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Appendix A  

 

Appendix A contains all relevant calculations regarding impregnation.  This includes the 

procedure and calibration for ISE measurements, calculations done to determine the catalyst 

loading, and additional CT scans.  

 

A.1. Procedure and calibration for ISE measurements 

 

Procedure 

The potassium ion (K+) concentration of the 0.5 M solution was calculated to be 39 098 ppm, 

which is outside the concentration range specified for this potassium ion specific electrode.  

Therefore, the solution was diluted to ensure accurate measurements.  For each 

concentration measurement, a 1 mL sample was taken from the original impregnation 

solutions, containing the various particle size coal samples.  The 1 mL impregnation solution 

was diluted to 100 mL using deionised water, after which 2 mL potassium ion strength 

adjuster (ISA) was added.  For every 50 mL solution, 1 mL ISA is required.  The ISA is 

required for accurate ISE measurements, since it provides a constant background ionic 

strength for samples and standards.  The ISA allows accurate measurements of potassium 

ion (K+) concentrations as low as 0.04 ppm.  Glass beakers containing the diluted 

impregnation solution sample were covered and put in a water bath, set at 23 °C.  This was 

done to ensure that the temperatures for the various diluted samples were uniform during 

ISE measurements.  Once the temperatures of the diluted samples stabilised, the ISE 

measurements were taken with the potassium electrode.  The diluted samples were stored 

in the water bath and multiple measurements were taken randomly.  Therefore, an average 

catalyst loading was calculated for the ISE method, and the 95 % confidence interval was 

determined. 

 

Calibration 

The potassium electrode was calibrated before each ISE measurement to ensure accurate 

readings.  During calibration of the ISE probe, it was found that the most accurate 

measurements were taken when the probe setting was adjusted to measure millivolts (mV).  

In order to determine the concentration of the K2CO3 impregnation solution, a calibration 

graph had to be constructed.  Three calibration solutions were prepared with K2CO3 

concentrations of 0.4, 0.45 and 0.5 M.  It was assumed that the decrease in solution 

concentration would be in the range of 0.4 M to 0.5 M.  The calibration curve is presented in 

Figure A.1. 
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Figure A.1: ISE calibration curve 

 

As can be seen from Figure A.1, the calibration curve is constructed by plotting the ISE 

measurements (mV) against concentration.  Numerous calibration measurements were 

performed, and a 95 % confidence interval was calculated.  The 95 % confidence interval is 

illustrated by the error bars in Figure A.1.  A trendline was fitted through the calibration data, 

in order to obtain a calibration equation.  The following calibration equation was obtained, 

from which the concentration of K2CO3 in the impregnation solution was calculated:   

 

 

          (Equation A.1) 

 

A.2. Calculation of catalyst loading from ISE results 

 

The calibration curves presented in Appendix A.1, were used to determine the final 

potassium concentration of the impregnation solutions.  Once the final K2CO3 concentration 

was determined, the difference in initial and final concentrations was determined: 

 

[ ]2 3( ) 52.75 ( ( )) 93.71ISEmeasurement mV K CO M= × −
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2 3 2 3 2 3[ ] [ ] [ ]decrease i fK CO K CO K CO= −   (mol/L)                    (Equation A.2) 

 

It is assumed that the amount with which the potassium concentration in the impregnation 

solution decreases, is equal to the amount of potassium taken up by the coal samples.  

Therefore, the potassium ion concentration is calculated from equation A.2: 

 

2 3 2 3[ ] [ ]decrease adsorbedK CO K CO=    (mol/L)                    (Equation A.3) 

2 3[ ] 2 ([ ] )
adsorbed adsorbed

K K CO+
= ×     (mol/L)                    (Equation A.4) 

 

From the concentration of the adsorbed potassium, [ ]
adsorbed

K +
 , the weight (g) of potassium 

adsorbed per weight unit (g) of coal can be calculated.  Firstly, the [ ]
adsorbed

K +
 is multiplied 

by the total volume of the final impregnation solution to calculate the total moles of 

potassium adsorbed: 

 

[ ]
adsorbed adsorbed solution

Total mole K K Volume+
= + ×   (mol)        (Equation A.5)

  

The weight of potassium can be calculated by multiplying the total mol adsorbed
K +

 with the 

molecular weight of potassium: 

 

  (g)              (Equation A.6) 

 

    

In order to determine the weight percentage of potassium loaded onto the coal sample, on a 

coal basis, 
adsorbed

Mass K  is divided by the total mass of the coal sample: 

 

