇𝑧

𝑝

𝑝0

𝑑 𝑝 (S1) 7 

By combining Eq. (S1) with the ideal gas law, the pseudo-density may be 8 

expressed as 9 

𝜌𝑝 =
𝑝𝑀

𝑅𝑇
=

𝑝2𝑀

𝜇𝑧𝑅𝑇
(S2) 10 

Because viscosity and compressibility do not change significantly (less than 11 

0.7%) between 200 psi and atmospheric pressures, Eq. (S2) can be simplified 12 

to 13 

𝜌𝑝 =
𝑝2𝑀

𝑅𝑇
(S3) 14 

Thus, the density change is replaced by the pseudo-density for a precise 15 

calibration by using pressure squared. 16 

During the GPT experiment, different gases in the reference and sample 17 

cells may complicate the hydrodynamic equilibrium of gas, and consequently 18 

1  
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the expression of transport phenomena, as the viscosity and gas 19 

compressibility are in a mixed state. Therefore, during the GPT experiment 20 

when a different gas exists between the reference and sample cells a, a mixed 21 

viscosity should be used after the gas in reference cell is released into the 22 

sample cell. The viscosity of mixture 𝜇𝑚𝑖𝑥 under pressure in Eqs. (3a)-(3c) 23 

can be calculated from (Brokaw, 1968; Sutherland, 1895) 24 

𝜇𝑚𝑖𝑥 = ∑
𝜇𝑖

1 +
1
𝑦𝑖

(∑ 𝐵𝑖𝑗𝑦𝑗
𝑛
𝑗=1
𝑗≠𝑖

)

+ 𝜇𝑝 (S4)
 25 

𝐵𝑖𝑗  is a correction parameter independent of gas composition and can be 26 

expressed as 27 

𝐵𝑖𝑗 =

[1 + (
𝜇𝑖

𝜇𝑗
)0.5(

𝑀𝑗

𝑀𝑖
)0.5]2

2√2(1 +
𝑀𝑗

𝑀𝑖
)0.5

(S5) 28 

in which 𝜇𝑝 is the correction term for the viscosity variation as its changes 29 

with pressure and given by 30 

𝜇𝑝 = 1.1 × 10−8(𝑒1.439𝜌𝑟𝑚 − 𝑒−1.111𝜌𝑟𝑚
1.858

) × 𝑀𝑚
0.5 ⋅

𝑃𝑐𝑚

2
3

𝑇𝑐𝑚

1
6

(S6) 31 

S2. Gas Transport in GPT 32 

From Eq. (2A), the transport of gas in the GPT with the "unipore" model 33 

under a small pressure gradient in a spherical coordinate system with laminar 34 
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flow is based on the Darcy-type relation. Because the transfer rate of the fluid 35 

is proportional to the concentration gradient, this process can be expressed as: 36 

𝜕𝜌𝑝

𝜕𝑡
=

𝑘

𝑐𝑡𝜙𝑓𝜇
(

2

𝑟

𝜕𝜌𝑝

𝜕𝑟
+

𝜕2𝜌𝑝

𝜕𝑟2
) (S7) 37 

We set 38 

𝑘𝑠 =
𝑘

𝜇
(S8) 39 

𝐾𝑎 =
𝑘𝑠

𝑐𝑡𝜙𝑓

(S9) 40 

Then, Eq. (S7) becomes: 41 

𝜕𝜌𝑝

𝜕𝑡
= 𝐾𝑎 (

2

𝑟

𝜕𝜌𝑝

𝜕𝑟
+

𝜕2𝜌𝑝

𝜕𝑟2
)   or  

𝜕

𝜕𝑡
(𝜌𝑝𝑟) = 𝐾𝑎

𝜕2

𝜕𝑟2
(𝜌𝑝𝑟) (S10) 42 

We next introduce the following dimensionless variables: 43 

𝑈𝑠 =
𝑟

𝑅

(𝜌𝑝𝑠 − 𝜌𝑝2)

