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Chapter 5: Impregnation 

 

5.1. Introduction 

 

In this chapter, all aspects regarding the impregnation experiments are discussed.  Section 

5.2 gives a brief description of the materials used for the impregnation experiments.  The 

experimental methodology for the impregnation experiments is given in Section 5.3 and 

includes: sample preparation, experimental equipment and experimental procedures and 

analyses.  Section 5.4 provides a detailed discussion of the results obtained from the 

impregnation experiments, and is divided into the following categories: impregnation 

measurements, catalyst loading and catalyst distribution.  Section 5.5 concludes this chapter 

with a summary of the experimental impregnation results. 

 

5.2. Materials used 

 

5.2.1. Coal 

 

As previously mentioned in Section 4.2, the coal used in this study is a washed, medium 

rank-C, bituminous Highveld coal from South Africa, having an ash content of 12.6 wt.% (air-

dried basis). 

 

5.2.2. Impregnation solution 

 

The catalyst used for the impregnation experiments is potassium carbonate (K2CO3).  The 

K2CO3 used is an anhydrous, chemically pure, white substance with a fine, grain-like texture, 

and a purity of 99.5 %.   The catalyst was supplied by Merck (Pty) Ltd, in 500g containers.  

Deionised water (conductivity < 0.05 µSiemens) purchased from Immuno-Vet Services was 

used to dissolve the catalyst.   

 

5.3. Experimental methodology 

 

This section discusses all aspects concerning the impregnation experimental methodology.  

A detailed discussion is provided regarding the coal sample preparation, equipment used 

during experimentation, as well as various measurements and analyses conducted for the 

purpose of obtaining a better understanding of large particle impregnation.  
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5.3.1. Coal sample preparation 

 

The different size fractions obtained from the bulk coal sample were used to prepare the 

individual coal samples for the impregnation experiments, according to the various size 

ranges (5 mm, 10 mm, 20 mm and 30 mm).  The particle selection method depended largely 

on the size of the particles required.  In order to obtain coal samples for the smaller sized 

particles (5 mm and 10 mm), a representative sample from the bulk coal sample was sieved 

to obtain a size range as close as possible to the required particle size.  Table 5.1 shows the 

sieve size ranges used for the 5 mm and 10 mm particle selection: 

 

Table 5.1: Sieve size ranges for particle selection 

Particle size Particle size range 

5 mm +4.75 -5.6 mm 

10 mm +9.5 -11.2 mm 

 

Even though the 5 mm and 10 mm particles were sieved, they were also further selected for 

experiments based on their shape.  Only spherically shaped 5 mm and 10 mm particles were 

used for experimentation, and any flat or irregular particles were discarded.  In addition to 

the size ranges indicated above, a representative sample was pulverised to obtain a -212 

µm coal sample, which was also used for impregnation purposes. 

 

The 20 mm and 30 mm particles were hand selected in order to ensure that spherically 

shaped particles were used for experimentation.  A size grid was used to measure the 

particle size on a three dimensional basis, i.e. according to the length, width and height 

measurements of a specific particle.  Figure 5.1 illustrates the measurement of the different 

dimensions of a hand-picked 30 mm particle. 
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Figure 5.1: 30 mm hand selected particle 

 

Figure 5.1a shows the top view of a hand selected 30 mm particle, while Figure 5.1b shows 

a side view of the same 30 mm particle.  The dimensions of the particle were measured to 

be 34(W)x31(L)x35(H), which classified this as a 30 mm particle.  The following selection 

criteria were used for hand selection of the 20 mm and 30 mm particles: 

 

• the particles had to be spherically shaped and any flat particles were discarded,  

• the acceptable measurement of each dimension was taken to be 20 mm ± 3 mm or 

30 mm ± 5 mm, for the 20 mm and 30 mm particles, respectively.        

 

In cases where the initially selected particle had ragged edges and did not adequately fit the 

size grid, one or more of the particle dimensions were altered with pliers, in order to obtain a 

more accurate fit and improve sphericity.   