.% 100adsorbed
loaded

Mass K
Wt K

Mass coal sample
= ×    (%)        (Equation A.7)

   

A.3. Calculating K from K2O (XRF results) 

 

The results obtained for the XRF analysis reported the potassium content in oxide form, 

K2O.  In order to determine the potassium (K) loading obtained through impregnation, the 

elemental K had to be calculated from K2O, using the following calculation: 

adsorbed adsorbed K
Mass K Total mole K MW+

= ×
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           (%)         (Equation A.8) 

 

 

XRF analysis of the raw, un-impregnated coal indicated a potassium (K) content of 0.44 

wt.%.  This value was subtracted from the XRF results of the impregnated coal samples, in 

order to determine the amount of potassium added during impregnation.   

 

The results presented on an ash basis are the results obtained from XRF analysis, as XRF 

analysis is an ash analysis.  The XRF results (ash basis) were used to calculate the catalyst 

loading on a coal basis.   

 

A.4. XRF results 

 

Two different impregnated samples of each particle size was ashed and sent for XRF 

analysis, for repeatability.  An average of the results obtained for each set of samples was 

used to calculate the potassium loading of the large coal particles.  The repeatability values 

obtained from XRF are presented in Table A.1.  It should be noted that these values are the 

original XRF results, and are presented on an ash basis. 

 

Table A.1: XRF results in wt.% K2O 

Particle size (µm) Sample A (wt.% K2O) Sample B (wt.% K2O) Average (wt.% K2O) 

-212 µm 15.31 17.32 16.31 

5 mm 7.78 8.08 7.93 

10 mm 7.22 7.29 7.25 

20 mm 8.08 6.22 7.15 

30 mm 8.56 4.36 6.47 

    

The average results shown in Table A.1 were used to calculate the potassium loading of the 

coal particles (wt.%, on a coal basis). 

 

A.5. Catalyst loading calculations 

 

The potassium loading was calculated with the wt.% K, calculated from the wt.% K2O 

results.  In order to determine the amount of potassium added during impregnation, the initial 

2

22 ( .%)
( .%) K

K O

K O wt MW
K wt

MW

× ×
=
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potassium content of the raw coal was subtracted from the total potassium content, 

determined from the results in Table A.1. 

 

    (wt.% K2O/g ash)              (Equation A.9)

  

The value for the initial potassium oxide (K2O) content of the raw coal is 0.53 wt.%, as 

presented in Section 4.5.2.  From the previously mentioned value, the potassium (K) content 

is calculated to be 0.44 wt.%.   

 

The potassium content, on a mass basis, can be calculated from 
loaded

K .   

 

%( )
( ) ( )

100 100

loaded
mass

KAsh air dry basis
K = ×   (g/g coal)     (Equation A.10) 

 

The total wt.% potassium added during impregnation, on a coal basis, can be calculated as 

follows: 

 

100%loaded massK K= ×      (wt.% K/g             (Equation A.11) 

 

 

A.6. Procedure and data processing for CT scans 

 

Sample Preparation 

The coal samples were placed in florist foam blocks to secure the sample position.  Separate 

CT scans were obtained for the different particle sizes, before and after impregnation.  

Figure A.2 and Figure A.3 illustrate the positioning of the coal particles for CT scans. 

 

 

2 2 2loaded total initial
K O K O K O= −
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Figure A.2: Positioning of 5 mm particles for CT scans 

 

 

Figure A.3: Positioning of 20 mm particle for CT scans 

   

As can be seen from Figure A.2 and Figure A.3, the coal particles are securely positioned in 

florist foam to ensure accurate scans.  The advantage of using florist foam is that the shape 

of the specific coal particle is indented into the foam block.  The indents of the particles are 

used as guidelines to ensure that the same particle is positioned in the same manner for 

scans taken before and after impregnation.  The process of comparing CT scans obtained 

before and after impregnation is simplified by maintaining a constant sample position.  As 

observed from the figures above, the sample size of the different particle sizes vary.  

Accurate CT scans can be obtained for the 5 mm and 10 mm particle sizes, using 2 to 4 

particles per sample.  However, in order to ensure the accuracy of the CT scans for the 20 

mm and 30 mm particles, only one particle was used per sample.  CT scans were obtained 

for all four particle sizes of the raw coal.  After the scans were acquired the raw coal particles 

were impregnated, as described in section 5.3.3.1.  After impregnation, CT scans were 

obtained for the impregnated coal particles. 