(𝜌𝑝0 − 𝜌𝑝2)
(S11) 44 

𝑈𝑓 =
𝜌𝑝𝑓 − 𝜌𝑝2

𝜌𝑝0 − 𝜌𝑝2

(S12) 45 

𝜉 =
𝑟

𝑅
(S13) 46 

𝜏 =
𝐾𝑎𝑡

𝑅2
(S14) 47 

where 𝜌1 and 𝜌2 are the gas density in the reference and sample cells, and 48 

𝜌0 is the gas density outside the connected pore volume (the gas has flowed 49 

from the reference into sample cells but not into samples), and 𝜌0 is given by 50 
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𝜌0 =
𝑉1𝜌1 + (𝑉2 − 𝑉𝑏)𝜌2

𝑉𝑐

(S15) 51 

where 𝑉1 is the reference cell volume, 𝑉2 is the sample cell volume, 𝑉𝑏 is 52 

the bulk volume of the sample, 𝑉𝑐  is the total void volume of the system 53 

minus 𝑉𝑏 where 𝑉𝑐 = 𝑉1 + 𝑉2 − 𝑉𝑏. 54 

If the bulk density of the sample is 𝜌𝑏 and the total mass of the sample is 55 

𝑀𝑠, then the total number of sample particles 𝑁 is: 56 

𝑁 =
𝑀𝑠

4
3

𝜋𝑅𝑎
3𝜌𝑏

(S16) 57 

Based on Darcy's law, the gas flow into a sample 𝑄 is:  58 

𝑄 = −4𝜋𝑅2 (𝑘𝑠

𝜕𝑝

𝜕𝑟
) 𝑁 = −

3

𝑅

𝑀𝑠

𝜌𝑏
𝑘𝑠

𝜕𝑝

𝜕𝑟
(S17) 59 

According to mass conservation and in combination with Eq. (S17), for 𝑡 >60 

0 and 𝑟 = 𝑅𝑎, we have 61 

−
3

𝑅
𝑉𝑏𝐾𝑎𝑐𝑡𝜙𝑓

𝜕𝑝

𝜕𝑟
𝜌𝑠 = 𝑉𝑐

𝜕𝜌𝑓

𝜕𝑡
(S18) 62 

Substituting Eq. (1C) into Eq. (S18), the boundary condition of Eq. (S10), 63 

for 𝜉 =1, is:  64 

−
3

𝑅
𝑉𝑏𝐾𝑎𝜙𝑓

𝜕𝜌𝑠

𝜕𝑟
= 𝑉𝑐

𝜕𝜌𝑓

𝜕𝑡
(S19) 65 

Substituting dimensionless variables into Eq. (S10) yields: 66 

𝜕𝑈𝑠

𝜕𝜏
=

𝜕2𝑈𝑠

𝜕𝜉2
(S20) 67 

By defining parameter 𝐾𝑐 as: 68 
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𝐾𝑐 =
𝑉𝑐

