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ABSTRACT  
The leachability and speciation of inorganic trace pollutants of oxy-coal combustion 
fly ash from a 20MWth oxy-pulverised coal combustion (oxy-PCC) demonstration 
plant have been evaluated. Collected oxy-coal fly ashes show significant differences 
in their particle size distribution (PSD) and chemical composition as a result of the 
oxy-fuel combustion operating conditions. While the variation of the PSD in the oxy-
coal fly ash can be considered as indicative of the formation of ultrafine particles by 
the enhanced oxygen concentration, the differences in the chemical composition are 
attributed to the accumulated CO2-rich flue gas recirculation back to the boiler with 
high impurities of inorganic trace contaminants. The evaluation of the leaching 
results and the waste acceptance criteria at landfills reveals that all oxy-coal fly 
ashes can be accepted at non-hazardous waste landfills. However, the leachable 
concentration of Zn, As, Mo, Cd, and Sb are well above the inert range in the oxy-
FAs, and that of Cr, Mo and Se is the upper inert range and close to nonhazardous 
in some oxy-coal fly ash leachates. Consequently, the potential risk of contaminating 
the oxy-coal fly ash with excessive amounts of trace contaminants can be very 
critical to the configuration of an oxy-fuel combustion power plant at full-scale. 
 
Keywords: Oxy-coal combustion fly ashes; PSD; CO2-rich flue gas recirculation; 
inorganic trace contaminants; leaching 
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1. INTRODUCTION 

Oxy-fuel combustion has been considered a solid option for the capture of CO2 for power 

plants [1]. However, the feasibility of this technology is yet to come at full-scale. Critical 

aspects of oxy-fuel combustion are associated to changes in contaminant behaviour, the 

performance of existing contamination control devices, and more importantly, to the 

characteristics of the process effluents and by-products in an oxy-coal environment. 

 

The recirculation of flue gas or recycled flue gas (RFG) with significant quantities of 

contaminants may derive, especially in absence of a modular system for the CO2-rich flue 

gas treatment, in an increment of these in the oxy-coal fly ash (oxy-coal FA), which could 

later lead to environmental leaching problems if these are disposed of in landfills and/or 

reduce their reuse possibilities.  

 

The configuration of an oxy-fuel combustion power plant at full-scale can be very critical 

since there exist a potential risk of contaminating the oxy-coal FA with excessive amounts of 

trace contaminants, but systematic research is needed to better understand this effect. 

Accordingly, the aims of this work are to: 1) study the chemical composition of the oxy-coal 

FA produced at a 20MWth oxy-pulverised coal combustion (oxy-PCC) demonstration plant 

and to 2) evaluate the leachability and speciation of inorganic trace contaminants from the 

oxy-coal fly ash. Furthermore, the leachability and speciation of inorganic trace contaminants 

in the oxy-coal fly ash leachates is studied and compared with those produced under the 

conventional pulverised coal combustion (PCC).  

 

2. MATERIALS AND METHOD 

2.1. Oxy-fuel facility: first experiences 

CIUDEN’s CO2 capture Technology Development Plant (TDP) is the oxy-coal demonstration 

plant where we conducted our research. This facility consists of a 20 MWth pulverised coal 

(PC) boiler, operative under air- and full oxy-conditions, and a modular system for the CO2-

rich flue gas depuration consisting of a cyclone battery followed by a Boiler Feed Water 

heater (BFW-heater), and a Bag Filter (BF). CIUDEN’s CO2 capture TDP is also equipped 

with a CO2 compression and purification unit (CPU) where CO2 is generated under suitable 

conditions to be ultimately transported and stored (Figure 1). A detailed description of the 

technical features of the oxy-fuel facility including the OFA system has been previously 

presented by Córdoba and Diego [2]. 
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Figure 1. Diagram and process of the CIUDEN’s CO2 demonstration plant 

 

The 20MWth PC boiler is a vertical water-tube (7.6m x 4.5m x 24m) of natural circulation 

with draft balanced by forced and induced draft fans, with a selectable and adjustable 

furnace draft. The unit is equipped with 4 horizontal or wall firing burners, 2 arch firing 

burners, and 4 tangentially firing burners, which provide a very flexible design and wide 

range of operation conditions. The oxy-fuel combustion process under which we conducted 

our research was the 4 wall firing design. This configuration entails the disposition of the wall 

firing burners (5 MWth), located in the side walls of the boiler, two on each side facing each 

other.   

 

The most distinctive feature of the CIUDEN’s CO2 capture is the oxidant operation system 

required for oxy-fuel combustion which is obtained from mixing oxygen with the CO2-rich flue 

gas. The CO2-rich FGR goes back to the boiler to improve the heat transfer and to temper 

combustion and is divided into three oxidant streams: CB1, CB2, and CB3 (Figure 2). The 

CB1 is the primary oxidant stream that carries the pulverised coal into the burners and 

supplies part of the oxygen required to initiate ignition. The CB2, the principal source of 

oxygen, is divided into the CB2.1, CB2.2 and CB2.3 lines, the purpose being to complete the 

initiated combustion, thus achieving a global lower flame temperature. The CB3 is the 

source of the over-fire air (OFA) system whose purpose is to reduce oxygen availability early 

in the oxy-combustion process and to reintroduce it later through ports located overhead the 

combustion zone, thus reducing the formation of NOx.  
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Figure 2. Over-fire air (OFA) system at the CIUDEN’s CO2 capture demonstration plant. 
 

 

2.2. Sampling campaign 

The sampling procedure was based on collecting samples from all ingoing and outgoing 

flows to represent the specific burning process of the 20MWth oxy-PCC demonstration plant. 

