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ABSTRACT  
 
The application of coal fly ash as mineral filler in polymers is hampered by the 
aggregation of the ash particles and a lack of interaction between the ash and polymer. 
In this study, a commercially available South African coal fly ash sample was treated 
under a variety of conditions with an anionic surfactant, sodium lauryl sulphate (SLS), 
with the aim to modify the surface and physical properties of the ash. The properties of 
the modified products were compared to those of the untreated samples by means of 
scanning electron microscopy (SEM), transmission electron microscopy (TEM-EDS) 
thermo gravimetric analysis (TGA-IR), particle size distribution, X-ray diffraction (XRD) 
and X-ray fluorescence spectroscopy (XRF). Fourier transform infrared spectroscopy 
was applied to gain a better understanding of the changes in chemical bonding and 
interactions on the surface of the modified ash.  
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INTRODUCTION 
 

A very small percentage of coal fly ash produced worldwide is currently being exploited 
and with the growing concern about pollution and increasing landfill costs, there has 
been global interest to increase the utilization of coal fly ash. Benefits for doing so 
include a reduction in the usage of non-renewable natural resources and the 
substitution of materials that may be energy intensive to manufacture. 
 
Currently, the most important application of coal fly ash is as partial replacement of 
Portland cement in the building industry. In South Africa, Ash Resources Pty Ltd is the 
leading manufacturer and supplier of fly ash products, and has been utilizing fly ash as 
a sustainable building material for more than thirty years. 
 
Recently, Ahmaruzzaman1 published a review article on the utilization of fly ash. In this 
paper he discussed current and potential applications of coal fly ash, including its 
utilization in cement and concrete, adsorbent for the removal of organic compounds, 
waste water treatment, light weight aggregates, zeolite synthesis, mine back fill and 
road construction. However, no reference is given to the application of fly ash as 
mineral filler in the polymer manufacturing industry.  
 
Fillers are generally used in polymeric materials to reduce their production costs and to 
improve selected characteristics of the final product. The physical properties of fly ash 
make it suitable for application as filler; in particular, its spherical shape which facilitates 
dispersion and fluidity within these materials. Furthermore, compared to conventional 
fillers the low density and cost of fly ash adds to the list of advantages. 
 
Research in the field of utilizing fly ash as filler in different polymeric materials is 
growing exponentially. Examples of these studies includes the work by Alkan2 who 
studied the incorporation of fly ash into polyethylene; while Ma3 investigated changes in 
the properties of fly ash – polypropylene systems after coupling agents were added. 
Yang4 studied the surface modification of purified coal fly ash, with subsequent 
application in polypropylene. One of the principle problems that occur whenever fly ash 
is used as filler in polymers is that there is no binding between the polymer and fly ash, 
with the consequence that the quality of the product is unsatisfactory. If the surface 
properties of fly ash can be modified in such a way that this problem is conquered, a 
new market for the utilization of fly ash can materialize. 
 
Nath5,6 addressed this problem by studying the effect of surfactant modified fly ash on 
the properties of composite films fabricated with polyvinyl alcohol (PVA). Their results 
showed an enhancement in the physical properties of the polymer, which they attributed 
to the elimination of particle-particle interaction, and a better distribution of fly ash within 
the polymer. The morphology of the fly ash used in the study performed by Nath et al 
differs from that of South African fly ash, and the method would not necessarily be 
successful when applied to South African fly ash. 
 



 

The purpose of this paper is to report on the characterization of the surface of a typical 
South African coal fly ash, modified by sodium lauryl sulphate (SLS), and to elaborate 
on the problems and challenges experienced in characterization of the product. The 
method developed by Nath et al was used as a guideline for this work. The effect of 
water and the mechanical action associated with the preparation method on the 
properties of the modified fly ash sample was investigated by comparing the results to 
samples where only distilled water was used. 
 
 
EXPERIMENTAL 
 
Materials 
 
The coal fly ash utilized in this study was obtained from the Ash resources Pty Ltd Ash 
beneficiation site at the Lethabo Thermal Power station located at Lethabo, South 
Africa. This material is marketed under the name SuperPozz®

, and currently finds 
application in mainly the construction but also the rubber and polymer industries. This 
fly ash sample is classified, with 95% of its particles having a diameter of < 5 µm. 
 
Sodium Lauryl Sulphate (SLS) with a purity of 98% was obtained from Merck. 
 
