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Abstract 

Mercury, although only a trace element in coal, is an important pollutant because coal 

burning is increasing around the world for manufacturing and energy production. In addition, 

coal-fired plants are the largest anthropogenic source of mercury emission to the environment. 

Mercury capture mostly occurs under heterogeneous conditions between sorbent particles and 

gaseous mercury, and this study is mainly devoted to understanding the role of carbon-in-ash 

on mercury capture from flue gas. Coal flyash samples are characterized by loss-on-ignition 

(LOI) carbon content, surface area (BET) tests, and scanning electron microscopy (SEM) 

morphology. Flyash sorbents are injected using an in-flight configuration and then mercury 

concentration is measured by Hg continuous emission monitoring system (CEMS). The 

unburned carbon in ash is found to be one main factor for capturing mercury. In addition, 

mercury capture increases when flyash samples have more surface area. Carbon in ash is also 

positively correlated with surface area within coal rank. This suggests that unburned carbon 

plays a formative or structural role in surface area increase on flyash. However, mercury 

uptake is shown to be relatively low when using flyash from high rank coal such as anthracite 

because of the small surface area coming from its non-porous structure. Therefore, when 

flyash is used as a sorbent for mercury capture, quantitative surface area should be compared 

and coal rank also should be considered. Carbon content in ash as mercury capture sorbents is 



Environmental Management and Sustainable Development 

ISSN 2164-7682 

2015, Vol. 4, No. 2 

24 

 

a good indicator for mercury capture, but its surface area should also be considered for 

predicting mercury uptake. 

Keywords: Mercury, Capture, Surface Area, Carbon Content, Flyash 

 

1. Introduction 

The use of coal has been increasing steadily, and the large demand for power in developing 

nations suggests that coal will continue to be a major energy source. The U.S. Energy 

Information Administration (EIA) predicts that the contribution of coal to the electric power 

sector in 2035 will reach up to 43 percent even if its portion for electricity generation declines 

because of environmental issues (Conti, 2010). Even though mercury is a fairly rare element 

in coal, it has been focused on over the last three decades because of the damaging impact of 

continuous anthropogenic emission levels. 

The current state-of-the-art in mercury emission control from coal combustion flue gas 

involves direct contacting methods between activated carbon sorbents and mercury vapor. 

However, the corresponding sorbent cost is very high. For example, for a 250MW unit 

emitting 65kg of Hg per year, it is estimated that it would cost between $1 million and $3 

million to remove just 50% of the mercury present (Romero, 2005). Accordingly, many 

utilities are eagerly looking for more effective and less expensive technologies to control 

mercury emission. To help in this search, it is important to understand the detailed 

mechanisms involved so that the effectiveness of sorbents can be improved and so that 

cost-effective alternative sorbents can be identified for mercury capture in the power industry.  

The objective of the research described in this paper is to investigate mercury capture 

effectiveness in the post-combustion flue gas through scrutinizing detailed sorbent 

performance. In this regard, different dedicated sorbents are investigated with special 

considerations of their relative adsorption and desorption mechanisms. Overall, the enhanced 

understanding of the physical and chemical effects of these sorbents can help improve the 

prediction of mercury uptake in the post combustion region of coal burning utility boilers. 

2. Research Approach and Method 

This research focuses on heterogeneous interactions between coal flyash used as a sorbent 

and gaseous mercury vapor. Coal flyash is a complicated sorbent to consider because each 

flyash can have different characteristics depending both on the original coal feedstock and on 

the combustion process the coal underwent (Serre, 2000). This research concentrates, 

therefore, on the key features of flyash that have been identified as important factors in 

mercury capture. They are the residual carbon content (also known as carbon-in-ash, as 

characterized by loss-on-ignition or LOI), the specific surface area, and the pore structure. 

The chemical makeup of the flyash is not considered in detail, but the evidence suggests that 

these factors are secondary to those mentioned above.  

2.1 Flyash Samples and Characterization Methodology 

In order to evaluate the physical adsorption mechanism of mercury onto flyash in the post 

combustion region, five flyash samples of varying source coal ranks were used for injection 

as sorbent through the mercury capture based on coal ranks. The flyash samples tested in this 

study were all collected from coal-fired utility boilers and were donated by a power 

generation company and Fossil Energy Research Corporation (FERCo). Among the samples, 

flyash III comes from a fluidized bed boiler and the other flyash samples are from pulverized 

coal combustion boilers. The general properties such as coal rank, source coal, LOI on the 

flyash samples is shown in Table 1.  
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The carbon content in flyash samples is examined by a LOI test. LOI is a typical indirect 

measurement used as an index for the unburned carbon content in flyash. Even when other 

semi-volatile organic minerals are included, LOI is known to be a good evaluation of 

unburned carbon fraction. A FERCo Hot Foil LOI (HF400, Fossil Energy Research 

Corporation, Lake Forest, California) instrument and an analytical scale with a precision of 

0.01 mg are used for LOI testing. For surface area characterization of flyash samples, a 

nitrogen based Autosorb-1 surface area and pore size analyzer is utilized. The structure and 

phase of the samples are investigated using a Scanning Electron Microscopy (SEM). Lastly, 

approximate size distributions for the flyash samples are tested by sieve separation using 

ASTM E-11 specifications. The sorting by size of particles simulates natural ash particles in 

the post combustion region, including agglomeration. Because agglomerates naturally form, 

air-borne ash particle size distribution can be different from measurements where the samples 

are dispersed in a liquid solution ultrasonically.  