 

Obtaining data for the 3D images involves 4 steps.  During the first step, the coal sample is 

rotated 360 degrees and high resolution digital radiographs are acquired every 0.5 degrees.  
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The second step involves geometric and shading correction.  During data correction, spatial 

and intensity irregularities are removed.  Correction algorithms are also used to remove any 

distortions and to correct for beam hardening. The third step is known as reconstruction, 

where the individually corrected scans are combined using Cone Beam Back Projection to 

obtain a CT image.  The CT image is made up of millions of pixels known as voxels.  The 

final step is viewing the image results.  X-Tek Graphical User Interface (XGUI) is used to 

acquire, reconstruct and view the images.    

 

Data processing 

The CT scans obtained with the HMXST CT system, were processed with VGStudio Max 2.1 

software.  This software is used for visualisation and processing of voxel data, obtained from 

CT scans.  Although this software is very powerful and comprises of numerous functions, 

only the volume rendering and volume analyser functions were used in this study. 

 

The volume rendering tool is used to manipulate the volume object in different ways.  This is 

done by using the grey value histogram in the opacity manipulation area.  The visibility of a 

certain object in a CT scan is dependent on the opacity/intensity of the voxels and the grey 

values of the elements which the object is comprised of.  By using the volume rendering tool, 

the opacity of certain grey value ranges can be varied to enhance or eliminate their 

appearance. The interface of the volume rendering tool is illustrated in Figure A.4. 

 

 

Figure A.4: Volume rendering tool interface 
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As seen from Figure A.4 , the histogram in the opacity manipulation area has two 

distinguishable peaks.  These peaks indicate that the CT scan has two discernable grey 

value ranges (densities).  The first peak represents the air around the object, in this case the 

coal particle.  The first step in processing the CT scans is to manipulate the opacity of the 

voxels which are included in the grey value range of air so that they are not visible.  This 

removes the dullness and gives a brighter image.  The second peak represents the second 

largest amount of voxels which fall into a certain grey value range.  In this case the second 

peak symbolises voxels of the carbon element, since the majority of the coal particle is made 

up of carbon.  The fact that only two peaks are visible on the histogram, does not indicate 

that the CT scan only comprises of air and carbon.  This just implies that the amount of 

voxels depicting the two peaks is significantly more than the voxels falling into other grey 

value ranges.  The first two peaks/intervals are disabled so that only the higher density 

materials, i.e. the minerals, are visible on the CT scans.   

 

It is possible to see voxels in all grey value ranges, by selecting a different colour for each 

range.  This is done by first dividing the histogram into various sections, known as intervals.  

As seen from Figure A.4, the histogram is divided into three intervals.  The first interval is 

disabled, which means that the opacity of this grey value range is zero, and the air voxels 

are not visible.  The second interval represents the grey value range in which the carbon 

element is obtained; while the third interval represents the grey value range in which all other 

elements are obtained, such as minerals.  In order to distinguish between the various 

elements, a different colour can now be selected for each interval.  As seen from Figure A.4, 

the second interval is white (displays grey), while the third interval is red.  The following CT 

image was obtained when using the above-mentioned volume rendering settings: 
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Figure A.5: CT scan obtained from volume rendering analysis 

 

As observed from Figure A.5, the carbon in the coal particles has a grey colour, while the 

minerals in the coal particles are coloured red.  The mineral bands in the coal particles are 

clearly distinguishable from the carbon.  This shows that the voxels of carbon and minerals 

fall into different grey value ranges due to variation in intensity.   

 

The second interval can also be disabled in order to eliminate the carbon from the image so 

that only the minerals in the coal particles are visible, as shown in Figure A.6.  A grey colour 

was selected to enhance the visibility of the minerals. 
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Figure A.6: CT scan illustrating minerals in coal particles 

 

As seen from Figure A.6, only the minerals are visible in the CT scan.  During volume 

rendering it is possible that the grey values of different voxels representing carbon and 

minerals overlap, and that some of the carbon is still included in scans showing only the 

minerals.  The histogram is based on intensities of various elements, which cannot be 

directly related to the density of the elements.  Therefore, in order to find the grey value 

range for a specific element, such as potassium, the image needs to be calibrated for water 

(with a known density), as well as the densities of the desired elements. 