Input and output flows were sampled in the oxy-PCC unit as well as in the depuration train 

under stable operating conditions on 1st-3rd July 2014 at 100% MCR (maximum capacity) 

and partial CO2-rich exhaust flue gas re-circulation back to the boiler.  

 

The target operating conditions identified together with the operators and the staff of the 

demonstration plant, monitored during the start-up and sampling campaign execution, to 

ensure the reliability of the sampling campaign under oxy-fuel combustion were the: oxidant 

operation system, air separation unit (ASU), CO2/O2 ratio, composition of FGR, % humidity 

in the FGR, flame stability, heat transfer rate, temperature profile in the burner, depuration 

train, and MCR. To this end, with the ASU in service, the start-up continued with the boiler 

transition load, which entailed the transportation of the pulverised coal in through the CB1 to 

feed individually each burner, delivering at the same time part of the oxygen necessary for 

combustion; the position of CB2.1, CB2.2 and CB2.3 through the burner, surrounding the 

central flame, to complete the initiated combustion and achieving a global lower flame 

temperature; and the reintroduction of O2 by the CB3 through the ports located above the 

combustion zone. Once the boiler reached full load and all permissives for coal firing met, 

the combustion process took place and the flame stability (flame associated-shape, 

brightness, extinction, oscillation, and frequency), swirl (S), heat transfer, temperature profile 

in the burner, and FGR were monitored 24 hours to ensure and keep the desired oxy-fuel 

combustion operating conditions over the 3 days of sampling. On the 1st sampling day, under 



5 
 

the above mentioned stable conditions, isokinetic flue gas measurements were carried out 

along the depuration train (cyclone, BFW-heater, and BF) and oxy-FAs were collected in 

order to evaluating whether the variations in both the flue gas composition and temperature 

profile of the oxy-fuel combustion process, compared to PCC, can impact the formation and 

transformation of FA and deposits.  

 

Flue gas measurements were conducted isokinetically (UNE-EN 1911:1998 and UNE-EN 

14385:2004) up and downstream the CO2-rich flue gas throughout the modular depuration 

system. To this end, a flue gas sample was isokinetically taken from the flue gas stream 

through a probe system containing a heated filter chamber to collect particulate matter (PM), 

while gaseous species diffused from the gas to the aqueous-trapping solutions phases 

preserved in ice bath impingers, which promoted the condensation of volatile species.  

 

A mobile unit equipped with an automatic and continuous measurement system (HORIBA 

PG-250) continuously sampled major gases O2, CO2, SO2, and CO. The measurement 

principles used by PG-250 are Non-Dispersive Infra-Red (NDIR) for CO and SO2; NDIR 

(pyro-sensor) for CO2; chemi-luminescence (cross flow modulation) for NOx and galvanic cell 

for O2 measurements.  

 

The sampling of the solid, including the oxy-coal fly ashes, and water streams was carried 

out simultaneously to the isokinetic flue gas measurements with the objective of obtaining 

accurate and reliable results. Solid samples: feed coal, bottom ash, and oxy-coal fly ash; and 

water samples: process water and boiler slag water, were collected twice a day. Bituminous 

coals were collected from the feeders, while the oxy-coal fly ashes were sampled from a 

sampling point that collects oxy-coal fly ashes captured in the cyclone battery, BFW pre-

heater, and BF. Bottom ash samples were collected from the boiler once discharged into the 

vessel.  

 

On the 2nd and 3rd sampling day, isokinetic flue gas measurements were also carried out 

along the depuration train and solid and water streams were collected following the same 

procedure and under the same stable operating conditions as that on the 1st sampling day.  

The configuration of the oxy-PCC process and the sampling points of oxy-coal fly ashes are 

shown in Figure 1. The operating conditions during the 3 consecutive days of sampling are 

provided as supporting information (Table 1). 

 

 



6 
 

Table 1. Operating conditions of the oxy-PCC demonstration plant during the campaign 

Operating conditions 

Load of power plant (capacity, %) 100 

Input feed fuel (Coal, kg/h) 2162 

Output FA (fly ash, kg/h) 214 

Output Boiler slag (kg/h) 216 

Boiler Slag water (kg/h) 34 

Gaseous stream OUT-cyclone (Nm3/h) 19930 

Gaseous stream OUT-BFW (Nm3/h) 14492 

Gaseous stream OUT-BF (Nm3/h) 10967 

Temperature OUT-Cyclone (ºC)  350-400 

Temperature OUT-BFW (ºC) 350-400 

Temperature OUT-BF (ºC) 180-200 

% CO2 OUT-Cyclone flue gas  80 

% CO2 OUT-BFW flue gas 75 

% CO2 OUT-BF flue gas 80 

% Humidity 21 

% CO2-rich flue gas recirculation 64 

% O2 boiler outlet 4.0 

% O2 depuration train flue gas 4.0 

 

The CO2-rich flue gas re-circulations back to the boiler were monitored from the 1st day of 

sampling, once reached the stable operating conditions, to the end of the sampling 

campaign as operation hours of work. Oxy-coal fly ash collected on the 1st sampling day are 

referred in this manuscript as the 1st set of oxy- coal fly ashes and those collected on the 2nd  

and 3rd sampling day are referred as the 2nd and 3rd  set of  oxy-coal fly ashes, respectively. 

It should be noted that the coal fly ash belonging to the 3rd set are those collected under a 

higher number of CO2-rich flue gas re-circulations back to the boiler.  

