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1. Sample N2 Adsorption-Desorption Isotherms 

 

Figure S1. Adsorption (red) / desorption (blue) isotherms for fluid coke, 53–106 µm, before 

activation. The desorption isotherm was not used in the calculation of physical parameters.  

 

Figure S2. Adsorption (red) / desorption (blue) isotherms for fluid coke, 53–106 µm initial 

diameter, activated 5 hours at 700°C, 50% SO2. The desorption isotherm was not used in the 

calculation of physical parameters, but serves as a qualitative indicator of extensive 

mesoporosity (as indicated by large hysteresis loop). 
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2. QSDFT Pore Size Distribution for Raw Coke 

 

Figure S3. QSDFT pore size distribution for fluid coke, 53–106 µm, before activation. This 

analysis used only the adsorption branch, assuming slit-shaped geometry for pores less than 1 nm 

radius, and cylindrical geometry for those greater than 1 nm radius. Note that the initial peak at 

the far left is an artefact of the limited pressure range; a more extensive micropore analysis at 

relative pressures down to ~10
-7

 would provide better resolution for pores less than 0.65 nm in 

radius, although this would entail a much greater analysis time (up to 48 hours). 
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3. Calculation of Specific Pore Length, L0 

To obtain the total pore length for a range of pore radii, we must integrate under the pore length 

distribution curve �����. However, most surface analyzers provide the pore volume distribution, 

�����, as raw output, so we must first convert the data.     

For a cylindrical pore, � � ���	�, where � is the pore volume, �� is the pore radius, and � is the 

pore length. Rearranging to solve for �, we get: 

 

Total pore length is obtained by replacing � and � in Equation S1 with their respective 

distribution functions and integrating with respect to ��: 

 

In practice, it is difficult to obtain an analytical expression for �����. Therefore, the 
����� 
values automatically generated by the Quantachrome ASiQwin software were converted to 


����� using the relations provided above and summed using the trapezoidal rule: 

 ���
 � 0.5���,��� � ����
�� � 
����� (S4) 

 

Where ���
 denotes the area under the 
����� versus �� curve between points � and � � 1. 

Table S1 provides the software output along with the derived values of 
����� and the 

trapezoidal area results for unreacted fluid coke, 53–106 µm diameter. 

Note that the Random Pore Model requires physical pore dimensions for the unreacted solid 

material. Thus, in the manuscript, �����, ��, and � are written as ������, ���, and �� to specify 

them as being initial properties. 

Table S1. QSDFT output and �� quantification for unreacted fluid coke, 53–106 µm diameter 

Pore radius, nm Pore diameter, nm Cumulative Pore 
Volume, cm

3
 g

-1
 

dV(r), cm
3
 nm

-1
 g

-1
 dL(r), cm nm

-1
 g

-1 
Area, cm g

-1
 

0.6495 1.299 4.61E-03 5.91E-03 4.46E+11 1.45E+11 

0.678 1.356 4.70E-03 3.31E-03 2.29E+11 9.62E+09 

0.708 1.416 4.74E-03 1.48E-03 9.42E+10 4.85E+09 

0.739 1.478 4.77E-03 8.15E-04 4.75E+10 2.20E+09 

0.7715 1.543 4.80E-03 1.06E-03 5.65E+10 1.69E+09 

0.8055 1.611 4.84E-03 1.08E-03 5.32E+10 1.87E+09 

 � � �
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0.841 1.682 4.87E-03 8.83E-04 3.97E+10 1.65E+09 