𝑉𝑏𝜙𝑓

(S21) 69 

the boundary condition of Eq. (S19) becomes: 70 

𝜕𝑈𝑓

𝜕𝜏
= −

3

𝐾𝑐
(

𝜕𝑈𝑠

𝜕𝜉
−

𝑈𝑠

𝜉
) (S22) 71 

From Eq. (S21), 𝐾𝑐 represents the ratio of gas storage capacity of the total 72 

void volume of system to the pore volume (including both adsorption and non-73 

adsorption volume) of sample.  74 

The initial condition of Eq. (S20), for 𝜏 = 0, is: 75 

0 ≤ 𝜉 < 1, 𝑈𝑠 = 0 (S23) 76 

For 𝜏 > 0: 77 

 𝜉 = 0, 𝑈𝑠 = 0 (S24) 78 

 𝜉 = 1, 𝑈𝑠 = 𝑈𝑓 = 1 (S25) 79 

  
𝜕𝑈𝑠

𝜕𝜏
=

𝜕2𝑈𝑠

𝜕𝜉2
, 0<𝜉 < 1 (S26) 80 

Replacing the Heaviside operator 𝑝 = 𝜕/𝜕𝜏 as 𝑝 = −𝑠2, Eq. (S20) and Eq. 81 

(S22) then become: 82 

𝜕2𝑈𝑠

𝜕𝜉2
+ 𝑠2𝑈𝑠 = 0|

𝑈𝑠=0,𝜉=0

 (S27) 83 

𝛼2(𝑈𝑠 − 1) =
3

𝐾𝑐
(

𝜕𝑈𝑠

𝜕𝜉
−

𝑈𝑠

𝜉
)|

𝜉=1

(S28) 84 

For these first- and second-order ordinary differential equations, we can 85 

solve Eqs. (S27) and (S28) as: 86 
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𝑈𝑠 =
𝛼2 𝑠𝑖𝑛 𝛼 𝜉

3
𝐾𝑐

(𝑠𝑖𝑛 𝛼 − 𝛼 𝑐𝑜𝑠 𝛼) + 𝛼2 𝑠𝑖𝑛 𝛼
(S29)

 87 

In Eq. (S29), 𝛼𝑛 are the roots of Eq. (S30): 88 

𝑡𝑎𝑛 𝛼 =
3𝛼

3 + 𝛼2𝐾𝑐

(S30) 89 

Defining the numerator and denominator of Eq. (S29) as functions 90 

𝑓(𝛼) and 𝐹(𝛼), 𝑈𝑠 can be expressed as: 91 

𝑈𝑠 = 𝐹
𝛼→0

𝑓(𝛼)

𝐹(𝛼)
+ 2 ∑

𝑓(𝛼𝑛)

𝛼𝑛𝐹′(𝛼𝑛)

∞

𝑛=1

𝑒−𝛼𝑛
2𝜏 (S31) 92 

S2.1: Solution for the Limited 𝑲𝒄 Value 93 

Under the condition of limited 𝐾𝑐  value, Eq. (S20) is solved with the 94 

boundary condition of 0 < 𝜉 < 1 at time 𝑡, and the gas state on the grain 95 

surface is initially at equilibrium with the gas outside. Using the Laplace 96 

transform, Eq. (S31) is given as (the Laplace transform part can be found in 97 

APPENDIX V of Carslaw & Jaeger, 1959) (Carslaw and Jaeger, 1959): 98 

𝑈𝑠 =
𝜉𝐾𝑐

𝐾𝑐 + 1
+ 6 ∑

𝑠𝑖𝑛 𝜉 𝛼𝑛

𝑠𝑖𝑛 𝛼𝑛

𝐾𝑐𝑒−𝛼𝑛
2𝜏

9(𝐾𝑐 + 1) + 𝛼𝑛
2𝐾𝑐

2

∞

𝑛=1

(S32) 99 

As the pressure transducer detects the pressure in the reference cell, with 100 

the boundary condition 𝑈𝑓 = 𝑈𝑠|𝜉=1, we can calculate 𝑈𝑓 as: 101 

𝑈𝑓 =
𝐾𝑐

1 + 𝐾𝑐
+ 6 ∑

𝐾𝑐𝑒−𝛼𝑛
2𝜏

9(𝐾𝑐 + 1) + 𝛼𝑛
2𝐾𝑐

2

∞

𝑛=1

(S33) 102 

For a convenient expression of 𝛼𝑛 through logarithmic equation, Eq. (S33) 103 
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can be transformed as: 104 

(1 − 𝑈𝑓)(1 + 𝐾𝑐) = 1 − 6 ∑
𝐾𝑐(1 + 𝐾𝑐)𝑒−𝛼𝑛

2𝜏

9(𝐾𝑐 + 1) + 𝛼𝑛
2𝐾𝑐

2

∞

𝑛=1

(S34) 105 

The left side of Eq. (S34) clearly has a physical meaning for the state of gas 106 

transport outside the sample, and we define (1 − 𝑈𝑓)(1 + 𝐾𝑐) as 𝐹𝑓, which 107 

is less than, but infinitely close to, 1. Parameter 𝐹𝑓 represents (1) the fraction 108 

of final gas transfer of 𝑉𝑐  which has taken place by time t, which can be 109 

interpreted as the net change in the density of gas at time t to time infinity as 110 