 

2.3. Chemical analysis 

The powder X-Ray Diffraction (XRD) data from the oxy-coal fly ashes were collected by a 

Bruker D8 A25 Advance, θ-θ diffractometer, with CuKα1 radiation, Bragg-Brentano 

geometry, and a position sensitive LynxEyeXE detector. The diffractograms were obtained at 

40kV and 40mA, scanning from 4º to 60º of 2θ with a step size of 0.019º and a counting time 

of 0.1s/step maintaining the sample in rotation (15/min). The crystalline phase identification 

was carried out using EVA software package (Bruker).  

 

The particle resolved composition and morphology of oxy-coal fly ashes were investigated 

by a Quanta 200 Scanning Electron Microscope with energy-dispersive X-ray analyser 

(SEM-EDX). The grain size distribution of FAs was determined by means of a laser light- 

scattering-based particle size, MALVERN Hydro 2000MU, with a working range from 0.2 to 

1000 µm. 
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The coal and oxy-coal fly ashes were homogenised, dried (60ºC) and split in different 

portions for further analyses. In addition, a portion of each homogenised coal and oxy-coal 

fly ash was separated and air-dried (lab temperature) for Hg analyses. A dried portion was 

acid-digested in duplicate by using a special two-step digestion method devised by Querol et 

al [3] to retain volatile elements. The determination of the major, minor and trace elements in 

the coal and oxy-coal fly ashes were determined by Inductively-Coupled Plasma Atomic-

Emission Spectrometry (ICP-AES) and Inductively-Coupled Plasma Mass Spectrometry 

(ICP-MS), respectively.  A number of reagent blanks and the standard reference materials 

NIST SRM 1633b (fly ash) and SARM 19 (South African coal, Council for Mineral 

Technology) were also digested along with the samples to determine the accuracy of the 

analytical and digestion methods.  The detail description of the mentioned analytical 

methods as well as the elemental recoveries (%) for the majority of certified elements are 

provided as supporting information (SI Analyses). 

 

Chlorine (Cl) contents in coal and oxy-coal fly ashes were determined by applying Eschka [4] 

method; while the determination of F was performed according to the pyro-hydrolytic 

extraction method described in ISO 11724 standard methods.  

 

2.4. Leaching experiments 

Leaching experiments following the standard EN12457-4 [5] according to the Council 

decision 2003/33/EC [6] were applied to the oxy-coal fly ashes in order to define the 

environmental characteristics concerning the leachability of trace pollutants of these by-

products. The detail description of the leaching experiments is provided as supporting 

information (Supporting Information, Chemical analyses). 

 

2.5. Geochemical modelling 

PHREEQC code [7] and the coupled thermodynamic database Lawrence Livermore National 

Laboratory (LLNL), based on theoretical calculations, are used herein to calculate the 

speciation of elements in the leachates from the oxy-coal fly ashes. The geochemical 

modelling was performed considering the experimental conditions (temperature and 

leachates pH) considered for the leaching process and the chemical composition of the oxy-

coal fly ash leachates. 

 

 

3. RESULTS AND DISCUSION 

3.1. Oxy-coal fly ash 
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Oxy-coal fly ashes are made of an alumina-silicate glassy matrix with minor amounts of 

quartz, mullite (Al6Si2O13), and traces of anhydrite (CaSO4), calcite (CaCO3), and lime (CaO). 

Traces of microcline (KAlSi3O8) and hematite (Fe2O3) are also identified in the 1st and 3rd 

the set of oxy-coal fly ashes, respectively. 

 

Oxy-coal fly ash from the 1st set is characterised by a log-normal distribution with a coarse 

mode around 60 µm and a fine mode (around 1 µm) (Figure 3). Oxy-coal fly ash from the 

2nd set is, on the other hand, characterised by a log-normal and tri-modal distribution with 

two partially overlapping coarse modes around 25 and 60 µm and a fine mode (around 1 

µm) (Figure 3). Oxy-coal fly ash from the 3rd set is characterised by a log-normal and bi-

modal distribution with a coarse mode around 8 µm and a fine mode (around 1 µm). 

 

 

Figure 3. Particle size distribution of oxy-coal fly ashes 

 

The observed decrease in the grain/particle size of the oxy-coal fly ash from the 1st to the 

2nd and 3rd set can be considered as indicative that greater oxygen concentration, in relation 

to air combustion, promotes the formation of ultrafine particles. However, there is some 

controversy on how oxy-fuel combustion affects aerosol formation. Generally, during the 

conventional coal combustion, coal particles in burning-progress achieve temperatures over 

the ash melting point, in such manner large ash agglomerates formed by mineral 

interactions; coalesce to form large droplets of molten ash on burning char surfaces [8]. The 

ash melted in the boiler also coalesces into spherical particles due to the action of surface 

tension and as a result, hollow particles, so-called cenospheres, may also be formed by 

expansion of the gas within the molten ash. These mechanisims can be affected by different 
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combustion operating conditions e.g. coal type, furnace temperature profile, and, particularly, 

particle concentrations that may condition ash aerosol formation. In this regard, Yu et al [9] 

indicated that oxy-coal combustion barely had impact on the PSD or the size segregated 

particle compositions investigating ash aerosol formation under air and oxy-combustion 

(27%O2-32%CO2), while Li et al [10] reported that the amount of ultrafine particles produced 

under oxy-coal combustion conditions incremented largely in relation to air combustion 

maintaining furnace temperature profiles. This is in line with Carbone´s et al [11] study in 

which the formation mechanisms of particles using a flat-flame burner were tested.   

 

Therefore, according to the foregoing, we can conclude that there are many differences 

between bench-scale and pilot-scale studies [12-13] to make generalizations on how oxy-

fuel combustion may affect aerosol formation. The formation of aerosols will depend on the 

operating conditions of a given oxy-fuel combustion process. 