 

5.3.2. Experimental equipment 

 

The experimental equipment used for the impregnation experiments consists of a laboratory 

mass balance, a water bath, a laboratory oven and a benchtop pH/ISE meter.  A Radwag 

precision PS 750/C/2 mass balance, with a total capacity of 750 g and accuracy of 1 mg, 

was used to weigh the coal samples and catalyst.  The water bath used is a Labcon (Pty) 

Ltd. instrument, model number WBH 601.  The water bath can accurately control the water 

temperature between 20 °C and 95 °C.  A mercury thermometer was used to monitor the 

temperature to ensure constant experimental conditions.  A Scientific Series 2000 laboratory 

scale convection oven was used to dry the coal samples before and after impregnation.  The 

oven has a maximum temperature setting of 250 °C, and is equipped with a temperature 

controller and thermocouple to regulate the oven temperature.   

 



  Chapter 5: Impregnation 

Catalytic steam gasification of large coal particles   53 
 

During impregnation, various measurements were taken with a benchtop pH/ISE meter, to 

monitor the progress of the impregnation experiments.  The Orion 4-Star Plus pH/ISE 

Benchtop Multiparameter Meter is manufactured by Thermo Scientific, and was supplied by 

Labotec.  The pH/ISE meter allows the measurement of dual parameters (pH/conductivity 

and pH/ISE) and is equipped with a temperature measurement function, which allows the 

measurement of solution temperature along with the desired parameters such as pH and 

ISE.  For the purpose of this study, the pH, temperature and ISE (ion selective electrode) 

functions were used.  The following table contains the meter parameter specifications of the 

pH and temperature functions, for the 4-Star Plus pH/ISE Meter: 

 

Table 5.2: 4-Star Plus Benchtop Multiparameter Meter Specifications 

pH  

Range -2.000 to 19.999 

Accuracy ± 0.002  

Calibration Points 1 to 5 

Temperature  

Range -5 to 105 °C 

Resolution 0.1°C up to 99.9 °C 

Accuracy ± 0.1 °C 

  

 

 

The apparatus is equipped with an ion selective electrode in order to utilise the ISE function 

of the 4-Star Plus meter.  Since a potassium-based catalyst is used for the impregnation 

experiments, a Thermo Scientific Potassium ISE is used for monitoring the potassium ion 

concentration of the impregnation solution.  This specific probe is a Potassium ionplus® 

Sure-Flow® Plastic Membrane Combination ISE.  The combination electrode is a single 

electrode consisting of both the sensing module and the reference half-cells.  Table 5.3 

gives the specifications of the potassium ISE probe: 

 

Table 5.3: Potassium ISE Specifications 

Concentration Range 0.04 ppm to 39 000 ppm K+ 

pH Range 2.5 - 11 

Temperature Range 0 - 40 °C 

Reproducibility ± 2 % 

Minimum Sample size 5 mL in a 50 mL glass beaker  
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5.3.3. Experimental procedures and analyses 

 

This section gives a detailed discussion of the experimental procedures followed for the 

impregnation experiments, pH measurements and potassium ISE measurements.  Various 

analyses were also conducted in order to increase knowledge of large coal particle 

impregnation.  These analyses include XRF, SEM and tomography. 

 

5.3.3.1. Impregnation experiments 

 

Coal samples were selected according to Section 5.3.1.  Approximately 50 g of each particle 

size was weighed for the impregnation experiments.  The weighed coal samples were dried 

in the laboratory scale convection oven (Section 5.3.2) overnight, at 105 °C, to remove the 

inherent moisture from the coal.   

 

The impregnation solution was prepared by dissolving a specific amount of K2CO3 in 

deionised water, in order to obtain a catalyst solution with a 0.500 M concentration.  This 

was the highest concentration at which no visible precipitation occurred on the surface of the 

coal particles, after impregnation.  The coal to impregnation solution ratio was kept constant 

(0.5 g coal/mL impregnation solution) for all the impregnation experiments.  The 250 mL 

glass beakers in which the impregnation solution was prepared, were placed in a water bath 

set at 23 °C.  The temperature of the impregnation solutions was allowed to stabilise at 23 

°C, before the dried coal samples were added to the solutions.  Once the coal samples were 

added, the glass beakers were covered to prevent evaporation of the solution.  The glass 

beakers, containing the coal samples and impregnation solutions, were kept in the water 

bath for the duration of the impregnation experiments.  The pH of the various impregnation 

solutions was monitored, and it was assumed that impregnation was complete once the pH 

had stabilised.  An impregnation period of 21 days was decided on, since it was found that 

the solution pH had stabilised after this time. 