Eq. (S35), or (2) as the fractional approach of the gas density to its steady-state 111 

in terms of dimensionless variables as Eq. (S36).  112 

𝐹𝑓 =
𝜌𝑝0 − 𝜌𝑝𝑓

𝜌𝑝0 − 𝜌𝑓∞

(S35) 113 

or 114 

𝐹𝑓 =
1 − 𝑈𝑓

1 − 𝑈∞

=
𝜌𝑝0 − 𝜌𝑝𝑓

𝜌𝑝0 − 𝜌𝑝2

(1 + 𝐾𝑐) (S36) 115 

where for 𝜏 → ∞ , the result of 𝑈𝑓  and 𝜌𝑓∞ would tend to be the limiting 116 

value: 117 

𝑈∞ = 𝑈𝑠 = 𝑈𝑓𝜉 =
𝜉𝐾𝑐

1 + 𝐾𝑐
|

𝜉=1

(S37) 118 

𝜌𝑓∞ =
𝑉1𝜌1 + (𝑉2 − 𝑉𝑠)𝜌2

𝑉1 + 𝑉2 − 𝑉𝑠
=

𝐾𝑐

1 + 𝐾𝑐
(𝜌𝑝0 − 𝜌𝑝2) + 𝜌𝑝2 (S38) 119 

Thus, Eq. (S34) can be expressed as: 120 
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𝐹𝑓 = 1 − 6 ∑
𝐾𝑐(1 + 𝐾𝑐)𝑒−𝛼𝑛

2𝜏

9(𝐾𝑐 + 1) + 𝛼𝑛
2𝐾𝑐

2

∞

𝑛=1

(S39) 121 

For calculating the permeability, Eq. (S39) can be linearized as a function 122 

of time as there are no variables other than the exponential part: 123 

𝑙𝑛( 1 − 𝐹𝑓) = 𝑓1 − 𝑠1𝑡 (S40) 124 

where 𝑓1 is the intercept for the y-axis of function (S40):  125 

𝑓1 = 𝑙𝑛[
6𝐾𝑐(1 + 𝐾𝑐)

9(1 + 𝐾𝑐) + 𝛼1
2𝐾𝑐

2] (S41) 126 

The slope 𝑠1 can be captured by the fitted line of the linear segment, and 127 

𝛼1 is the first solution of Eq. (S30): 128 

𝑠1 =
𝛼1

2𝐾𝑎

𝑅𝑎
2

(S42) 129 

Thus, the permeability can be calculated as: 130 

𝑘 =
𝑅𝑎

2𝜇𝑐𝑡𝜙𝑓𝑠1

𝛼1
2

(S43) 131 

S2.2: Solution for Kc Goes to Infinity  132 

When 𝑉𝑐 has an infinite volume compared to the void volume in a sample, 133 

which means that the density of gas in 𝑉𝑐  would be kept at 𝜌𝑝0 , and 𝛼 134 

would approach 𝑛𝜋 in Eq. (S30), then Eq. (S32) can be transformed as: 135 
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𝑈𝑠 = 𝜉 +
2

𝜋
∑(−1)𝑛

𝑠𝑖𝑛 𝑛 𝜋𝜉

𝑛

∞

𝑛=1

𝑒−(𝑛𝜋)2𝜏 (S44) 136 

In this situation, 𝑈𝑓 = 1, and as the gas density would be maintained at the 137 

initial state at 𝜌𝑝0, it would be a familiar case in diffusion kinetics problems 138 