 

The volume analyser tool was used to determine if the amount of potassium added to the 

coal during impregnation, is substantial enough to increase the mineral volume of the coal 

sample.  The volume of the coal sample and the minerals in the coal sample are analysed 

using the data histogram, as illustrated in Figure A.7. 
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Figure A.7: Volume analyser data histogram 

 

The data histogram is used to analyse the properties of the voxel data within a selected 

range.  The range can either be specified by moving the red slider from left to right, or by 

manually specifying the cursor range.  The same grey value ranges used for the volume 

rendering analysis are used for the volume analysis.  Firstly, the volume of the entire coal 

sample is determined by manually specifying the grey value range.  This includes the carbon 

elements in the coal sample as well as the mineralogical elements.  The range between the 

two red sliders is used to determine the volume, and the volume is given in mm3.  Secondly, 

only the volume of the minerals in the coal sample is determined.  The mineral volume is 

then used to calculate the volume percentage (vol.%) of minerals in the coal sample.  This 

analysis is done for all particle sizes, before and after impregnation.  The vol.% of minerals 

in the raw coal sample is compared to the vol.% of minerals in the impregnated coal sample, 

to determine if impregnation increases the mineral volume.  

 

A.7. CT scans 

 

A CT scan of four 5 mm raw particles is shown in Figure A.8.   Only the minerals present in 

the particles are illustrated in the scans. 
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Figure A.8: CT scan of 5 mm raw coal particles 

 

As seen from Figure A.8, the mineral distribution throughout the coal particles is irregular.  

This clearly confirms the heterogeneity of coal, as well as the difference in composition 

between two particles of the same size.  The CT scan of the impregnated 5 mm coal 

particles is presented in Figure A.9. 

 

 

Figure A.9: CT scan of 5 mm impregnated coal particles 

 

When the CT scan of the impregnated 5 mm particles (Figure A.9) is compared to the scan 

of the raw coal particles (Figure A.8), a slight increase in minerals is observed as a result of 

impregnation. 
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The following images are CT scans of the 10 mm particles, before and after impregnation. 

 

 

Figure A.10: CT scan of 10 mm raw coal particles 

 

 

Figure A.11: CT scan of 10 mm impregnated coal particles 

 

As can be seen from the CT scans presented in Figure A.10 and Figure A.11, a slight 

increase in mineral matter is observed for the particle on the left.  However, no discernible 

difference exists between the mineral matter of the raw particle and that of the impregnated 

particle on the right. 

 

The CT scans for the 10 mm and 20 mm coal particles are shown in this section.   
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The subsequent images are slice view images of the 10 mm particles, before and after 

impregnation.  Figure A.12 shows the clipping plane of the slice views for the 10 mm 

particles. 

 

 

Figure A.12: Clipping plane of 10 mm particles 

 

The slice views of the 10 mm particles are presented in Figure A.13 and Figure A.14. 

 

 

Figure A.13: Slice view of raw 10 mm particles 

 



  Appendix A 

Catalytic steam gasification of large coal particles   120 
 

 

Figure A.14: Slice view of impregnated 10 mm particles 

 

As seen from the slice views of the 10 mm particles, as shown in Figure A.13 and Figure 

A.14, an increase in minerals due to impregnation is not apparent.  These results are similar 

to those found for the 5 mm particles presented in Section 5.4.4.2. 

 

The following CT images presented are of the 20 mm coal particles, before and after 

impregnation. 

 

 

Figure A.15: CT scan of raw 20 mm coal particle 
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Figure A.16: CT scan of impregnated 20 mm coal particle 

 

The CT scans of the 20 mm coal particles, as presented in Figure A.15 and Figure A.16, 

clearly show that the coal particle is comprised of numerous mineral bands.  There is no 

discernible difference between the raw and impregnated 20 mm particles, as presented 

above.  The clipping plane for the slice views of the 20 mm particles is shown in Figure A.17: 

 

 

Figure A.17: Clipping plane of 20 mm particles 

 

 

The slice view of the raw and impregnated coal particles, as shown in Figure A.18 and 

Figure A.19, also illustrates the mineral band included in the coal particle.    
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Figure A.18: Slice view of raw 20 mm coal particle 

 

 

Figure A.19: Slice view of impregnated 20 mm coal particle 
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A.8. Volume predictions 

 

The volume analyser tool was used to measure the particle and mineral volume in Section 

5.4.4.2.  The accuracy of the volume analyser was validated by calculating the radius of the 

particles from the measured volume obtained from the volume analyser.  The radius was 

calculated with the equation used to determine the volume of a sphere, since coal particles 

were selected to be spherically shaped: 

                 

 

 

             (Equation A.12) 

 

 

The volume prediction data is presented in Table A.1.  The results presented in Table A.1 

include the measured volumes obtained from the volume analyser, the radii calculated from 

the measured volumes, and the actual radii of the particles. 