  

After impregnation, the coal samples were removed from the impregnation solution and 

placed on filter paper in order to allow the excess impregnation solution to drain from the 

coal samples.  Thereafter, the impregnated coal samples were dried in an oven overnight, at 

105 °C.  The dried impregnated coal samples were stored in an airtight container until it was 

used for further analyses and reactivity experiments. 
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5.3.3.2. Solution measurements 

 

The pH of the impregnation solutions were measured at various time intervals during the 

three week impregnation period.  During measurements it was ensured that the pH probe did 

not come into contact with the coal particles. 

 

The potassium ISE measurements were conducted in order to monitor the decrease in 

potassium concentration of the impregnation solution, as the catalyst is impregnated onto 

the coal particle.  The initial solution concentration, and the final solution concentration after 

impregnation, was measured.  The procedure used for ISE measurements, as well as the 

calibration and calculations done to determine the potassium concentration, is given in 

Appendix A.  Measurements were repeated four times for each sample, and the error was 

determined using a 95 % confidence interval. 

 

5.3.3.3. XRF sample preparation 

 

The impregnated coal samples were sent to for ash analysis (XRF) to determine the catalyst 

loading.  Since the melting temperature of K2CO3 is 891 °C (Merck Chemicals, 2011), the 

impregnated coal samples were incinerated in house at 800 °C, to prevent loss of catalyst 

due to melting and evaporation.  A Labcon muffle furnace, with a maximum operating 

temperature of 1200 °C, was used to ash the samples.   

 

The impregnated coal samples were pulverised to -212 µm to adhere to the ISO 18283:2006 

standard for sample preparation.  The pulverised coal samples were incinerated in batches 

of 20 g, and approximately 8 g ash of each sample was sent to UIS Analytical Services for 

XRF analysis.  Since large amounts of coal sample were incinerated, the samples were left 

in the oven for 18 hours to ensure complete combustion.   

 

5.3.3.4. SEM and EDS analyses 

 

Scanning electron microscopy (SEM) and energy dispersive X-ray (EDS) analyses were 

used in order to determine the degree of catalyst dispersion obtained during impregnation.  

SEM scans were conducted to investigate the surface structure of the coal particles, while 

EDS analysis was used to analyse the surface composition of the raw and impregnated coal 

particles.  The analyses were conducted using an FEI QUANTA 200 ESEM analyser 

integrated with an Oxford INCA X-SIGHT EDS (energy dispersive spectrometry) system.  

The apparatus used for the SEM and EDS analysis is illustrated in Figure 5.2. 
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Figure 5.2: FEI QUANTA 200 ESEM integrated with Oxford INCA X-SIGHT EDS 

 

The ESEM microscope is connected to a computer installed with FEI software.  The FEI 

software allows the user to adjust the magnification, and edit the images taken by the 

microscope.  

 

Sample preparation 

Figure 5.3 illustrates how the coal particles were prepared for the SEM and EDS analyses. 

 

 

Figure 5.3: Sample preparation for SEM and EDS analyses 
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The sample preparation method used to prepare samples for SEM and EDS analyses is 

shown in Figure 5.3.  Sample A illustrates an intact coal particle, either raw or impregnated, 

to be used for SEM and EDS analyses.  The intact coal particle (A) was split into two equal 

size pieces, as illustrated by sample B, using a mallet and chisel.  One of the two smaller 

particles (B) was used for the SEM and EDS analyses.  Figure 5.3 indicates where SEM and 

EDS scans were taken on the surface of the split particle.  Analyses were conducted on the 

outer most part (Outside) of the split particle, as well as in the centre (Inside) of the particle.  

EDS analysis was repeated three times for each sample, and an average of the three values 

are reported. 

 

5.3.3.5. X-ray Tomography 

 

X-ray tomography, or computer tomography (CT), is used to study the internal structure of 

parts, samples and materials.  This is a non-destructive method which has the ability to 

quantify and qualify the internal and external dimensions of any object.  CT scans were 

conducted to study the catalyst distribution throughout the coal particles, on a three-

dimensional basis.   

 

X-ray and CT technology     

X-ray technology is used to study the inner structure of an object in detail.  Radiation is 

generated by an X-ray source and transmitted through the object.  The X-ray pattern passing 

through the object is captured by a digital flat panel detector, showing different shades of 

grey depending on the material and geometry.  The grey shades projected are directly 

related to the density of the material, i.e. denser material such as copper and lead will be 

characterised by darker shades of grey, while light grey shades will represent less dense 

material such as plastic and paper.     