Coal Fly Ash modification 
 
For the chemical modification experiments, 20g of fly ash was either mixed with 200 ml 
distilled water or the relevant SLS solution. The effect of varying the surfactant 
concentration (0.1%, 0.5% and 2.0% wt), temperature of treatment (50 °C and 80 °C) as 
well as treatment time (6, 18 and 66 hours) was studied. The fly ash aqueous 
suspensions were treated in a shaking waterbath at the relevant temperature while 
shaking continuously at 130 revolutions per minute. Thereafter, the samples were 
filtered and washed numerous times, and dried for 2 days at 50 °C in a laboratory oven. 
 
Characterization techniques 
 
The X-ray fluorescence analyses were performed on an ARL9400XP+ spectrometer 
(Thermo ARL, Switzerland). The samples were ground to <75 µm in a tungsten carbide 
milling vessel and roasted at 1000 °C to determine the loss on ignition. A mixture of 1 g 
sample and 6 g Li2B4O7 was then fused into a glass slide. Major element analyses were 
executed on the fused bead. 
 
X-ray powder diffraction analyses were carried out on a PANalytical X’Pert Pro powder 
diffractometer with X’Celerator detector and variable divergence- and receiving slits with 
Fe filtered Cu Kα radiation. The phases were identified using X’Pert Highscore plus 
software. The relative phase amounts were estimated using the Rietveld method 
(Autoquan Program). Twenty percent silicon (Aldrich 99% pure) was added to each 
sample for the determination of amorphous content. The samples were then prepared 
for XRD analysis using a back loading preparation method. 



 

 
TGA-IR analyses were performed on a Perkin Elmer Spectrum 100 FT-IR spectrometer 
coupled to a Perkin Elmer TGA 4000 Thermogravimetric Analyzer. Approximately 20g 
was placed on an alumina pan and heated in air at 10 ºC/min. 

Mid-infrared spectra were recorded with a Brüker 70v Fourier transform infrared (FTIR) 
spectrometer, by placing the finely grounded samples in a diamond ATR (attenuated 
total reflection) cell. The resolution was 2 cm-1 and 32 scans were signal-averaged in 
each interferogram. 

To study the morphology of the untreated and treated fly ash samples, they were 
mounted on a double-sided carbon tape by dipping carbon stubs into the samples. 
Excess material was removed by gentle blowing with compressed nitrogen. The 
samples were then coated with gold using a Sputter-coater (Emitech K550X, Ashford, 
England). A JEOL JSM 840 Scanning Electron Microscope (SEM), operated at 5kV, 
was used to view the samples. Images were collected with the aid of a flame-grabber 
(Orion Version 6). 
 
A JEOL JEM 2100F TEM with EDS was used to study the topography of the fly ash. 
The samples were dispersed in 100% ethanol with sonication. A drop of the diluted 
suspension was poured onto a copper grid which was then placed into the sample 
injection holder for analysis. 
 
Particle size distribution (PSD) of untreated and SLS-treated fly ash particles was 
obtained by laser diffraction (Malvern Mastersizer 2000 fitted with a Hydro 2000G 
dispersion unit, Malvern Instrument Ltd. Worcester, UK) to examine the effect of SLS 
treatment on the size distribution and the water dispersion characteristics of fly ash 
particles. Scattered light data were recorded from 2000 to 5000 snapshots of 10 µs. A 
polydisperse mode of analysis and a refractive index of 1.533 with an adsorption of 0.1 
were chosen. Size data collection was performed at constant obscuration in the range 
10–20%. 
 
Carbon and sulphur analysis were done using an Eltra CS 800 Double Dual Range 
system.  Between 50 and 200 mg of milled sample (< 75 µm) was weighed into a 
ceramic crucible. Iron and tungsten chips were added, mixed and then combusted in a 
stream of oxygen. Carbon and sulphur is converted to CO2 or SO2 respectively. These 
gasses were detected using four infrared absorption detectors. The instrument was 
calibrated using certified carbon and sulphur standards (Euronorm-CRM 484-1 
Whiteheart malleable iron and Leco No 501-502).   
 
 



 

RESULTS AND DISCUSSION 
 
 
Chemical Analysis by XRD and XRF 
 
The chemical composition of Lethabo fly ash is presented in Table 1. The composition 
is typical of a Class F coal fly ash, and the low loss on ignition value is an indication that 
the ash contains a very low percentage moisture, carbonates and hydroxides. This 
result was confirmed by TGA analyses, reported later in this paper. 
  