with the uptake rate of 𝐹𝑓 to be expressed as 𝐹𝑠 in 𝑉𝑏 (Barrer, 1941): 139 

𝐹𝑠 =
𝜌𝑠av

𝜌𝑠∞

(S45) 140 

where 𝜌𝑠av  is the average value of 𝜌𝑠𝑟  in the grain, and 𝜌𝑠∞  is the 141 

maximum value of 𝜌𝑠𝑟: 142 

𝜌𝑠𝑟 = 𝜌𝑝𝑠 − 𝜌𝑝2,   𝜌𝑠∞ = 𝜌𝑝0 − 𝜌𝑝2 (S46) 143 

The value of 𝜌𝑠𝑟 in the grain is:  144 

𝜌𝑠𝑎𝑣 =
3

𝑅3
∫ 𝜌𝑠𝑟𝑟2 𝑑 𝑟

𝑅

0

(S47) 145 

Then 𝐹𝑠 becomes: 146 

𝐹𝑠 =
3

𝑅3
∫

𝑈𝑠

𝜉
𝑟2 𝑑 𝑟

𝑅

0

(S48) 147 

Substituting Eq. (S44) into Eq. (S48), we can calculate: 148 

𝐹𝑠 = 1 −
6

𝜋2
∑

𝑒−(𝑛𝜋)2𝜏

𝑛2

∞

𝑛=1

(S49) 149 

Similar to Eq. (S39), Eq. (S49) can also be linearized to calculate the 150 

permeability in 𝜏  from the fitted slope. For 𝜏 ≥ 0.08 , Eq. (S49) can be 151 
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reduced as: 152 

𝐹𝑠 = 1 −
6

𝜋2
𝑒−𝜋2𝜏 (S50) 153 

When 𝑡 is small enough (for 𝜏 ≤ 0.002), Eq. (S49) can be transformed 154 

into Eq. (S51). 155 

𝐹𝑠 = 6√
𝜏

𝜋
(S51) 156 

As 𝐹𝑠 is a special solution of 𝐹𝑓 with the case of 𝐾𝑐 goes to infinity, we 157 

can arrive at: 158 

𝐹𝑠 = 𝐹𝑓 = (1 − 𝑈𝑓)(1 + 𝐾𝑐) (S52) 159 

For testing the ultra-low permeability rocks using granular samples when𝐾𝑐 160 

goes to infinity, Eq. (S50) and Eq. (S51) can be selected using different 𝜏 161 

values. 162 

From the fitted slope 𝑠2 of function 𝑙𝑛( 1 − 𝐹𝑠) from Eq. (S50), we can 163 

then derive the permeability: 164 

𝑘 =
𝑅𝑎

2𝜇𝑐𝑡𝜙𝑓𝑠2

𝜋2
(S53) 165 

The results of Eq. (S53) are very similar to Eq. (S43) as the first solution for 166 

Eq. (S30) is very close to 𝜋. 167 

From the fitted slope 𝑠3 of function 𝐹𝑠
2 from Eq. (S51), we can derive the 168 

permeability: 169 
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𝑘 =
𝜋𝑅𝑎

2𝜇𝑐𝑡𝜙𝑓𝑠3

36
(S54) 170 

S3. A Case of Data Processing for GPT 171 

We show here an illustration of the data processing procedure for the GPT 172 

with a molecular sieve sample (https://www.acsmaterial.com/molecular-173 

sieves-5a.html). This material consists of grains of 2 mm in Diameter with a 174 

porosity of 26.28%, and a uniform pore-throat size of 5Å in Diameter, with a 175 

particle density of 2.96 g/cm3. For a 45 g sample, the 𝐾𝑐 value is 19.4 from 176 

Eq. (S21), and therefore 4.9% of the density ratio (1 − 𝐾𝑓) is available for 177 

mass transfer from Eq. (4).  178 

The experimental data were captured under a strict temperature control and 179 

unitary-gas environment, along with a precise measurement of barometric 180 

pressure. The experiment was run twice, and after the data were collected, 1) 181 

we made a rough evaluation of the "Penetration Zone" of this sample based on 182 

Figs. 5-6. For this molecular sieve sample, the "Penetration Zone" is shown in 183 

Fig. S1, and the mass transfer in unit time more conforming to a linear state 184 

