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ABSTRACT 
Metal leaching from coal fly ashes into the environment is of a much concern. A series of batch tests 
were performed to investigate the potential leaching of metals from fly ash modified with organosilane 
(OS) and quaternary ammonium surfactant (SF). The fly ash was collected at the Figueira Thermal 
Power Plant, located in the city of Figueira, State of Paraná. Firstly, the influence of ash mass/water 
volume ratio on the concentration of the elements in the leachates from untreated fly ash was evaluated. 
Subsequently, the capacities of immobilization of toxic elements by the different immobilizing agents 
were determined by measuring the pH and conductivity of the leachates from the treated fly ash. A 
significant reduction in the concentration of the elements was observed for all the leachate samples 
obtained from the ashes treated with OS. The concentrations were reduced by 89%, 77%, 42% and 11% 
for Cr, Mo, As and Se, respectively. When SF was used for the ash treatment, the concentration 
reduction in the leachates was found to be above 60% for all elements. These results show that both the 
OS  and  SF  can  be  used  as  immobilizing  agents  for  the  retention of  toxic  elements  presented in  
coal ashes. 
Keywords:  coal ashes, metal immobilizing agents, organosilane, surfactant. 

1  INTRODUCTION 
Industrial activities, whether in the transformation of raw materials for the production of 
consumer goods or obtaining industrial products, generate a large amount of solid waste and 
wastewater that need to be recycled, treated or discharged in a way to avoid damage to the 
environment.  
     The most viable method from both environmental and economic points of view is the 
reuse of these wastes in other industrial processes, making the manufacturing industry more 
sustainable as a whole. However, many by-products do not find an applicable use for other 
industrial processing, and often have low consumption in some markets. In this context, the 
energy generation plants, particularly coal-fired power plants, are parts of the industrial 
activities to produce a large amount of waste, coal combustion products (CCPs) or coal ashes, 
which are not completely reused in other processes. The surplus products of coal combustion 
are thus disposed in different ways, such as ash landfills, abandoned mines, sedimentation 
ponds, settling basins, etc. [1]–[3].  
    In Brazil, coal ash wastes are dumped in order to minimize their disposal and monitoring 
costs [4], which may, somehow, not avoid contamination on sites where they are deposited. 
In addition, storage of coal ashes in sedimentation ponds occupies large land areas, which 
could be used for other purposes, such as agriculture. Moreover, this type of disposal can 
generate various and serious environmental problems in the future. Therefore, studies of 
leaching and stabilization of coal combustion by-products are necessary in order to avoid 
the contamination in soil, surface water, groundwater and vegetation. It is well-known that 
the residue has high levels of trace dangerous elements such as As, Cr, Mo, Ni, Se, and 
others [3], [5]. Those elements tend to concentrate mainly on the fly ashes in a smaller 
particle size [6].  
     Some immobilizing agents have been used to prevent the leaching of the toxic elements 
in coal ash, for example, surfactants, iron sulfate and iron chloride III [3], [7], [8].  
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     In addition, Daniels et al. [9] reported that inorganic compounds, organic substrates (such 
as synthetic polymers), biochemical compounds (as biofilms) can also be used to immobilize 
trace elements from ashes. Recent studies have shown that silicon-containing organic 
compounds, organosilanes, can be mixed with coal ash to form a nanocomposite with 
hydrophobic surface, which can reduce the hydraulic conductivity of the ash and thus, 
alleviate the leaching capacity of toxic elements [9], [10]. Surfactants, similarly, can also 
modify the surface of the ashes, making it as a hydrophobic material to prevent the contact 
of its surface with the aqueous medium [11], [12]. 
     Thus, the aim of the present work was to study the immobilization of the main toxic 
elements presented in coal fly ash by treatment ashes with immobilizing agents to reduce the 
possibility of environmental impacts of coal ash disposal.  

2  MATERIALS AND METHODS 

2.1  Materials 

All the reagents used for the studies were of analytical grade. A coal fly ash from baghouse 
filter (CBF) was collected at the Figueira coal-fired power plant located in Paraná State, 
Brazil. Details of the characterizations of the CBF have been given in the previous papers 
[13], [14].  
     The quaternary ammonium salt, hexadecyltrimethylammonium bromide (HDTMA-Br, 
CH3(CH2)15N+(CH3)3Br-; M.W. = 364,45 g mol-1), and the organosilane 
ethoxytrimethylsilane (ETMS, C5H14OSi; M.W. = 118,25 g mol-1) from Merck were used for 
ash modification. 