 
Table 1 Chemical composition of Lethabo fly ash (Class F), as determined by 

XRF analysis. All values are reported as weight percentages; only 
major elements are reported. 

   
Compound Concentration 

SiO2 49.30 

TiO2 2.01 

Al2O3 33.97 

Fe2O3 5.78 

MnO 0.05 

MgO 0.99 

CaO 5.06 

Na2O <0.01 

K2O 0.87 

P2O5 0.59 

Cr2O3 0.07 

NiO 0.05 

V2O5 0.04 

ZrO2 0.08 

Loss on Ignition 0.52 

TOTAL  99.39  
 
 
 
The qualitative and quantitative results obtained from XRD analysis are presented in 
Figure 1 and Table 2 respectively. The amorphous content of the ash was determined 
to be 62.0 % by weight, while the major crystalline phases observed were quartz (SiO2), 
mullite (Al4.56Si1.44O9.72), and small amounts of calcite (CaCO3) and magnetite. No 
significant difference was observed in the quantitative analysis of the untreated and SLS 
modified fly ash. 
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Figure 1 XRD spectrum of Lethabo Fly Ash before chemical modification  

(raw fly ash) 
 

 

 

 

 

Table 2 XRD quantitative results of the raw and modified fly ash 
 

Untreated Fly Ash SLS modified Fly Ash 

Content Weight % 3σ error Weight % 3σ error 

Amorphous 62.0 1.4 62.8 1.4 

Mullite 31.8 1.2 31.1 1.2 

Quartz 6.2 0.69 6.1 0.66 

 
 
 
 



 

Dispersion of untreated and modified Lethabo coal fly ash in water 
 
Particle size distribution of the untreated and modified coal fly ash samples was 
determined by laser diffraction. Part of the method entails dispersion of the solid sample 
into water. Upon performing these measurements, it was observed that there is a 
remarkable difference in the appearance of the untreated and SLS modified fly ash in 
water. To illustrate this effect, the same amount of fly ash was dispersed in  
200 ml of distilled water by means of stirring with an overhead stirrer. The difference in 
dispersion conditions of the two samples is illustrated in Figure 2. The SLS modified fly 
ash sample was prepared in a 2.0% (by weight) SLS solution, in which the fly ash was 
treated for 6 hours at 80°C. From these results, it seems that the surface of the   SLS 
modified fly ash has become more hydrophobic in comparison to that of the untreated 
fly ash. 
   
 

         
(a)      (b) 

 
Figure 2 Comparison between the dispersion conditions of (a) untreated and (b) 

SLS modified fly ash in water 
 
 
 
Morphology of untreated and modified coal fly ash 
 
The morphologies of the untreated and a SLS modified coal fly ash are presented in 
Figure 3. The studied coal fly ash samples have good sphericity, but agglomeration of 
the glass spheres might introduce problems with workability upon compaction of this 
type of fly ash into polymeric materials.  
 
Comparing the untreated and SLS modified fly ash samples; it seems that the degree of 
agglomeration reduced significantly in the modified samples. This effect was more 
prominent for the fly ash samples treated in the 2.0% SLS solution. The reduction in 
agglomeration in the samples treated in distilled water can be attributed to the breaking 
of agglomerates due to the mechanical action of the shaking waterbath.  



 

Previous results have shown that insufficient washing of the SLS modified fly ash may 
induce the recrystallization of small amounts of SLS. These SLS crystals could clearly 
be observed in previous SEM images. No evidence could be found of pure SLS 
crystallites in the samples presented in this paper, and it seems that the washing 
method employed during sample preparation was adequate. 
 