(shown as Fig. 5) over a large time range, especially at 100-300s; 2) data in 185 

the selected range (100-300s) were fitted respectively for the slope from Fig. 186 

S2, then slopes were compiled in Table S1; 3) permeabilities were calculated 187 

using the slope of the fitted curve, and all results for LLT, ILT and IET are also 188 

shown in Table S1; 4) the results were checked with their dimensionless times 189 
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to verify whether the early- or late-time solutions were used correctly. Table 190 

S1 clearly shows that the results of IET should be selected for this sample, as 191 

the dimensionless time is less than 0.024. Note that the data fluctuation shown 192 

here was from a high resolution (±0.1% for 250 psi) pressure sensor without 193 

undergoing a smoothing process; meanwhile, for data in the 100-200, 200-300, 194 

and 300-400 seconds of experimental duration, 100, 200, and 300 seconds 195 

respectively were used to calculate the dimensionless times for the results in 196 

Table S1. 197 

In addition, the validity of the permeability obtained needs to be verified by 198 

using the time interval employed in data fitting and the calculated permeability 199 

results to calculate the 𝜏 (Table S1). If the dimensionless time is less than 200 

0.024 (as occurred for the case of molecular sieve), the IET solution is selected; 201 

if the dimensionless time is greater than 0.024 and 𝐾𝑐 is greater than 10, the 202 

ILT solution is used; if 𝜏 is greater than 0.024 and 𝐾𝑐 is less than 10, then 203 

the LLT solution is employed. However, for sample sizes smaller than 1.27 204 

mm, Conflicting Results (described in Table 1) occur, and results from this 205 

situation are not recommended due to poor data quality. 206 

Table S1. Permeability results of molecular sieve from LLT, IET and ILT 207 

Fitting 

range (s) 
LLT (m2) 

𝜏 -

LLT 
IET(m2) 

𝜏 -

IET 
ILT (m2) 𝜏 -ILT 

Slope-

LLT 

Slope-

IET 

Slope-

ILT 

100-200 5.60E-22 0.004 1.02E-21 0.007 5.00E-22 0.003 0.0004 0.0007 0.0004 

200-300 4.20E-22 0.006 5.81E-22 0.008 3.75E-22 0.005 0.0003 0.0004 0.0003 

300-400 2.80E-22 0.006 4.36E-22 0.009 2.50E-22 0.005 0.0002 0.0003 0.0002 
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 208 

Fig. S1. Unit pressure changes vary with experimental time. 209 

 210 

 211 

Fig. S2. Fitted slopes for each solution; (a) to (c) are results of LLT and ILT, while 212 

(d) to (f) of IET. 213 
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S4. Equipment and samples 214 

The experimental setup in the GPT presented in this study is based on the 215 

GRI-95/0496 protocols (Guidry et al., 1996) and the SMP-200 guidelines from 216 

Core Laboratories with the gas expansion approach (shown in Fig. S3). In this 217 

work, gases (He, Ar, N2, or CO2) with different molecular sizes and sorption 218 

capacities were tested using two shale core samples (X1, X2) from an oil-219 

producing lacustrine formation in the Songliao Basin, China. X1 is used for 220 

sample size study where X2 is used for experiment with different gas. Also, 221 

we used the molecular sieve to exhibit the practical utilization of the GPT 222 

method in SI C. We gently crushed the intact samples with mortar and ground 223 

to different granular sizes from 0.34 mm to 5.18 mm through a stack of sieves 224 

(named here as Size X: 8 mm to #8 mesh; GRI+: #8-#12 mesh; Size A: #12-225 

#20 mesh; GRI: #20-#35 mesh; Size B: #35-#80 mesh).  226 

 227 

Fig. S3. Scheme of the GPT experiment for granular samples with all the cells and 228 

supplies placed inside an incubator for temperature control. 229 
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After loading each sample, related accessories (e.g., solid discs or balls for 230 

volume control; and hence porosity, sample mass, and solution-related) were 231 

placed below samples inside the cell (Fig. S3). Next, valves 1 and 3 were 232 

closed, then valves 2 and 4 were opened for air evacuation. Using a precise 233 

pressure gauge connected to the reference cell shown in Fig. S3 we monitored 234 

changes in the pressure. The evacuation time typically lasted at least 15-30 235 

min, and then the system was allowed to stabilize for another 15 min. As the 236 

moisture content of the samples significantly influences the final vacuum, the 237 

samples were placed into the sample cell immediately after removal from the 238 

drying oven set at 60oC for two days and cooling in a low-humidity desiccator. 239 