 

The evaluation of the chemical composition of the oxy-coal fly ashes reveals an enrichment 

of certain elements with no clear patterns among the collected oxy-coal fly ashes. A 2-to10-

fold increase in Co, Ni, Cr, Se, Mo, Cd, Ba, Pb, and Sb in relation to oxy-coal fly ash from 

the 1st and 2nd set, is noted in the oxy-coal fly ash from the 3rd set because of the high 

impurities of inorganic trace contaminants in the CO2-rich RFG back to the boiler and in 

through the modular depuration system. The diminution of the flue gas temperature in 

through the modular depuration system favours the condensation of these type of 

contaminants on the oxy-coal fly ash surfaces [2]. A 2-to 3-fold increase in Cr, Cu, V, Zr, Sn, 

and Sr in relation to oxy-coal from the 1st set is also noted in the oxy-coal fly ash from the 3rd 

set, but these enrichment differences are not appreciable between the 2nd and 3rd oxy-coal 

fly ashes.  
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Table 2. Mean concentration of major, minor, and trace elements in oxy-coal fly ashes. 

 1st Oxy-coal fly ash  2nd  Oxy-coal fly ash 3rd Oxy-coal fly ash 

% Moisture (105ºC) 2.3 1.2 0.15 

Al2O3 19.0 25.6 21.5 
CaO 3.25 3.07 2.27 
Fe2O3 3.40 3.67 4.43 
K2O 1.08 1.33 1.54 
MgO 1.26 2.18 1.64 
Na2O 1.00 1.50 1.08 
SO3 1.56 1.41 1.39 
P2O5 0.255 0.291 0.468 

mg/kg    
Cl 1148 7312 8109 
F 423 554 489 
Hg 0.234 0.467 1.64 
Li 88.3 129 108 
Be 4.40 7.00 6.12 
B 474 716 317 
Sc 17.6 27.0 23.5 
Ti 5973 7553 6704 
V 136 205 205 
Cr 118 196 160.0 
Co 17.1 23.7 27.6 
Ni 44.9 66.8 71.3 
Cu 49.0 74.0 64.4 
Zn 164 344 326 
Ga 24.1 38.8 48.6 
Ge 5.7 12.5 17.3 
As 86.6 65.0 34.0 
Se 8.97 6.2 19.5 
Rb 37.8 56.3 62.6 
Sr 682 951 1109 
Y 46.6 68.1 54.1 
Zr 236 361 353 
Nb 86 113 108 
Mo 6.69 13.6 15.1 
Cd 0.82 1.99 2.16 
Sn 3.82 8.79 7.72 
Sb 2.49 5.81 6.84 
Cs 6.08 8.01 7.17 
Ba 1035 1448 1889 
La 59.0 84.1 70.4 
Ce 131 188 154 
Pr 13.7 19.2 16.5 
Nd 44.4 66.9 56.9 
Sm 10.0 14.7 12.0 
Eu 1.33 1.75 1.78 
Gd 9.64 13.5 11.4 
Er 5.29 7.69 6.22 
Tm 0.701 1.05 0.845 
Yb 4.83 6.51 5.77 
Lu 0.687 1.03 0.839 
Hf 5.32 19.5 7.97 
Ta 24.1 29.3 29.7 
W 9.79 24.5 15.7 
Tl <0.1 1.07 1.34 
Pb 38.0 48.6 67.5 
Bi <0.1 1.47 1.59 
Th 24.4 36.8 29.3 
U 8.33 11.7 9.72 
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During the 3 days of sampling, the operative boiler worked at full oxy-fuel conditions and 

reached similar temperature profiles as a result of burning the same bituminous coal at 

100% MCR. The CO2-rich RFG back to the boiler with high impurities of inorganic trace 

contaminants [2] was, however, the only operating condition that changed over time 

(operation hours of work) since the number of the CO2-rich flue gas recirculations back to 

the boiler progressively incremented during the campaign. As a consequence, the 

concentration of the SO2, B, Se, F, and HCl incremented progressively in the CO2-rich flue 

gas in trough the modular depuration system, which was confirmed by on and off-line 

isokinetic flue gas measurements. At the CIUDEN´s CO2 capture, the CO2-rich RFG goes 

back to the boiler after the BF without any desulphurisation. Therefore, the concentration of 

these types of contaminants in the oxidant stream going to the burner was significant. The 

diminution of the flue gas temperature in through the modular depuration system favours the 

condensation of these types of contaminants on the oxy-coal fly ash surfaces [2], thus the 

progressive enrichment of trace elements observed in the oxy-coal fly ashes. 

 

3.2. Mobility of trace elements in the oxy-coal fly ashes 

The oxy-coal fly ash leachates are highly alkaline, with pH values ranging from 9.5 to 11.6. 

Despite the high bulk content of Ti, V, Mn, Zn, and F in these oxy-coal fly ashes, the 

releases of most trace elements from the oxy-coal fly ashes is low (Table 2). The mobility of 

Al, Fe, and P in the leachates is extremely low, which can be ascribed either to their 

occurrence as insoluble species (e.g.:  quartz, mullite, feldspars and/or magnetite) at the 

moderately alkaline pH of the leachates and/or to the fact these elements are originally 

bound to the glassy matrix of the oxy-coal fly ashes. There are, however, some exceptions. 

As shown in Table 2, the high enrichment (bulk content) of Cl in the oxy-coal fly ashes, 

especially in the oxy-coal fly ash collected on the 3rd sampling day, explain the relatively high 

release of Cl (93-132 mg/kg) in the leachates (Table 3). 

 

The evaluation of the leaching results and the waste acceptance criteria at landfills (Table 3) 

reveals that all oxy-coal fly ashes can be accepted at non-hazardous waste landfills. 