 

CT is based on the principals of X-ray technology.  However, the main difference between 

these two technologies is that CT provides a 3D scan of an object, where X-ray scans only 

provide a 2D image.  Based on a large quantity of X-ray images captured around a single 

rotating axis, CT restructures an accurate 3D image which represents the internal structure 

of the object.  The inner structure of the object can be studied in detail by either viewing the 

CT scan as a 3D image, or as slice views.   

 

CT scans were obtained using an HMXST CT system supplied by X-Tek, as illustrated in 

Figure 5.4. 

 



  Chapter 5: Impregnation 

Catalytic steam gasification of large coal particles   58 
 

 

Figure 5.4: HMXST CT system 

 

The HMXST CT system consists of a computerised operating station, as well as an X-ray 

chamber where the CT scans are acquired.   The source can obtain high power microfocus 

at up to 225 KV, and the sub-micron transmission of the X-ray source can be varied.  The X-

ray chamber houses a 5 axis CT sample manipulator with a travel distance of 450 x 460 mm, 

which allows the scanning of large objects and samples.  All CT scans were conducted by X-

Sight X-ray Services, situated in Stellenbosch, South Africa. 
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5.4. Results and discussion 

 

The experimental results obtained from the impregnation experiments are presented in this 

section.  The results include pH measurements, XRF results, potassium ISE measurements, 

as well as results obtained from SEM and tomography analyses.  A detailed discussion 

regarding the experimental results obtained from the above-mentioned experiments and 

analyses is also included in this section. 

 

5.4.1. Impregnation measurements 

 

Figure 5.5 gives the experimental results obtained for the pH measurements of the 

impregnation solutions.  Impregnation experiments carried out specifically for pH 

measurements were conducted with large coal particles, as well as with fine coal particles (-

212 µm).  Experiments were conducted in duplicate, and the average values are given in the 

following figure. 

 

 

Figure 5.5: pH measurements during impregnation 

 

It can be observed from Figure 5.5, that the pH of the various impregnation solutions 

decreases with time, during the impregnation period.  The initial pH of all the impregnation 

solutions is 11.72 (± 0.01).  This initial value is the pH of the 0.500 M impregnation solution 



  Chapter 5: Impregnation 

Catalytic steam gasification of large coal particles   60 
 

just before the coal particles are added to the solution.  The results indicate that the 

impregnation solution pH for the various experiments decrease from the initial pH value of 

11.72, to a final pH of between 10.2 and 10.5.  These results are similar to those obtained by 

Hanaoka et al. (2010), who used two different types of coal.  They conducted impregnation 

experiments at 40 °C with soda ash (99.99 wt.% Na2CO3) as catalyst, and observed a 

decrease in pH from 11.1 to 7.9 and 10.0, respectively.  According to Domazetis et al. 

(2005), the decrease in pH can be attributed to the release of protons from the functional 

groups during exchange with the inorganic species in the solution.   

 

The results shown in Figure 5.5 indicate that the decrease in pH follows the same trend for 

the various particles sizes.  The largest decrease in solution pH is observed for the -212 µm 

particles, while no significant trend is observed for the large coal particles with regards to the 

degree with which the pH decreases.   

 

5.4.2. Effect of impregnation on particles 

 

The impregnated coal particles were further used for steam gasification experiments, 

therefore it was important to study the influence of the impregnation method on the structure 

and shape of the particles.  The impregnation method did not have a significant effect on 

structure and shape of the 5 mm and 10 mm particles.  Approximately 80 % of these 

particles remained intact after impregnation, and did not become brittle.  However, the 20 

mm and 30 mm particles were significantly affected by impregnation, as illustrated in Figure 

5.6.   

 

Figure 5.6: Influence of impregnation on 20 mm and 30 mm particles 

 

As seen from Figure 5.6, the 20 mm and 30 mm particles did not remain intact after 

impregnation.  The larger particles were very brittle after impregnation, and consequently 

broke into smaller pieces.   This can be attributed to the adsorption of the catalyst solution by 

the coal particle, which can result in swelling and the formation of cracks (Gregg and Sing, 
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1982).  Drying of these particles after impregnation only exacerbated the condition, and the 

particles crumbled when they were handled.  Each impregnated sample contained between 

4 and 8 particles (depending on the size), and of these, only 1 or 2 particles remained intact.  