 
 

     
                             (a)                                                                      (b) 
 
 

    
                            (c)                                                                      (d) 
 
 
Figure 3 SEM images of (a) the untreated Lethabo fly ash 
 (b) fly ash treated for 66 hours at 80 °C in distilled water,  
 (c) SLS modified fly ash (0.5% SLS, 66 hours at 80 °C) and  
 (d) SLS modified fly ash (2.0% SLS, 66 hours at 80 °C) 
  



 

Topography of untreated and SLS modified fly ash 
 
The results obtained from Transmission Electron Microscopy (TEM) and the 
corresponding EDS measurements are summarized in Figures 4 - 6. 
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Element Weight % Atomic %  

C 56.1 70.4  

O 14.4 13.6  

Al 13.6 7.6  

Si 15.9 8.5  

    

(c) 
 

Figure 4 (a)  TEM image, (b) Converted SEM image indicating the region 
analyzed by EDS, and (c) EDS analysis of untreated Fly Ash 

 



 

 
 
Figure 5 TEM image of fly ash treated for 18 hours in distilled water at 50 °C 
 
 
 

       
                       (a)                                                              (b) 
 

Figure 6 (a)  and (b) TEM images taken of different fly ash spheres modified in 
 2.0% SLS at 80 °C;  

*



 

 

      
                       (c)                                                              (d) 

  
 

    
 

Element Weight % Atomic %  

C 81.4 87.6  

O 11.6 9.4  

Si 5.3 2.5  

Ca 1.7 0.6  

    

(e) 
 

Figure 6 (c) Higher magnification of the surface of the fly ash sphere in the 
 previous picture, marked with a green asterisk (*);  

 (d) Converted SEM image indicating the region analyzed by EDS, and 
 (e) EDS analysis of Fly Ash modified in 2.0% SLS at 80 °C. The 

 analyzed regions reported are indicated as spectrum 2 and 3 in 
 figure (d). 

 



 

Most of the TEM images show carbonaceous agglomerates on the surface of the fly ash 
spheres. However, there is a distinct difference between the morphology and elemental 
composition of these agglomerates on the untreated and SLS modified fly ash. There is 
a significant difference in the amount of carbon on these surfaces; with the surface of 
the SLS modified containing more carbon than that of the untreated fly ash. These 
results were confirmed by repeating the EDS analysis on other areas on the surface of 
the fly ash particles of interest. 
 
Another interesting observation, which has been confirmed by the results obtained from 
the FT-IR measurements, is that not all SLS modified fly ash particles were covered 
with agglomerates to the same degree. This is depicted in Figure 6 (a) and (b). Some fly 
ash particles had a low degree of coverage, while others were covered extensively. 
Also, the needle-like shape of the agglomerates on the SLS modified fly ash was 
different from that of the agglomerates observed on the untreated and water treated fly 
ash surfaces, which were more rounded in shape. 
 
Both Chen7 and Hower8 have described the occurrence of carbonaceous agglomerates 
on different types of fly ash particles. Chen performed a TEM study on ultrafine fly ash, 
and described the morphologies of soot aggregates on the fly ash surface to have 
branching chain-like structures. The typical particle size of a these aggregates was in 
the region of 20 - 50 nm. The micro textures of these soot particles were described as 
consisting of concentrically stacked graphitic layers. These results were confirmed by 
Hower et al, who described the soot particles to have a “fullerene-like nanocarbon with 
concentric ring-structure”. 
 
However, the morphology of the agglomerates described by these authors was distinctly 
different from that observed in the SLS modified fly ash in this study. Further 
investigation in this regard needs to be performed.  
 
 
 
FTIR spectroscopic analysis of the different fly ash samples 
 
The mid-infrared spectrum of the sample treated with 2.0% SLS at 80°C for 6h is shown 
in Figure 7. For comparative purposes the spectrum of pure SLS and the untreated fly 
ash is included in the figure.   
 



 

 
The most prominent peaks in the spectra are of the untreated fly ash, consisting of 60% 
silica aluminium glass, and originate from Si-O and Al-O stretch vibrations. The peaks 
are quite broad and no evidence of other crystalline phases could be observed in the 
spectra as both quartz and mullite (Table 2) have peaks in the same region as the 
glass. In Figure 7 small sharp peaks at the exact positions of the SLS bands are clearly 
visible in the spectrum of the modified fly ash. A closer look (see insert) shows that the 
peaks at 1248 and 1216 cm-1, assigned to S-O stretch vibrations, have shifted slightly 
towards lower wavenumbers, which is an indication that there might be interaction 
between the SLS and the fly ash surface. As the shift is quite small this could be 
attributed to electrostatic interaction. As the peaks in the C-H stretch region do not 
display a shift it points to interaction through the sulphate anion implying that the 
hydrocarbon chain is aligned outwards from the fly ash kernel. This would explain the 
hydrophobic behaviour observed in the dispersion experiments and is also in line with 
the shape of the protrusions observed in the TEM photographs.  It should be noted that 
this was not observed in all of the spectra recorded for this sample which suggests that 
the particles are not evenly coated with SLS, which is in accordance with the results 
obtained from the TEM micrographs. In some of the spectra recorded on other modified 
samples the same peaks were observed, but with lower intensities. 
 