However, it should be stressed that the leaching values of Zn, As, Mo, Cd, and Sb are well 

above the inert range in the oxy-coal fly ashes. Special attention should also be paid to the 

values of Cr in the leachates from the 2nd set of oxy-coal fly ashes and those of Se and Mo 

in the leachates from the 2nd and 3rd set of oxy-coal fly ashes that are the upper inert range 

and close to non-hazardous. This is significant given that Cr, Mo and Se tend to be enriched 

in FAs relative to bottom ash, which could give rise to future problems in meeting new 

standards. 
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A better understanding on speciation of trace elements, especially of those with a high 

mobility in the oxy-coal fly ashes under study, is discussed in the next section.  

 

Table 3. Leachable concentrations of selected elements in oxy-coal fly ashes and PCC FAs, 

and comparison with the criteria for acceptance at landfills according to 2003/33/EC (mg/kg). 

 1st oxy-coal FA 2nd oxy-coal FA 3rd oxy-coal FA  EC/33/2003 DECISIÓN 

    Inert Non-harzardous Harzardous 

pH 10 12 11 >6 >6 >6 

mg/kg 
      

Al 19 4.6 71    
Ca 4030 3431 2808    
Fe 0.071 <0.01 0.1    
Na 621 1114 1063    
P 0.032 0.051 0.065    
Cl- 93 91 132 800 15000 25000 
F- 0.3 0.7 0.8 10 150 500 
SO4

2- 5592 7301 7106 1000 20000 50000 
NO3

- <0.01 293 14    
Li 6.4 10 12    
Be <0.01 <0.01 <0.01    
B 48 49 58    
Ti 0.080 0.052 0.050    
V 3.3 4.2 6.0    
Cr 2.3 8.4 4.0 0.5 10 70 
Mn 0.045 <0.01 0.01    
Ni 0.01 <0.01 <0.01 0.4 10 40 
Cu 2.1 0.015 0.048 2.0 50 100 
Zn 7.9 0.031 0.16 4.0 50 200 
Ga 0.15 0.23 0.36    
As 3.6 0.16 0.045 0.5 2.0 25 
Se 0.068 0.30 0.65 0.1 0.5 7.0 
Rb 0.14 0.18 0.22    
Sr 24 36 28    
Zr <0.01 <0.01 <0.01    
Mo 1.9 4.6 4.8 0.5 10 30 
Cd 0.7 <0.01 0.01 0.04 1.0 5.0 
Sn <0.01 <0.01 <0.01    
Sb 0.19 <0.01 0.27 0.06 0.7 5.0 
Cs <0.01 0.010 <0.01    
Ba 1.0 8.1 4.7 20 100 300 
W 0.38 1.3 1.2    
Tl 0.027 <0.01 0.014    
Pb 0.021 <0.01 0.051 0.5 10 50 
Bi <0.01 <0.01 <0.01    

 

3.3. Speciation of trace elements in the oxy-coal fly ash leachates  

During combustion trace elements in coal, regardless if organically bound and/or associated 

with the mineral matter, are emitted. The quantity, however, depends greatly on their 

concentration in coal, and to a lesser extent to the characteristics and properties of a given 

element, and the combustion and modular depuration system operating conditions. Some 

trace elements tend to get concentrated in certain particle streams following combustion 

either in the coarse fraction of ashes (bottom ash), in the finest ash particles (FA), and/or 
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flue gas PM, while others remain in gas phase. With this in mind, one can have a better 

understanding of the following results in which the mode of occurrence of inorganic trace 

contaminants in the aqueous phase of the oxy-coal leachates is discussed. 

 

3.3.1. Aqueous speciation 

The ion-association modelling, conducted by using the chemical composition and pH of the 

aqueous phase of the oxy-coal fly ash leachates and the operating leaching test conditions 

(25ºC), indicates that Ca2+ followed, in decreasing order, by SO4
2-, Na+ (as free cation), 

BO2
-, Cl-, CaB(OH)4

+, Li+, AlO2
-, NaSO4

-, Sr2+, and Zn(OH)2 are the aqueous complexes with 

the highest activities in the aqueous phase of the leachates from the 1st and 2nd  set of oxy-

coal fly ashes (Table 4). In addition to Ca2+, SO4
2-, Na+, and Cl-, the Sb(OH)3, Sb(OH)4

-, 

Fe(OH)3, Cd(OH)Cl, and MnSO4 aqueous complexes also predominate the in aqueous 

phase of the leachates from the  3rd set of oxy-coal fly ashes.  

 

The mode of occurrence of inorganic trace contaminants in the aqueous phase of the oxy-

coal fly ash leachates is reported below. 

 

Arsenic 

The ion-association modelling indicates that the AsO3F2- aqueous complex predominates 

along with HAsO4
2- in the aqueous phase of the oxy-coal fly ash leachates (Table 4). Since 

the postulated retention mechanism of As in the oxy-coal fly ashes would be based on a 

chemisorption with the end-result of As retained as Ca3AsO4; the predominance of AsO3F2- 

in the aqueous phase of the oxy-coal fly ash leachates could be ascribed to the dissolution 

of Ca3AsO4-oxy-FA what would entail the release of the AsO4
3- . The AsO4

3- ion, that under 

the strong alkaline condition of the leachates (pHs 10-12) cannot coexist in the equilibrium 

(pH>12), would react with F- ion to form the monofluoroarsenate (AsO3F2-) aqueous 

complex. The ion-association modelling also predicts the predominance of HAsO4
2- in the 

aqueous phase of the oxy-coal fly ash because of the strong alkaline conditions of the 

leachates; the stability range of HAsO4
2-complex is pH-dependant and may extend from 

neutral to strong alkaline conditions (7-12 pH). 
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TABLE 4. Activity of aqueous complexes of major, minor and trace elements in the oxy-coal fly ash 

leachates. 