The particles which did remain unchanged were used for SEM and tomography scans, while 

the brittle pieces were pulverised and used for XRF analysis.   The 20 mm and 30 mm 

particles were not used for reactivity experiments, since the size of these particles were 

altered during impregnation.  

 

5.4.3. Catalyst loading 

 

The catalyst loading was determined by measuring the potassium concentration in the 

impregnation solution, as well as the potassium content of the coal particles, after 

impregnation.  The results of the XRF analysis and ISE measurements are also compared in 

this section. 

 

5.4.3.1. XRF results 

 

After impregnation, the various impregnated coal samples were incinerated and sent for XRF 

analysis.  Table 5.4 gives the catalyst loading results for the total amount of potassium in the 

coal after impregnation, and the catalyst loadings include the initial amount of potassium 

present in the raw coal (also shown in Table 5.4).  The results are given in weight 

percentages and are presented on a coal basis.  (All calculations done to determine catalyst 

loading are presented in Appendix A).  The errors for the specific potassium concentrations 

measured were found to be approximately 1 %, according to personal communications with 

Ms. O’Neill (O’Neill, 2011).  Each XRF result is validated with a corresponding standard for a 

specific concentration of a specified element, and a minimum of three repeatability tests are 

conducted for each sample. 

 

Table 5.4: XRF results for catalyst loading 

Particle size Total wt.% K (coal basis) 

Raw coal 0.05 

-212 µm 1.71 

5 mm 0.83 

10 mm 0.76 

20 mm 0.75 

30 mm 0.68 
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The addition of catalyst to the large coal particles (5 – 30 mm) increases the potassium 

content by up to 16 times, as shown in Table 5.4.  It can clearly be seen that the catalyst 

loading obtained for the -212 µm coal sample is significantly higher than that obtained for the 

larger coal particles.  This can be explained by the relative large external surface area of the 

-212 µm sample exposed to the impregnation solution, compared to the larger particles.   A 

decrease in particle diameter also indicates a decrease in potassium loading, for the large 

particles. 

 

Results presented in Table 5.4 also indicate the maximum catalyst loading achievable with 

the developed impregnation method, as discussed in Section 5.3.3.1, for the various particle 

sizes.  It can be seen that the 5 mm particles have the highest catalyst loading of all the 

large coal particles, at 0.83 wt.%.  The catalyst loadings obtained for large particle 

impregnation is significantly lower when compared to results where powdered coal was used 

during impregnation.  Sharma et al. (2008) used -75 µm coal particles and achieved a 

catalyst loading of 6 wt.% when impregnated with K2CO3, while Yeboah et al. (2003) 

achieved a catalyst loading of 10 wt.% with K2CO3 and a coal particle size of -250 µm.  Yuh 

et al. (1983) studied the catalytic effect of various K2CO3 loadings, ranging from 4 wt.% to 15 

wt.%, on coal and char.  Su and Perlmutter (1985) studied the catalyst solution penetration 

and catalyst uptake using char samples and various catalyst solution concentrations.  Table 

5.5 shows the catalyst loading results obtained by them, using - 250 µm particles and K2CO3 

as catalyst. 

 

Table 5.5: K content (in wt.%) of K2CO3 impregnated char samples (Su and Perlmutter, 1985)  

Sample Concentration of Impregnation Solution 

 Raw coal 0.2 M 0.5 M 1 M 

A 0.04 - - 0.35 

B 0.03 0.32 0.73 1.23 

 

 

Table 5.5 shows the various concentrations of K2CO3-solution used for impregnation of the 

char samples, A and B, with A being a high-rank anthracite and B being a low-rank high 

volatile bituminous coal.  The catalyst loading results obtained in this study (Table 5.4) are 

similar to the catalyst loading obtained for sample B at 0.5 M.  This shows that the catalyst 

loading is largely dependent on the degree of dispersion of the impregnation solution 

throughout the particle, irrespective of particle size.  According to Su and Perlmutter (1985), 
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catalyst loading depends largely on the type of coal sample and impregnation technique 

used.  

 

5.4.3.2. ISE results 

 

The catalyst loading results determined from ISE measurements are presented in Table 5.6, 

and are given in weight percentage (wt.%) on a coal basis.    