2.2  Preparation of modified fly ash 

Stock solutions of ETMS (6.4 mol L-1) and HDTMA-Br (0.9 mol L-1) were prepared and 
were diluted in the ratios of 1:10, 1:100 and 1: 1000 (v/v). The diluted samples were mixed 
with fly ash at a ratio of 5 g of fly ash to 10 mL of ETMS or HDTMA-Br solutions. The 
suspensions were vigorously mixed until pasty-like solutions were obtained and then were 
allowed to dry at room temperature. The samples of the modified fly ash with ETMS and 
HDTMA-Br are listed in Tables 1 and 2, respectively. 

Table 1:  Samples of organosilane-modified fly. 

Sample ETMS: water ratio (v/v) 

OMF-1 1:10 

OMF-2 1:100 

OMF-3 1:1000 

Table 2:  Samples of surfactant-modified fly ash. 

Sample HDTMA-Br: water ratio (v/v) 

SMF-1 1:10 

SMF-2 1:100 

SMF-3 1:1000 
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Table 3:  Samples of untreated fly ash. 

Sample Liquid-to-solid ratio (mL:g) 

UFA-1 10:1 

UFA-2 20:1 

UFA-3 30:1 

UFA-4 40:1 

UFA-5 50:1 

2.3  Leaching tests 

2.3.1  Leaching tests with untreated fly ash 
The methodology of the leaching test was described previously in a reference [10]. A mass 
of 2.5 g of untreated fly ash (UFA) was mixed with deionized water in different proportions, 
as shown in Table 3. The samples were shaken manually and were allowed to stand for 24 h. 
After that, the slurries were filtered with a Nalgon filter paper (0.45 micrometer). 
     The pH and conductivity of the leachates were determined immediately after the 
collection using a pH probe (Orion Model 91560) and a conductance meter (YSI Model 35), 
respectively. The remaining solutions were then analyzed by inductively coupled plasma 
optical emission (ICP-OES – Spectro, Modelo Arcos). 

2.3.2  Leaching tests with treated fly ash 
A mass of 2.5 g of treated fly ash samples (Tables 1 and 2) was mixed with deionized water. 
The water: fly ash (L/S) ratio was defined in the leaching test described above in section 
2.3.1. The samples were shaken manually and were allowed to stand for 24 h. After filtration, 
the leachates were analyzed as previously described.  

3  RESULTS AND DISCUSSION 

3.1  Influence of volume water/mass fly ash ratio on the metal leaching 

The batch leaching test for coal fly samples was designed to simulate leaching under rain or 
other water washing. The ratio of the volume of leaching solution to the mass of fly ash (L/S) 
is one of the important factors affecting the leaching extent of trace elements from the ashes. 
A lower L/S ratio represents restricted throughput, while increasing the L/S ratio indicates 
higher throughput of water through the ash as expected in an open disposal pond. Tab. 4 
shows the concentrations of some elements in the leaching behavior from the original fly ash. 
The metals analyzed include Al, Cr, Zn, Mo, As, Cd, Pb and Se and were selected due to 
their high levels in coal fly ash samples of Figueira coal-fired power plant according to 
previous studies [5], [15].  
     It is observed that Cd and Pb practically did not leach from the ash regardless of L/S ratio 
as their concentrations were below the detection limits in most of the leachates at all L/S 
ratios. In general, the concentrations of the elements in leachates gradually decreased at 
higher L/S ratios, except Zn without any trend. The decreasing concentration of an element 
with increasing L/S ratio indicates that, with time, the concentration of that particular element 
in the leachate would reduce [16].  
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Table 4:  Samples of untreated fly ash. 