 1st oxy-coal fly ash  2nd oxy-coal fly ash  3rd oxy-coal fly ash  

 Activity Activity Activity 

AlO2
- 6.03e-05 1.58e-05 2.25e-04 

HAlO2- - 4.57e-11 6.58e-09 
NaAlO2 2.57e-08 - 1.66e-07 
HAsO4

2- 1.56e-06 9.99e-14 2.11e-13 
AsO3F2- 8.40e-07 1.35e-07 2.85e-08 
BO2

- 2.49e-04 2.95e-04 3.71e-04 
CaB(OH)4

+ 8.17e-05 7.11e-05 8.02e-05 
BaNO3

+ 4.25e-05 3.97e-08 1.31e-09 
BaB(OH)4

+ - 2.55e-08 2.16e-08 
Ca2+ 4.64e-03 3.41e-03 3.06e-03 
CaSO4 1.50e-03 1.52e-03 1.40e-03 
Cd2+ 2.55e-07 - 1.50e-10 
CdOH+ 2.15e-07 - 1.26e-09 
Cd(OH)2 1.16e-07 - 6.86e-09 
Cd(OH)Cl - - 2.45e-04 
Cl- 2.18e-04 2.16e-04 3.11e-04 
CaCl+ 2.14e-07 1.55e-07 2.02e-07 
NaCl 8.57e-08 - 2.11e-07 
Cr(OH)4

- 3.42e-10 - - 
Cr(OH)3 8.59e-11 - - 
CrO4

2- 1.02e-03 3.43e-06 1.82e-06 
CrO4

3- - 1.83e-08 9.73e-09 
HCrO4

- 3.39e-07 1.14e-11 6.05e-11 
CuOH+ 2.75e-06 2.30e-12 5.69e-09 
CuO2

2- 1.89e-08 1.58e-08 3.85e-09 
Cu+ 5.14e-09 - - 
F- - 2.73e-06 3.37e-06 
HAsO3F- 5.32e-11 - - 
CaF+ - 4.73e-08 5.26e-08 
Fe(OH)4

- 1.14e-07 6.03e-09 5.91e-09 
Fe(OH)3 4.56e-08 2.40e-11 1.32e-04 
Fe(OH)2

+ 9.74e-12 5.14e-17 1.26e-13 
Ga3+ 3.67e-08 6.56e-08 1.47e-07 
Li+ 7.40e-05 5.83e-04 1.47e-04 
LiSO4

- 9.67e-07 1.05e-05 2.72e-06 
Mn2+ 2.68e-08 6.91e-07 1.64e-09 
Mn(OH)2  1.05e-09 1.03e-09 
Mn(OH)3

-  9.92e-10 - 
MnSO4 1.47e-08 - 1.08e-04 
MnOH+ 6.88e-09 4.31e-10 - 
MoO4

2- 1.12e-06     5.98-08     2.82e-06     
Na+ 2.24e-03 4.06-e03 3.86e-03 
NaSO4

- 3.28e-05 8.16e-02 8.02e-05 
NO3

- - 1.72e-03 8.37e-05 
CaNO3

+ - 2.91e-05 1.28e-06 
Ni2+ 5.27e-09 - 2.27e-11 
Ni(OH)3

- - 5.31e-10 2.34e-09 
NiSO4 1.60e-09 - 9.80e-12 
Ni(OH)2 5.39e-09 5.25e-11 2.32e-09 
CaPO4

- 7.80e-08 2.72e-07 2.74e-07 
CaHPO4 3.12e-09 1.09e-11 1.09e-09 
Pb(OH)2 6.85e-09 - 1.09e-08 
Pb(OH)3

- 6.92e-10 - 1.10e-08 
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TABLE 4. Activity of aqueous complexes of major, minor and trace elements in the oxy-coal 

fly ash leachates (continuation). 

 1st oxy-coal fly ash  2nd oxy-coal fly ash 3rd oxy-coal fly ash  

 Activity Activity Activity 

RbF - 5.08e-11 6.38e-12 
Rb+ 9.90e-08 1.95e-07 1.98e-07 
Sb(OH)3 1.62e-07 3.47e-09 2.01e-03 
Sb(OH)4

- 1.87e-09 4.01e-09 4.56e-04 
SeO3

2- 6.14e-08 1.98e-10 6.38e-08 
SeO4

2- 5.91e-09 1.91e-07 6.12e-07 
SO4

2- 2.23e-03 3.03e-03 3.14e-03 
Sr2+ 1.17e-05 1.57e-05 1.30e-05 
SrSO4 5.11e-06 9.63e-05 8.15e-06 
Ti(OH)4 2.09e-07 2.09e-07 1.04e-07 
VO3OH2- 2.84e-07 3.55e-06 5.71e-06 
HVO4

2- 2.83e-07 3.54e-07 5.68e-07 
Zn(OH)2 1.14e-05 8.03e-09 2.22e-07 
Zn(OH)3

- 3.45e-07 2.49e-08 6.90e-08 
Zn(OH)4

2- - 4.24e-09 1.17e-09 
ZnOH+ 2.67e-07 1.87e-12 5.20e-10 

 