 

Table 5.6: ISE results for catalyst loading 

Particle size Average wt.% K (coal basis) 

5 mm 0.91 ± 0.23 

10 mm 0.65 ± 0.16 

20 mm 0.62 ± 0.16 

30 mm 0.24 ± 0.14 

 

 

As seen from Table 5.6, catalyst loading decreases with increasing particle size.  This trend 

is also observed for the XRF results (Table 5.4).  A maximum potassium loading of 0.91 

wt.% is obtained for the 5 mm particles, while the 30 mm particles have the lowest 

potassium loading, at 0.24 wt.%.  The large errors estimated for the ISE method can be 

attributed to the low [K+] absorbed during impregnation, which influenced the accuracy of the 

measurements. 
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5.4.3.3. Comparison of XRF and ISE results 

 

The potassium loadings calculated from XRF and ISE results (wt.%) are compared in Figure 

5.7.  The XRF results presented in Figure 5.7 are the results calculated for the amount of 

potassium added during impregnation, and not the total potassium loading as shown in 

Table 5.4. 

 

 

Figure 5.7: Comparison of XRF and ISE results 

 

As seen from Figure 5.7, the XRF and ISE results for potassium loading follow the same 

trend, i.e. the catalyst loading decreases as the particle size increases.  The potassium 

loadings for the 5 mm particles are the highest, while the potassium loadings of the 30 mm 

particles are the lowest.  The results for both the XRF and ISE methods show that the 

potassium loadings obtained for the 10 mm and 20 mm particles do not vary considerably.    

Even though the results presented in Figure 5.7 follow the same trend, the predictions for the 

potassium loading vary considerably.   

 

The loadings obtained (XRF and ISE) for the 5 mm, 10 mm and 20 mm particles are 

included in the confidence interval range.  However, the results for the 30 mm particles differ 

considerably.  Based on the results obtained, it can be concluded that ISE can be used to 
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semi-quantitatively predict catalyst loadings.  However, the XRF results deem to be more 

accurate, since it determines the actual amount of potassium present in the coal samples. 

 

5.4.4. Catalyst distribution 

 

Catalytic gasification and impregnation studies have not previously focused on large coal 

particle experimentation. Thus, it is important to acquire a better understanding of all aspects 

of large particle impregnation.  One such aspect is the catalyst distribution obtained through 

impregnation.  The two analyses used to determine catalyst distribution is by SEM and 

tomography.  The results obtained from these analyses will be presented and discussed in 

the following sections.   

 

5.4.4.1. SEM and EDS results 

 

SEM scans were used to study the change in surface structure due to impregnation, while 

EDS analysis was used to study the change in elemental composition.  All SEM and EDS 

scans were conducted using the 20 mm particles which remained intact after impregnation.  

It should be noted that the same particle was not used for the raw and impregnated scans, 

since a destructive method was used for sample preparation.   Figure 5.8 illustrates a SEM 

scan taken of a raw coal particle.  The scan is taken on the inside and outside of the 

prepared particle, as discussed in Section 5.3.3.4.  The magnification scale, as indicated on 

each SEM scan, is 500 µm.   

 

 

Figure 5.8: SEM scans of raw coal particle (outside and inside) 

 

The SEM scan of the raw coal particle is used as a control.   As seen in Figure 5.8, the 

structure of the raw coal particle is relatively smooth (outside and inside), with no visible 
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fissures.  The only visible structural irregularity is the grainy area in the middle of the scan 

taken on the inside of the particle.  According to communication with Dr. L. R. Tiedt, this can 

be attributed to the presence of plant matter during the coal formation period (Tiedt, 2011).  

The few visible white specks and lines are mineral matter, which have higher atomic 

numbers than the carbon and therefore appear brighter.   

 

SEM images of the impregnated coal particle are illustrated in Figure 5.9.   