The experiments were conducted at the temperature of 35°C by placing the 240 

SMP-200 inside an incubator equipped with a high precision temperature-241 

humidity sensor to monitor changes. This is to ensure that the system 242 

temperature was always stable (0.05°C over at least 45 mins of experimental 243 

duration). For temperature monitoring, after evacuation, we closed valves 3 244 

and 4 followed by opening valves 1 and 2 (shown in Fig. S3) and monitoring 245 

the heat convection and conduction in the system with the pressure gauge. 246 

Normally, the sample was placed inside the sample cell in less than 30 sec 247 

after opening the incubator and remained at least 45 min for the gas pressure 248 

to stabilize before the pressure decay test. After the pressure was stabilized 249 



16 

 

(0.005 psi for an experimental pulse pressure of 200 psi), it was deemed that 250 

there was no appreciable additional flow due to temperature variation in the 251 

system, as indicated by the rebound of the pressure decay curve. After reaching 252 

a unitary gas condition and stable temperature in the GPT experiment, valves 253 

2 and 4 were closed, and the reference cell was filled with the probing gas 254 

(mostly non-reactive helium) at 200 psi. Valve 2 was then opened to release 255 

the pressure in the reference cell into the void volume in the sample cell, and 256 

the pressure decay for both reference and sample cells were recorded over time. 257 

S5. Experimental conditions 258 

We performed leakage tests by measuring the pressure variation with non-259 

porous solids, such as steel balls, as any leakage would cause pressure 260 

variations and, accordingly, errors in permeability measurements of tight 261 

porous samples (Heller et al., 2014). Before the data from porous samples were 262 

analyzed, the leakage pressure from the steel ball experiment was subtracted 263 

from the sample data to correct the modest (<5% of the pressure levels used 264 

for permeability analyses) leakage effect. 265 

The need for a unitary gas environment (a single gas used in both reference 266 

and sample cells) is needed to successfully measure permeability via the GPT 267 

method. The relative movement of gas molecules in the mass transfer process 268 

is driven by the gas density gradient in the system. During gas transport, the 269 
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pressure variance was recorded and used to obtain the permeability coefficient. 270 

However, when the gas in both cells is different, e.g., helium in the reference 271 

and air in the sample cells, the mathematical analysis requires a complicated 272 

correction accounting for the mean molar mass and the average gas dynamic 273 

viscosity of the gas mixture. In this study, we present the calculation with the 274 

viscosity of mixed gases for the GPT in SI A. Since the mixed gas environment 275 

is not recommended, air evacuation should be used for a well-controlled 276 

unitary gas environment in the GPT. 277 

A stable temperature is another critical point to ensure the success of the 278 

GPT experiment. A sensitive pressure transducer in combination with the ideal 279 

gas law, used to establish the relationship between pressure and gas volume 280 

change, would be a much more convenient and precise way than the gas flow 281 

meter to determine the gas permeability considering the measurement 282 

accuracy. According to Amonton's law (Gao et al., 2004), the kinetic energy 283 

of gas molecules is determined by the temperature, and any changes would 284 

alter the molecular collision force causing a pressure variation and a 285 

volumetric error. The GPT experiments were run two or three times on the 286 

same sample, and the sample skeletal density at the end of the experiment were 287 

obtained to check the overall indication of leakage and temperature control. 288 

The experimental data with relatively large and stable skeletal density (mostly 289 
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the last run, from small but appreciable pressure change to reach stable values) 290 

were used. 291 

  292 
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