Boron  

We could postulate two main mechanisms by which BO2-
(aq) would predominate the aqueous 

phase of the oxy-coal fly ash leachates. On the one hand, a straightforward mechanism 

would be based on a partial or total dissociation of H3BO3 into BO2
- which would also entail 

the release of H3O+. The second mechanism by which BO2
- could predominate the aqueous 

phase of the oxy-coal fly ash leachates would be based on the H3BO3 chemisorption in the 

oxy-FAs to form Ca-B species such as CaHBO3. The CaHBO3 would be dissociated, total or 

partially, into HBO3
- and BO2

- complexes by a two-step CaHBO3 ↔ Ca2+ + HBO3
2- ↔ BO2- + 

H+ + H2O dissociation under the strong alkaline condition of the leachates (pHs 10-12). The 

ion-association modelling also predicts the predominance of CaB(OH)4+ in the aqueous 

phase of the oxy-coal fly ash leachates (Table 4) whose formation we could relate to the 

second postulated mechanism of the BO2- formation. Based on the retention of B in the oxy-

coal fly ashes as CaHBO3, the CaHBO3-oxy-FA + H2O ↔ CaB(OH)4
+ (aq) + H+ hydrolysis 

reaction may result in the CaB(OH)4+ formation in the oxy-coal fly ash leachates.  

 

Selenium 

The main route by which Se as SeO4
2- could predominate the aqueous phase of the oxy-coal 

fly ash leachates would be a partial or total dissociation of CaSeO3-oxy-coal fly ash followed 

by oxidation (Eh>0.5) of SeO3
2- into SeO4

2- ion under the strong alkaline conditions of the 

leachates (pHs 10-12).  
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Molybdenum, Vanadium and Nickel 

The alkaline pH the oxy-coal fly ash would promote the dissolution of Mo its oxy-anionic form 

(MoO4
2-) in the oxy-coal fly ash leachates such as predicted by the ion-association modelling 

(Table 3). The occurrence of the VO3OH2- complex in the oxy-coal fly ash leachates, on the 

other hand, is the result of the dissolution of oxy-coal fly ash components giving rise to the 

release of VO2+ (aq). A series of VO2+-hydrolysis reactions would result in the formation of 

both VO3OH2- and HVO4
2- complexes (Table 4). Owing to the alkaline pH (10-12) of the oxy-

coal fly ash leachates, isolated VO3OH2− complexes are predominant, which could also 

account for the incorporation of isolated vanadates into the framework of other aqueous 

complexes. The stability range of these two vanadyl hydroxy complexes, as a function of the 

pH, overlaps each other; it is for this reason that both aqueous complexes show similar 

activities in the oxy-coal fly ash leachates.  

 

The ion-association modelling, conducted by using the chemical composition and pH of the 

oxy-coal fly ash leachates, indicates that Ni(OH)2 along with Ni2+ and NiSO4 predominate the 

aqueous phase of the 1st set of oxy-coal fly ash leachates, while the Ni(OH)3
- and Ni(OH)2 

aqueous complexes, the last one in a lesser extent,  predominate both the 2nd and 3rd set 

of oxy-coal fly ash leachates (Table 4). The stronger alkaline conditions of the aqueous 

phases of the leachates from the 2nd and 3rd set of oxy-coal fly ash promote the formation 

of Ni-hydroxides over Ni-SO4 complexes. The stability of the Ni2+, on the other hand, relies 

on both a pH range from 0 to ~10 and -0.5 <Eh<2.0; conditions somewhat near to those of 

the leachates from the 1st set of oxy-coal fly ash. It is for that reason that Ni2+ shows some 

activity in the leachates from the 1st set of oxy-coal fly ash. 

 

Antimony  

The ion-association modelling conducted by using the chemical composition and pH of the 

oxy-coal fly ash leachates, indicates that the Sb(OH)3 and Sb(OH)4
- aqueous complexes 

predominate the aqueous phase of the oxy-coal fly ash leachates (Table 4) which can be 

ascribed to the dissolution of oxy-coal fly ash components containing Sb species and the 

formation of the Sb(OH)3 neutral species via the  ½ Sb2O3 (aq) + H2O ↔ Sb(OH)3 (aq) reaction 

at the alkaline conditions of the leachates (pHs 10-12).  

 

3.3.2. Occurrence of solid phases: ion-association modelling  

The ion-association modelling predicts according to the LLNL database, the saturation of the 

aqueous phases in BaSO4, CaFe2O4, Ca3(PO4)2, CuFe2O4, FeOOH, Fe2O3, NiFe2O4, Fe2O4, 

Sb2O4, Sb2O5,  ZnCr2O4, and ZnFe2O4 in all the oxy-coal fly ashes  (Table 5). There are also 

solid species that show a SI different depending on the oxy-coal fly ash leachates. Al(OH)3, 
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AlOOH, CuCr2O4, Cu3(SO4)(OH)4, Cu4Cl2(OH)6, Cu3(SO4)(OH)6, and Zn(OH)2, Mn3O4 solid 

species are also supersaturated (SI>0) in the 1st and 3rd  set of oxy-coal fly ash leachates, 

while CuCr2O4 and CdCrO4 are only supersaturated in the 1st set of oxy-coal fly ash 

leachates. The Cu4(SO4)(OH)6, SrSO4 and ZnTi2O4 species are only supersaturated in the 

3rd set of oxy-coal fly ash leachates (Table 5). 

 

The comparison of the solid species saturated (SI>0) in the oxy-coal fly ash leachates (Table 

5) reveals that few solid species are saturated in the 2nd set of oxy-coal fly ash leachates but 

those saturated consist mainly of ferrite spinels AB2O4 with A2+ = Cu, Ca, and Zn,  B2+,3+ = 

Fe, Sb-oxides and Fe-oxy and hydroxides species (Table 5). By contrast, the 1st set of oxy-

coal fly ash leachates is mainly saturated by oxide and hydroxide species in which Cl - and/or 

SO4
2- act as substitution ions in the structures of the solid species with some Sb and Fe-

oxide species. The 3rd set of oxy-coal fly ash leachates is clearly predominated by SO4-

species, chromate spinels AB2O4 with A2+ = Ba and Zn, B6+ = Cr; and some Fe-oxide and 

hydroxide species.  