 

 

Figure 5.9: SEM scans of impregnated coal particle (outside and inside) 

 

As seen from Figure 5.9, the structure and composition of the coal particle change 

considerably as a result of impregnation.  In comparison with Figure 5.8, the surface 

structure of the impregnated particle underwent various physical changes during 

impregnation.  Cracks are clearly visible on the surface of the particle.  The formation of 

cracks can be attributed to the adsorption of the catalyst solution by the carbon and mineral 

matter, whereby swelling of the particle occurs.  Swelling alters the structure of the coal 

particle by forcing apart weak junctions and thereby causing cracks to form (Gregg and Sing, 

1982).  As seen in Figure 5.9, considerably more bright spots are present in the impregnated 

coal sample than in the raw coal sample, which indicates that more mineral matter is 

present.  This can be attributed to a higher initial mineral content, compared to the particle in 

Figure 5.8, or an increase in mineral content, in this case potassium, during impregnation.  

The cracks caused by swelling allow the catalyst solution to penetrate the coal particle, and 

consequently allow the catalyst to distribute throughout the particle. 

 

In addition to the SEM scans taken on the outside and inside of the prepared particles, SEM 

scans were also taken on the outer surface of raw and impregnated coal particles which 

were still intact.  Images of the outer surface of a raw and impregnated coal particle are 

presented in Figure 5.10, with a scale of 100 µm. 
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.  

Figure 5.10: SEM images of the outer surface of a raw and impregnated particle 

 

As seen from these images, there is no significant difference in surface appearance between 

the raw and impregnated particle.  Takarada et al. (1986) obtained similar results while 

studying the dispersion state of K2CO3 on char surfaces.  SEM scans taken of char samples, 

with a scale of 10 µm, did not show a clear difference between the raw and impregnated 

char.  According to Takarada et al. (1986), the potassium catalyst is dispersed so uniformly 

on the char surface that the potassium particles are seldom observed with SEM.  Also seen 

from Figure 5.10, a crack is visible on the surface of the impregnated coal particle, which 

formed as a result of swelling (Gregg and Sing, 1982).   

 

EDS analysis was conducted together with the SEM scans, and was done on the same 

areas as the SEM scans.  Table 5.7 gives the results obtained for the EDS analysis of the 

raw and impregnated coal particle, and are presented as weight percentages (wt.%).  The 95 

% confidence interval was determined on the EDS results, and is also reported in Table 5.7.  

 

Table 5.7: EDS results 

Spectrum K 

Raw coal outside 0.4 ± 0.1 

Raw coal inside 0.4 ± 0.1 

Impregnated coal outside 1.4 ± 0.2 

Impregnated coal inside 0.8 ± 0.2 

 

 

Since EDS analysis was conducted in order to semi-quantitatively study catalyst distribution, 

only the results of the potassium (K) content is presented.  As seen from the Table 5.7, the 

amount of potassium in the raw coal particle remains relatively unchanged.  In comparison, 
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the EDS results obtained for the impregnated coal particle indicate a definite increase in 

potassium.  These results indicate that catalyst impregnation increases the potassium 

content throughout the entire coal particle and that the catalyst did penetrate into the coal 

particle.  The increase in potassium on the inside of the particle can be explained by the 

formation of cracks and cleats caused by swelling, which made it possible for the 

impregnation solution to penetrate into the coal particle through these cleats.  It is important 

to observe the variation in potassium content from the outside of the particle to the centre of 

the particle, from 1.39 wt.% to 0.83 wt.%, respectively.  Even though an overall increase in 

potassium is observed, it can clearly be seen that the catalyst distribution throughout the 

particle is not uniform and that the majority of the catalyst is present on the outside of the 

particle.  This is in accordance with results published by Su and Perlmutter (1985), who 

investigated catalyst distribution and penetration.  Through various pycnometry experiments, 

they observed that the catalyst impregnating solution did not penetrate into the interior pore 

structure of the char.  It was found that the deposited catalyst was only present on the 

particle exteriors after impregnation, and that impregnation did not affect the pore structure 

of the char (Su and Perlmutter, 1985).   

 

5.4.4.2. Tomography results 

 

CT scans of the same coal sample, before and after impregnation, are compared in order to 

acquire more knowledge regarding catalyst penetration and distribution.  The following 

particle size to be compared is the largest size, namely 30 mm particles.  The CT scans of 

the raw and impregnated 30 mm particles are illustrated in Figure 5.11. 
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Figure 5.11: CT scan of impregnated 30 mm particle 

 

No discernable difference is observed when the mineral content of the raw and impregnated 

30 mm particles is compared (Figure 5.11).  These CT scans do not indicate an increase in 

minerals due to impregnation.  Clipping planes were used to obtain a slice view through the 

30 mm particle.  Figure 5.12 illustrates how a clipping plane is used to obtain a slice view: 

 

 

 

Figure 5.12: Clipping plane of 30 mm particle 

 

As shown in Figure 5.12, a clipping plane is used to slice the object in half.  The object is 

then viewed from the top, to obtain a slice view through the middle of the particle.  This was 
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done for the raw and impregnated 30 mm particles.  The top slice views of the 30 mm 

particles (raw and impregnated) are presented in Figure 5.13 and Figure 5.14. 