 

Table A.2: Validation of volume analyser measurements 

Particle size  Measured volume 

(mm3) 

Calculated radius 

(mm) 

5 mm 98.56 2.87 

10 mm 318.47 4.24 

20 mm 5129 10.7 

30 mm 13462.82 14.76 

  

 

As seen from the results presented in Table A.2, the radii calculated from the measured 

volume is a good prediction when compared to the intended radii of the particles.  The 

particles were hand selected and sieved to obtain an average particle radius measurement. 

 

A.9. ISE error predictions 

 

As seen from the results in section 5.4.3.2, the 95 % confidence interval estimates a 

relatively large error.  This can be attributed to the subtraction of two values, the initial and 

final impregnation solution concentration, each having an error.  A summary of the initial and 

final concentrations, along with the respective errors calculated, is presented in Table A.3: 

34
( )
3

sphereV r= ×Π ×
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Table A.3: Initial and final impregnation solution concentrations 

Particle size Initial concentration (M) Final concentration (M) Difference (M) 

5 mm 0.504 ± 0.007 0.44 ± 0.005 0.06 ± 0.01 

10 mm 0.504 ± 0.007 0.46 ± 0.006 0.04 ± 0.01 

20 mm 0.504 ± 0.007 0.46 ± 0.007 0.04 ± 0.01 

30 mm 0.504 ± 0.007 0.49 ± 0.005 0.01 ± 0.01 

   

As seen from the results, the errors for the difference in initial and final concentration is 

higher than for the individual values alone.  This error increases since two values, with 

respective errors, are subtracted from each other. 
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Appendix B  

 

B.1. Conversion-time graphs 

 

Figure B.1: Conversion-time graphs for 5 mm particles 

 



  Appendix B 

Catalytic steam gasification of large coal particles   126 
 

 

Figure B.2: Conversion-time graphs for 10 mm particles 
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B.2. Experimental values for IM and VM and ash content 

 

Table B.1: Experimental values for inherent moisture and volatile matter and ash contents 

Temperature (°C) Raw 

(IM and VM)* 

Catalysed 

(IM and VM)* 

Raw 

(Ash) 

Catalysed 

(Ash) 

5 mm particles 

800 0.29 0.25 0.16 0.17 

 0.29 0.29 0.14 0.09 

825 0.30 0.27 0.14 0.14 

 0.32 0.27 0.13 0.13 

850 0.30 0.27 0.14 0.13 

 0.30 0.25 0.15 0.17 

875 0.29 0.30 0.14 0.12 

 0.29 0.26 0.13 0.15 

10 mm particles 

800 0.29 0.25 0.12 0.17 

 0.33 0.26 0.12 0.20 

825 0.32 0.23 0.14 0.17 

 0.26 0.29 0.15 0.11 

850 0.26 0.26 0.15 0.15 

 0.32 0.26 0.08 0.15 

875 0.31 0.27 0.13 0.12 

 0.26 0.28 0.14 0.17 

*  (IM – Inherent moisture, VM – Volatile matter) 

 

B.3. Experimental errors for average conversion runs 

 

The errors for the average conversion plots were calculated using the following equation: 

 

 

 

 

       (Equation B.1) 
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Where X1,i and X2,i are the ith carbon conversion of run 1 and run 2, and N is the amount 

of data point used for error determination.   

 

Table B.2: Error % for average conversion runs 

Sample 800 °C 825 °C 850 °C 875 °C 

5 mm Raw 4 1 1 1 

5 mm Cat 4 4 3 3 

10 mm Raw 2 3 4 6 

10 mm Cat 6 4 1 2 

 

 

B.4. Particle size influence for 825 °C, 850 °C and 875 °C 

 

 

Figure B.3: Influence of particle size on reactivity at 825 °C 
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Figure B.4: Influence of particle size on reactivity at 850 °C 

 

 

Figure B.5: Influence of particle size on reactivity at 875 °C 
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B.5. Determination of reactivity, k  

 

The slope from the –ln(1-X) vs. t plots were determined by fitting a linear line through the 

data, as presented in Figure B.7 and Figure B.7. 

 

 

Figure B.6: Determination of reactivity, k, from slope (5 mm) 
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Figure B.7: Determination of reactivity, k, from slope (10 mm) 

 

 

B.6. Temperature profile during gasification  

 

The following graph illustrates the temperature measurements acquired during a gasification 

experiment conducted at 875 °C. 
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Figure B.8: Temperature profile during gasification experiment at 875 °C 

 

As can be seen from Figure B.8, the temperature does not vary considerably during 

gasification.  A 95 % confidence interval of ± 1 °C was calculated from the experimental 

logged data. 