 

Another fact that brings up discussion is the super and/or undersaturation of Ca-PO4
3- and 

Ca-SO4
2- species in the oxy-coal fly ash leachates (Table 5). The supersaturation of 

Ca3(PO4)2 and depletion of CaSO4-XH2O in the leachates from the 1st set of oxy-coal fly ash 

can be ascribed to the lower leachable concentration of P in the 1st set of oxy-coal fly ash 

with respect to the 2nd and 3rd, and the stronger Ca-binding capacity for HPO4
2-/ PO4

3- over 

SO4
2- ion. These two factors may account for the complete consumption of soluble P as 

HPO4
2-/ PO4

3- by Ca2+ to form Ca3(PO4)2. Another explanation could be based on an 

adsorption of HPO4
2- on minerals such as bauxite at pHs lower than those of the 2nd and 3rd 

set of oxy-cleachates. Although the variation of pH in the leachates does not differ that much 

(Table 5), at such a low concentrations, a minimum variation of the pH can be sufficient to 

favour precipitation, co-precipitation, chemisorption and/or adsorption of some ions. In this 

regard, the adsorption of PO4
3- on bauxite was observed to increase by Akhurst et al [23] 

with decreasing pH when applying sediment capping agents on phosphorus speciation. The 

authors attributed the event to the effects of solution pH on both phosphate speciation and 

charge development on the bauxite surface. This would be in line with the higher 

supersaturation of Ca5(OH)(PO4)3 in both the 2nd and 3rd oxy-coal fly ash leachates with 

respect to the 1st. The stronger alkaline conditions and higher P concentrations of the 2nd 

and 3rd set of oxy-coal fly ash leachates favour the formation and precipitation of the 

Ca5(OH)(PO4)3 species showing  the significant role of the pH.   
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The undersaturation of Ca5(PO4)3F in the leachates from the 1st set of oxy-coal fly ashes in 

comparison with those of the 2nd and 3rd is consistent  with the absence of the F- ion in the 

1st set of oxy-coal fly ash leachates.   

 

TABLE 5. Saturation indices of selected solid phases in the oxy-coal fly ash leachates 

 1st oxy-coal fly ash  2nd oxy-coal fly ash 3rd oxy-coal fly ash  

 SI SI SI 

AlOOH 1.12 - 0.690 
Al(OH)3 0.930 - 0.502 
BaSO4 0.960 1.99 1.78 
BaCrO4 - - 1.56 
CaFe2O4 5.49 2.80 5.54 
CaSO4 - - 1.46 
CaSO4.½H2O - - 0.812 
CaSO4.2H2O - - 1.63 
Ca5(PO4)3F - 12.5 12.5 
Ca5(OH)(PO4)3 4.82 8.18 7.10 
Ca3(PO4)2 3.97 0.450 0.415 
CdCrO4 8.12 - - 
Cd(OH)2 - - 0.494 
CuFeO2 - 2.21 7.98 
CuFe2O4 10.7 0.13 6.52 
Cu3(SO4)(OH)4 3.75 - 3.44 
Cu4Cl2(OH)6 5.26 - 1.56 
Cu3(SO4)(OH)6 8.77 - - 
Cu4(SO4)(OH)6 - - 0.224 
CuCr2O4 5.37 - - 
FeOOH 4.13 0.85 3.24 
Fe2O3 9.24 2.69 6.88 
Fe3O4 2.58 - 2.70 
Mn3O4 3.99 10.3 8.35 
NiFe2O4 11.2 2.69 9.12 
Ni(OH)2  - - 0.114 
Sb2O4 10.9 11.7 11.7 
Sb2O5 3.36 8.02 6.62 
Sb(OH)3 0.260 - - 
SrSO4 - - 0.72 
Zn(OH)2 0.44 - 0.284 
ZnCr2O4 14.3 4.98 3.13 
ZnFe2O4 10.0 0.300 5.73 
ZnTi2O4 - - 2.04 

 

4. CONCLUSIONS 

The evaluation of the leaching test results and the waste acceptance criteria at landfills 

reveals that all oxy-coal fly ashes can be accepted at non-hazardous waste landfills. 

However, the leachable concentration of Zn, As, Mo, Cd, and Sb are well above the inert 

range in the oxy-coal fly ash. Special attention should also be paid to the values of Cr in the 

2nd set of oxy-coal fly ash leachates and those of Se and Mo in the 2nd and 3rd set of oxy-coal 

fly ash that are the upper inert range and close to non-hazardous.  

 



19 
 

AsO3F2- and HAsOF- aqueous complexes along with BO2-
(aq) and CaB(OH)4

+; SeO4
2- and 

SeO3
2-

 ; CrO4
2- and  CrO4

3-; MoO4
2- ; VO3OH2

-; Ni(OH)3
- and Ni(OH)2; and Zn(OH)3

-
, ZnOH+, 

and Zn(OH)4
2- predominate the aqueous phases of  the oxy-coal fly ashes and PCC 

leachates.  Given that the occurrence of Se, Mo, Cr, Zn, As, Mo, Cd, and Sb in the oxy-coal 

fly ashes is consistent with their aqueous speciation in the leachates, special attention 

should be paid to their speciation in the oxy-coal fly ash leachates if remediation actions to 

reduce their potential leaching are needed.  
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