 

 

Figure 5.13: Slice view of raw 30 mm particle 

 

 

Figure 5.14: Slice view of impregnated 30 mm particle 

 

Upon comparing Figure 5.13 and Figure 5.14, it can be observed that the impregnated coal 

particle appears to have slightly more minerals than the raw particle.  The impregnated 

particle clearly has increased mineral content around the outer edge when compared to the 

raw particle, as seen in the highlighted areas.  This shows that the catalyst is concentrated 

on the outer surface of the coal particles, and confirms the results obtained from EDS 
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analysis, as presented in Section 5.4.4.1.  The CT scans for the 5 mm, 10 mm and 20 mm 

particles are  presented in Appendix A. 

 

Since the CT scans do not give a quantitative indication that the mineral content of the coal 

particles increases as a result of impregnation, the mineral volume of the raw and 

impregnated coal particles are compared.  The mineral volumes of the various particle sizes, 

before and after impregnation, are compared in Table 5.8.  The values are given in vol.%, 

and represent a percentage of the total particle volume.  The method with which these 

values are determined is discussed in Appendix A. 

 

Table 5.8: Results for mineral volume (Vol.%) 

Particle size Vol.% minerals (raw 

coal) 

Vol.% minerals 

(impregnated coal) 

5 mm 15 21 

10 mm 7 11 

20 mm 8 12 

30 mm 8 11 

  

 

The results presented in Table 5.8, show a definite increase in mineral volume as a result of 

impregnation.  The largest mineral volume increase is obtained for the 5 mm particles, while 

the 30 mm particles have the smallest increase in mineral volume.  It is also observed that 

an increase in particle size results in a decrease in the amount with which the mineral 

volume is enhanced.  The same trend is also observed for the catalyst loading results, 

presented in Section 5.4.3.1.  The results shown in Table 5.8 are only semi-quantitative 

predictions for the mineral volume increase, since the specified grey value range for the 

minerals might include some carbon, or exclude some minerals.  The volume analyser also 

accurately predicts the volume of the entire coal particle (Appendix A).   

 

5.5. Summary 

 

A suitable impregnation method was developed for the impregnation of large coal particles.  

It was found that the pH of the impregnation stabilised after three weeks, which led to the 

assumption that impregnation is complete after this period. 
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Various analyses were conducted in order to determine catalyst loading and to study catalyst 

penetration and distribution throughout the coal particles.  The following observations were 

made regarding the experimental results presented in this section: 

 

• XRF analysis indicated that the maximum total potassium loading (wt.%) obtainable 

for the large coal particles, with the specific impregnation method, is in the range of 

0.68 – 0.83 wt.%, on a coal basis.  It was observed that the catalyst loading 

decreased with increasing particle size.  Relatively low catalyst loadings were 

obtained for the large particles, in comparison to catalyst loadings obtainable for 

small coal particles and powders. 

• When compared to the XRF results, the ISE results showed the same trend for 

catalyst loading.  Results indicate that ISE can be used to semi-quantitatively predict 

catalyst loadings for the 5 mm, 10 mm and 20 mm particles.  However, XRF analysis 

is a more accurate method for catalyst loading evaluation, since it determines the 

actual amount of potassium present in the coal samples. 

• SEM scans showed that the impregnation of large coal particles resulted in the 

formation of cracks.  EDS analysis indicated that a certain degree of catalyst 

distribution is obtained throughout the coal particles due to impregnation. It was also 

found that the majority of the catalyst was concentrated around the outer surface of 

the particle, and this observation is consistent with literature. 

• A volume analysis of the mineral matter indicated that the mineral vol.% of the 

particles increased as a results of impregnation.  It was also observed that mineral 

vol.% increased with a decrease in particle size.  These observations were similar to 

what was found for catalyst loading.   

 

 

 

 

 

 

 

 

 

 

 

 