0.878 1.756 4.90E-03 6.70E-04 2.77E+10 1.25E+09 

0.917 1.834 4.93E-03 7.36E-04 2.79E+10 1.08E+09 

0.9575 1.915 4.95E-03 6.41E-04 2.22E+10 1.01E+09 

1 2 4.98E-03 5.83E-04 1.86E+10 8.67E+08 

1.06032 2.12064 5.01E-03 5.20E-04 1.47E+10 1.00E+09 

1.09742 2.19484 5.07E-03 1.68E-03 4.43E+10 1.09E+09 

1.13583 2.27166 5.17E-03 2.58E-03 6.37E+10 2.07E+09 

1.17559 2.35118 5.30E-03 3.26E-03 7.50E+10 2.76E+09 

1.21673 2.43346 5.45E-03 3.56E-03 7.65E+10 3.12E+09 

1.25932 2.51864 5.60E-03 3.52E-03 7.07E+10 3.13E+09 

1.30339 2.60678 5.74E-03 3.28E-03 6.14E+10 2.91E+09 

1.34902 2.69804 5.87E-03 2.94E-03 5.13E+10 2.57E+09 

1.39623 2.79246 6.00E-03 2.58E-03 4.21E+10 2.21E+09 

1.4451 2.8902 6.11E-03 2.37E-03 3.62E+10 1.91E+09 

1.49568 2.99136 6.23E-03 2.40E-03 3.41E+10 1.78E+09 

1.54803 3.09606 6.37E-03 2.69E-03 3.57E+10 1.83E+09 

1.60221 3.20442 6.53E-03 2.93E-03 3.63E+10 1.95E+09 

1.65828 3.31656 6.69E-03 2.84E-03 3.28E+10 1.94E+09 

1.71632 3.43264 6.83E-03 2.41E-03 2.60E+10 1.71E+09 

1.7764 3.5528 6.94E-03 1.82E-03 1.83E+10 1.33E+09 

1.83857 3.67714 7.03E-03 1.38E-03 1.30E+10 9.75E+08 

1.90292 3.80584 7.11E-03 1.23E-03 1.08E+10 7.68E+08 

1.96952 3.93904 7.20E-03 1.44E-03 1.18E+10 7.55E+08 

2.03846 4.07692 7.43E-03 3.30E-03 2.52E+10 1.28E+09 

2.1098 4.2196 7.92E-03 6.93E-03 4.96E+10 2.67E+09 

2.18365 4.3673 8.31E-03 5.23E-03 3.49E+10 3.12E+09 

2.26007 4.52014 8.48E-03 2.19E-03 1.36E+10 1.85E+09 

2.33918 4.67836 8.56E-03 1.06E-03 6.14E+09 7.83E+08 

2.42104 4.84208 8.63E-03 9.01E-04 4.89E+09 4.52E+08 

2.50578 5.01156 8.68E-03 5.58E-04 2.83E+09 3.27E+08 

2.5935 5.187 8.71E-03 3.21E-04 1.52E+09 1.91E+08 

2.6845 5.369 8.72E-03 1.42E-04 6.26E+08 9.77E+07 

2.778 5.556 8.72E-03 0.00E+00 0.00E+00 2.93E+07 

2.8755 5.751 8.72E-03 0.00E+00 0.00E+00 0.00E+00 

2.976 5.952 8.72E-03 0.00E+00 0.00E+00 0.00E+00 

3.08 6.16 8.72E-03 0.00E+00 0.00E+00 0.00E+00 

3.188 6.376 8.72E-03 0.00E+00 0.00E+00 0.00E+00 

3.2995 6.599 8.72E-03 0.00E+00 0.00E+00 0.00E+00 

3.415 6.83 8.72E-03 0.00E+00 0.00E+00 0.00E+00 

3.5345 7.069 8.86E-03 1.11E-03 2.84E+09 1.70E+08 

3.6585 7.317 9.12E-03 2.17E-03 5.15E+09 4.95E+08 

3.7865 7.573 9.41E-03 2.27E-03 5.03E+09 6.52E+08 

3.91895 7.8379 9.63E-03 1.66E-03 3.45E+09 5.62E+08 

4.0561 8.1122 9.74E-03 8.03E-04 1.55E+09 3.43E+08 

4.19805 8.3961 9.81E-03 4.76E-04 8.60E+08 1.71E+08 

4.345 8.69 9.86E-03 3.34E-04 5.63E+08 1.05E+08 

4.49705 8.9941 9.90E-03 2.44E-04 3.84E+08 7.20E+07 

4.65445 9.3089 9.93E-03 1.87E-04 2.75E+08 5.19E+07 

4.81735 9.6347 9.94E-03 1.05E-04 1.44E+08 3.41E+07 

4.986 9.972 9.96E-03 6.18E-05 7.91E+07 1.88E+07 
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5.1605 10.321 9.96E-03 3.30E-05 3.95E+07 1.03E+07 