 
 
Figure 7 Comparison of FT-IR spectra of pure SLS, untreated fly ash, and SLS 

modified fly ash 
 



 

Thermogravimetric analysis of pure SLS and SLS modified fly ash  
 
The results obtained from TGA-IR analyses of the untreated and SLS modified fly ash 
are presented in Figures 8 and 9. SLS decomposes in the region 200 - 300 °C, and 
therefore TGA-IR measurements were performed only up to 400 °C. The very small 
weight loss percentage (0.1%) observed for the raw fly ash (Figure 8) over the 
temperature range of interest, can be ascribed to loss of moisture and oxidation of 
residual coal, present in low percentages in the fly ash. This was confirmed by the 
occurrence of the CO2 band in the FT-IR of the decomposition gas, taken at 288 °C.  
FT-IR spectra of the decomposition products are acquired at regular time intervals 
throughout the thermal measurement performed in the TGA. No other decomposition 
products were observed within the detection limits of the instrument. 
 
Thermal analysis of SLS modified fly ash portrayed a different picture, as can be seen in 
Figure 9. A significant weight loss was observed in the temperature range 230 - 250 °C, 
and two different decomposition products were observed in the FT-IR data. Firstly, a C-
H stretching vibration was observed and was found to be strongest at a corresponding 
TGA temperature of 236 °C, which is consistent with the 0.4% weight loss observed at 
this temperature. This decomposition product can be ascribed to the presence of 
hydrocarbons originating from the SLS in the modified fly ash sample. Secondly, the 
vibrational bands of CO2 were also observed over a wide temperature range, and were 
found to be strongest at 319 °C. This can once again be ascribed to the presence of 
residual coal within the fly ash. 
 
 
 

    
 
Figure 8 TGA-IR results obtained for the untreated Lethabo fly ash 



 

 

 

    
 
 
Figure 9 TGA-IR results obtained for the SLS modified fly ash, treated in 2.0% 

SLS at 80 °C for 6h 
 
 
 
Effect of SLS modification on the particle size distribution of coal fly ash 
 
Particle size distribution data was obtained for water and the SLS treated fly ash 
samples. The results obtained for all treated samples were similar, irrespective of the 
treatment conditions. The data obtained for the samples treated for 6 hours at 80 °C is 
presented in Figure 10. The median particle size decreased upon treatment, with a 
corresponding reduction in the frequency (volume %). The shape of the lognormal 
distribution curves are wider towards smaller particle size fractions for the treated 
samples compared to that of the untreated fly ash, indicating that the amount of smaller 
particles have increased upon treatment. This may be an indication of dissipation of 
electrostatic charge and the breakdown of agglomerates in the shaking waterbath, since 
the effect was similar for all treatment solutions and not more pronounced for SLS 
treated samples.  
 



 

 

 
 
Figure 10 Comparison of the lognormal size distributions of untreated fly ash, 

and samples treated in distilled water and SLS for 6 hours at 80 °C.  
 
 
 
CONCLUSIONS 
 
Although the chemical composition of the SLS modified coal fly ash investigated in this 
study was not altered extensively, significant changes could be observed in its physical 
properties. This study aimed to report on the characterization of SLS modified South 
African coal fly ash, using the method described by Nath as a starting point. From the 
results obtained, it is evident that further investigations need to be performed in order to 
fully understand the interactions between SLS and fly ash. The occurrence of 
carbonaceous agglomerates on the surface of the SLS modified fly ash was confirmed 
by TEM-EDS, but its exact structure and composition is not known yet. This will be 
investigated further in forthcoming studies. Results obtained from FT-IR and TGA-IR 
studies were promising in the sense that hydrocarbon fractions could be observed in the 
TGA-IR decomposition products. The possibility of interactions between fly ash and SLS 
could be deduced from the FT-IR results of the solid samples, due to a small shift in 
peak positions of the S-O stretch, which may be indicative of electrostatic interactions 
rather than bonding interactions between SLS and fly ash. 
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