Element 

Concentration 

(mg L-1) 

UFA-1 UFA-2 UFA-3 UFA-4 UFA-5 

Cr 0.235 0.127 0.107 0.084 0.073 

Zn 0.0237 0.0147 0.0106 0.0315 0.072 

Mo 1.16 0.583 0.45 0.03412 0.287 

As 1.53 1.40 1.2 1.30 1.35 

Cd <0.0013 <0.0013 <0.0013 <0.0013 <0.0013 

Pb <0.004 <0.004 <0.004 0.0072 0.031 
Se 0.068 0.034 0.032 0.025 0.025 

 
     The high leachability of elements is related to the fractions of water soluble and/or 
exchangeable compounds. The relatively lower leachability could be related to the significant 
amount of the element associated with moderately reducible amorphous iron/aluminum 
oxides and with crystalline Fe oxides or bound to organics/sulfides [3].   
     According to Table 4, arsenic, molybdenum, chromium and selenium presented higher 
concentrations in the leachate at 10:1 L/S. Taking into account the value of leaching degree 
of each element, it can be concluded that the degree of leaching is decreasing in the following 
order: As > Mo > Cr > Se.  
     In coal fly ash, As, Cr, Mo, and Se can be presented as surface enrichment, impurities in 
crystalline components, or as discrete accessory crystalline phases [17], [18]. Previous 
studies indicated that As, Cr, Mo, and Se existed as oxyanions in all fly ash leachate solutions 
[19]. Therefore, in this study, these elements (As, Cr, Mo, and Se) were selected as the target 
elements in the leaching tests under an L/S ratio of 10:1 with modified fly ash due to human 
and environmental health concerns. In ASTM D3987 test, solid-to-liquid (L:S) ratio is 
generally applied between 3:1 and 10:1 [20].  

3.2  The effect of immobilizing agents  

The leaching tests for the treated fly ash with organosilane are shown in Table 5. The 
concentrations of the four elements in leachates were decreased after the treatment of fly ash 
with ethoxytrimethylsilane. However, there was no significant difference at the three 
dilutions. 
     Samples of organosilane-modified fly ash presented significant reductions in Cr and Mo 
elements (77–90%), while for As and Se, the reductions (40–65%) were less pronounced. 
The selenium concentration in OMF-2 sample is higher (12% mobility reduction). The 
difference in leaching behavior of this sample can be attributed to the heterogeneity of the 
coal fly ash. 
     The concentrations of elements in the eluted solution from surfactant treated fly ash 
samples are presented in Table 6. The dosage of surfactant can affect the effectiveness of 
surface modification significantly [8]. 

 
 www.witpress.com, ISSN 1743-3541 (on-line) 
WIT Transactions on Ecology and the Environment, Vol 215, © 2018 WIT Press

390  Environmental Impact IV



Table 5:    Trace elements leached from untreated fly ash and organosilane-modified fly ash 
samples. 

Element 

C (mg L
-1

) 

Fly ash without 

treatment 
OMF-1 OMF-2 OMF-3 

Cr 0.235±0.004 
0.020 ± 0.001 0.024 ± 0.001 0.034 ± 0.001 

Mo 1.16±0.01 
0.280 ± 0.004 0.265 ± 0.004 0.262 ± 0.001 

As 1.53±0.05 
0.890 ± 0.01 0.875 ± 0.006 0.757 ± 0.003 

Se 0.068±0.002 
0.035 ± 0.002 0.060 ± 0.001 0.024 ± 0.001 

 

Table 6:    Trace element leached from untreated fly ash and surfactant-modified fly ash 
samples. 

Sample Elements 

Cr Mo As Se 

Fly ash 

without 

treatment 

0.235±0.004 1.16±0.01 1.53±0.05 0.068±0.002 

SMF-1 0.020 ± 0.0009 0.990 ± 0.07 0.282 ± 0.01 0.0132 ± 0.002 

SMF-2 0.0267 ± 0.001 1.014 ± 0.07 0.445 ± 0.07 0.0161 ± 0.003 

SMF-3 0.0186 ± 0.005 0.410 ± 0.03 0.448 ± 0.03 0.0162 ± 0.003 
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     According to adsorption of ionic surfactants onto solid surface, various forms of the 
surfactant aggregate: monolayers, bilayers, or variations between the two forms, are 
presented, depending on the surfactant concentration. Therefore, there is a difference of 
surfactant molecular configuration as well as the fractional organic carbon content [21], [22] 
on ash samples.  
     In addition, the surfactant concentration also influences the hydrophobicity of the 
material. The highest hydrophobicity degrees are achieved at higher dosages of surfactant up 
to the optimum value. Beyond that, further increase in surfactant dosages resulted in the 
decrease in hydrophobicity [8], [23]. This effect can be due to multi-layer adsorption of the 
surfactant causing sticking of particles on the surface of fly ash, or a change in surfactant 
orientation to expose hydrophilic head groups, causing a charge reversal on the surface [24].  