5.341 10.682 9.96E-03 0.00E+00 0.00E+00 3.56E+06 

5.528 11.056 9.96E-03 0.00E+00 0.00E+00 0.00E+00 

5.7215 11.443 9.96E-03 0.00E+00 0.00E+00 0.00E+00 

5.9218 11.8436 9.97E-03 4.98E-05 4.52E+07 4.53E+06 

6.12905 12.2581 9.99E-03 9.98E-05 8.46E+07 1.35E+07 

6.34355 12.6871 1.00E-02 9.01E-05 7.13E+07 1.67E+07 

6.5656 13.1312 1.00E-02 8.79E-05 6.49E+07 1.51E+07 

6.7954 13.5908 1.00E-02 6.90E-05 4.76E+07 1.29E+07 

7.0332 14.0664 1.01E-02 4.68E-05 3.01E+07 9.24E+06 

7.2794 14.5588 1.01E-02 3.82E-05 2.30E+07 6.54E+06 

7.53415 15.0683 1.01E-02 3.58E-05 2.01E+07 5.48E+06 

7.79785 15.5957 1.01E-02 2.60E-05 1.36E+07 4.44E+06 

8.0708 16.1416 1.01E-02 2.50E-05 1.22E+07 3.53E+06 

8.35325 16.7065 1.01E-02 3.81E-05 1.74E+07 4.18E+06 

8.6456 17.2912 1.01E-02 4.14E-05 1.76E+07 5.12E+06 

8.9482 17.8964 1.01E-02 3.58E-05 1.43E+07 4.82E+06 

9.2614 18.5228 1.01E-02 3.16E-05 1.17E+07 4.07E+06 

9.58555 19.1711 1.01E-02 2.41E-05 8.36E+06 3.26E+06 

9.92105 19.8421 1.01E-02 2.39E-05 7.73E+06 2.70E+06 

10.2683 20.5366 1.02E-02 2.34E-05 7.06E+06 2.57E+06 

10.62765 21.2553 1.02E-02 3.79E-05 1.07E+07 3.19E+06 

10.99965 21.9993 1.02E-02 5.68E-05 1.49E+07 4.77E+06 

11.38465 22.7693 1.02E-02 6.06E-05 1.49E+07 5.74E+06 

11.7831 23.5662 1.02E-02 3.89E-05 8.91E+06 4.74E+06 

12.1955 24.391 1.02E-02 3.64E-05 7.78E+06 3.44E+06 

12.62235 25.2447 1.03E-02 4.56E-05 9.11E+06 3.60E+06 

13.0641 26.1282 1.03E-02 4.11E-05 7.67E+06 3.70E+06 

13.52135 27.0427 1.03E-02 2.88E-05 5.02E+06 2.90E+06 

13.9946 27.9892 1.03E-02 2.80E-05 4.55E+06 2.26E+06 

14.48445 28.9689 1.03E-02 1.86E-05 2.82E+06 1.81E+06 

14.9914 29.9828 1.03E-02 2.51E-05 3.56E+06 1.62E+06 

15.5161 31.0322 1.04E-02 4.66E-05 6.16E+06 2.55E+06 

16.05915 32.1183 1.04E-02 1.42E-04 1.76E+07 6.44E+06 

16.6212 33.2424 1.06E-02 2.92E-04 3.37E+07 1.44E+07 

    Sum: 2.20E+11 

 

The summed result, in units of cm g
-1

, is then divided by the total pore volume, ���, to obtain a 

value in units of cm cm
-3

 (as required by the Random Pore Model). However, as described in 

Section 2.2 of the manuscript, the total pore volume was calculated using both QSDFT and BJH 

techniques, since QSDFT is limited to pores less than 33 nm in diameter. Table S2 illustrates 

how BJH pore size data was appended to the data given in Table S1 as a means of obtaining a 

more accurate measure of ���, i.e., 0.0112 cm
3
 g

-1
. This results in a final �� value of 2.08 × 10

13
 

cm cm
-3

, as shown in Table 1 of the manuscript. 
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Table S2. Use of BJH data for larger pore sizes (BJH data shaded in grey) 

Pore radius, nm Pore diameter, nm Cumulative Pore Volume, cm
3
 g

-1
 

0.6495 1.299 4.61E-03 

   

15.5161 31.0322 1.04E-02 

16.05915 32.1183 1.04E-02 

16.6212 33.2424 1.06E-02 

20.22849 40.45698 1.06E-02 

25 50 1.07E-02 

43.31692 86.63384 1.08E-02 

826.9067 1653.813 1.12E-02 

 

Notes: 

• The initial ���
 value shown in Table S1 is the result of applying the trapezoidal rule 

between the first data point and the origin, as shown in Figure S4. The result is a rough 

estimate of the pore length in the small micropore region. Future work would benefit from 

performing a more detailed micropore analysis, which would allow for more accurate 

determination of  ��. 

• The quantification of �� was only carried out in the QSDFT range, i.e., <33 nm. While pores 

above this size may contribute to pore volume, they will have insignificant impact on overall 

pore length.  

 

Figure S4. QSDFT pore volume distribution with area used for �� determination shaded in pink. 

The dashed line represents an approximation of the distribution in the small micropore range.  
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4. Instructions for Simulating Porous Layer Development  

Please refer to Figure S5 when reading the following instructions for simulating porous layer 

development in a fluid coke particle of 12 µm initial diameter using the spherical shell approach. 