     According Table 6, all the treatment showed ~90% reduction of Cr leaching. The 
treatments also reduced the mobility of Mo from all the fly ash samples by 13–79% reduction 
and showed a significant reduction in As and Se from the fly ash (60–80%). In general, the 
mobility reduction of trace elements after treatment of the ash with SF followed the 
descending order: Cr> Se> As>Mo. The order observed with organosilane-modified fly ash 
samples was Cr> Mo>Se>As. A study reported a 100% decrease in the leachability of Cr in 
organosilane-treated fly ash but less effective for As, B and Se [9]. 

3.3  Mechanism of adsorption of immobiling agents on coal ash 

Fly ash is mainly composed of silicon dioxide, aluminium oxide and iron (III) oxide, which 
are polar compounds, making the fly ash hydrophilic. One common means of imparting 
hydrophobic properties to surfaces is the process known as silylation of fly ash surface with 
organosilane or use of surface-active agents [9], [11], [12] will make the surface hydrophobic.  
     Previous studies have suggested that the main benefit of organosilane modification is 
derived from the covalent bonding between the organic modifier and the siliceous substrates 
present on the surface of the fly ash [9], [25]. The process of surface modification of fly ash 
with organosilane is shown in Fig. 1. 
 

 

Figure 1:    Schematic illustration of the hydrolytic deposition of the organosilane. 
ethoxytrimethylsilan on the fly ash surface. (Source: adapted from 
Hydrophobicity, hydrophilicity, and silane surface modification, 2017.) 
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Table 7:  pH and electrical conductivity values in fly ash leachates samples.  

Samples 
pH  Conductivity (µS/cm) 

Fly ash without treatment 9.03 ± 0.11 441.97 ± 3.28 

CNT 8.45 ± 0.002 455.32 ± 2.51 

OMF-1 8.00 ± 0.02 480.22 ± 1.89 

OMF-2 8.22 ± 0.06 421.47 ± 3.42 

OMF-3 7.10 ± 0.01 355.02 ± 3.48 

SMF-1 7.27 ± 0.03 331.43 ± 1.74 

SMF-2 7.58 ± 0.02 327.00 ± 3.50 

SMF-3 7.41 ± 0.001 331.43 ± 2.02 

 
     The reaction scheme for the surface modification of fly ash with a surfactant is shown in 
eqn (1). HDTMA-Br reacts readily with free hydroxyl groups on the fly ash surface to form 
a Si–O–N–C moiety [11], [12]. 
 

Si–OH + Br[(CH3)3NC16H33]→ Si–O–N[(CH3)3(C16H33)] + HBr.                 (1) 
 

3.4  Effect of different treatments on leachate pH and conductivity from fly ash samples 

The pH and conductivity values of the leached fly ash samples are shown in Table 7. The pH 
values of leachate from untreated fly ash and fly ash treated with organosilane were alkaline. 
This was due to the hydrolysis of metal oxides in fly ash [27], [28]. 
     According to Table 7, the pH values of the ash treated with surfactants had a pH close to 
7.0, a neutral character. This fact can be attributed to the formation of HBr when the substrate 
binds to the surface of the ash, according to eqn (1). 
     The conductivity values of the untreated ash and treated with organosilane were very close 
(Table 7). The conductivity values of the ash treated with HDTMA-Br were lower than the 
values obtained for the other samples showing that the surfactant is more efficient to prevent 
the release of ions in solution. 

4  CONCLUSION 
Batch leaching tests of a coal fly ash sample showed the presence of several environmentally 
available trace elements, mainly As, Cr, Mo, and Se. Moreover, as was the most labile and 
Se was the least mobile of the oxyanion-forming trace elements. It was also found that some 
elements, like Cd and Pb were insignificant in the leachates. The elements showed the 
maximum concentrations in the leachate at low L/S of 10. The treatments with 
hexadecyltrimethylammonium bromide and ethoxytrimethylsilane were shown to be an 
effective method for the sequestration of the oxyanion presented in coal fly ash. In general, 
mobility reduction of the metals was in the range 50–90% for most treatments. 
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