Column A: Time of activation, which, in this case, is divided into elements of 0.001 hours to 

enhance resolution. 

Column B: R, the outer particle radius based on particle size measurements and following 

Equation 1. 

Column C: r, the unreacted core radius based on SEM core measurements and following 

Equation 2. Due to the small initial particle size, the value of this column becomes 0 before a 

constant thickness porous layer, δmax, is achieved (not shown in Figure S5). With larger particle 

sizes, r would be set to decrease at the same rate as R at the time at which δmax is reached.  

Column D: δ, the overall porous layer thickness, or R – r.  

Column E: R0.05, the outer activated radius of the first spherical shell. Since this is the first shell, 

its outer radius is equivalent to that of the particle, R. The subscript “0.05” refers to the depth of 

this shell with respect to the initial outer surface, i.e., 0.05 µm. This naming system is, of course, 

arbitrary. Note that in Figure S5, R0.05 is shown in units of µm, whereas, in the manuscript, Ri is 

defined in units of cm for the sake of consistency within the text.    

Column F: r0.05, the inner activated radius of the first spherical shell. It follows the unreacted 

core radius, r, until the point at which the shell reaches its designated thickness of 

(approximately) 0.05 µm. After this point, r0.05 is constant. As with R0.05,  r0.05 is shown in units 

of µm in Figure S5.  

Column G: δ0.05, the activated thickness of the first shell, or R0.05 – r0.05. This initially increases 

due to the growing discrepancy between R0.05 and r0.05, until its designated thickness of 

(approximately) 0.05 is reached. After this point, it steadily diminishes as R encroaches on the 

first shell. At some point (row 43, t = 0.041 hours, in this case), δ0.05 diminishes to zero, which 

marks the point at which the other columns related to the first shell must end. 

Column H: X0.05, the fractional conversion of the first shell. The equation used to calculate Xi is: 

�� � � � ��
� � �� 

Where t is the current time, t0 is the time at which the shell initially becomes activated (t = 0 for 

the first shell), and tf is the time at which the shell is spent (t = 0.041 hours for the first shell). 

This produces a linear progression from 0 to 1. 
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Column I: V0.05, the activated volume of the first shell, as calculated by Equation 7 in the text. In 

Figure S5, V0.05 is shown in units of µm
3
. 

Column J: M0.05, the activated mass of the first shell, as calculated by Equation 8 in the text. 

This value is displayed in units of grams.  

Column K: S0.05, the activated surface area of the first shell, as calculated using the Random 

Pore Model (Equation 3 in the text). It must be noted that, in Figure S5, Si was calculated in units 

of µm
2
 µm

-3
 and subsequently multiplied by Vi (column I), so the values in column K are in units 

of µm
2
. 

Column L: R0.1, the outer activated radius of the second spherical shell. The starting point for 

this shell coincides with the point at which the previous shell reaches its designated maximum 

thickness, since this is the point where r encroaches on the second shell (t = 0.006 hours in 

Figure S5). Note that R0.1 is equal to r0.05 until the time at which the first shell is spent (t = 0.041 

hours), as this marks the point at which R begins encroaching upon the second shell. 

Column M: r0.1, the inner activated radius of the second spherical shell. As with the first shell, 

r0.1 is equivalent to r until δ0.1 reaches a thickness of approximately 0.05 µm, after which it 

remains constant. 

Columns N, O, P, Q, and R: Analogous to columns G, H, I, J, and K.  

From this point onwards, all remaining shells are constructed in the same manner until the 

particle has been completely consumed. Total SSA is found by summing all of the Si columns 

and dividing by the total mass, as shown in Equation 12 in the text.  

Figure S5 may be easier to understand by comparing with Figure 1 in the text. At t = 0.014 

hours, the first, second, and third spherical shells have been activated. The activated portion of 

the first shell is shrinking since it is no longer completely within the porous layer, similar to the 

4
th

 shell in Figure 1. The second shell in Figure S5 is completely within the porous layer, as are 

the 5
th

, 6
th

, and 7
th

 shells in Figure 1. The third shell in Figure S5 is not yet completely within the 

porous layer, and is still growing, similar to the 8
th

 shell in Figure 1. The fourth shell in Figure 

S5, along with every subsequent shell, is still within the unreacted core and thus is not yet 

activated (i.e., it does not contribute to total SSA). At t = 0.043 hours, the first shell in Figure S5 

is no longer within the porous layer, and, as with the 1
st
, 2

nd
, and 3

rd
 shells in Figure 1, is no 

longer activated.      
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Figure S5. Screenshot from Microsoft Excel illustrating the construction of spherical shells for simulation of porous layer 

development. 