Table 1. General properties of flyash samples 

Flyash Color, shape Source coal LOI (%) 

Flyash I  Light brown, powder PRB sub-bituminous 0.42 

Flyash II Dark brown, powder Alabama bituminous 2.61 

Flyash III Dark gray, powder Utah bituminous 16.41 

Flyash IV Dark gray, powder Anthracite 9.80 

Flyash V Dark gray, powder Bituminous 11.66 

2.2 Experimental Apparatus and Method 

In order to investigate mercury reduction depending on dedicated sorbents in the 

post-combustion region of coal-burning boilers, a pilot-scale experimental apparatus is built, 

with ductwork and sampling systems coupled with a mercury injection system to parallel the 

function of ductwork in power plant conditions. A schematic of the experimental apparatus is 

shown in Figure 1.  

The experiment is performed in homogeneous conditions in order to simulate and evaluate 

mercury removal directly from flue gas. It also enables an assessment of the effectiveness of 

different sorbents, including activated carbon and native residual ash for mercury capture in 

heterogeneous situations. The experimental setup can be divided into 4 sections, as shown in 

Figure 1: (1) continuous emission monitoring system (CEMS), (2) main duct system in the 

post combustion region, (3) sorbent injection system and air delivering system, and (4) flue 

gas delivery system. 
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Figure 1. Experimental apparatus for mercury capture by flyash samples 

The elemental mercury injection system from the PSA mercury calibration module is shown 

in Figure 2. Saturated mercury flow and air flow for dilution are regulated by Mass Flow 

Controller (MFC). The mercury bearing flue gas is introduced into the test section. Flyash 

samples are injected using the particle feeder. Mercury concentration is measured by the PSA 

10.525 EX Sir Galahad II before and after flyash injection to evaluate mercury removal 

efficiency in the test section. The test section is treated with special coating to prevent 

mercury loss on the wall and is heated to minimize mercury vapor condensation. 
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Figure 2. Cavkit 10.536 Mercury Calibration Module 

Figure 3 shows the custom designed and built aspirated particle feeder for fine sorbent 

particles used in the current experiments. Carrier air flows into the feeder cylinder and 

escapes via the center tube supporting a piston. Sorbent particles are carried upwards with the 
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carrier air as the piston approaches the surface of the sorbent. The sorbent particle feed rate is 

controlled by manipulating the relative velocity between the piston and the reservoir cylinder 

using a slide controlled by a stepper motor. The particle feeder provides in-flight interaction 

between flyash and mercury vapor because mercury vapor is generally captured in air-borne 

conditions in power plants rather than through a fixed bed cake (Scala, 2008). The test section 

plumbing is designed vertically to minimize wall deposits. The mean residence time of a 

particle in the test section is approximately 2 sec, and the temperature is kept at 120ºC. 

Carrier air

Sorbent+air

Acrylic tube(Ø1")

 Piston

SS tube(0.17")

Sorbent

reservoir

Carrier air

 

Figure 3. Aspirated particle feeder 

3. Results and Discussion 

3.1 Flyash Sample Characterization by SEM and Standard Sieves 

The SEM image of flyash I, a PRB subbituminous, is shown in Figure 4. The flyash 

components have spherical particle shapes ranging from 2 to 10 µm in size. The actual size 

after combustion appears far larger than that in the SEM image because flyash A particles 

agglomerate during the combustion and the post-combustion period. According to the tests of 

particle division by standard sieves, particle sizes greater than 212 µm account for the 

majority of the size distribution, as seen in Figure 5. The reason that the larger particle sizes 

are important is that agglomeration results in a reduction of surface area, which affects the 

mercury uptake performance of flyash as a mercury sorbent. 
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Figure 4. Flyash I SEM image 

 

Figure 5. Flyash I (sub-bituminous) size distribution by standard sieves 

Dark brown flyash II is bituminous coal flyash (see Figure 6). It has 10-20 µm mean diameter 

and does not show the severe agglomeration of flyash I. This flyash sample shows a coarse 

particle shape compared to flyash I. In addition, it has a regular particle distribution with very 

few spherical fine particles, according to SEM image analysis. The sieve-based particle size 

distribution for flyash II is shown in Figure 7. The largest fraction of the flyash sample is 

below 50 µm by sieves because there is little agglomeration. 

 



Environmental Management and Sustainable Development 

ISSN 2164-7682 

2015, Vol. 4, No. 2 

29 

 

 

Figure 6. Flyash II SEM image 

 

Figure 7. Flyash II (bituminous) size distribution by standard sieves 

Flyash III is a Utah bituminous and shows the highest LOI content of the investigated flyash 

samples with 16.4 percent. The boiler producing this flyash sample uses fluidized bed 

combustion (FBC) with medium-sized coal particles. The particle shape of this flyash, 

identified with SEM and shown in Figure 8, turns out to be far more amorphous than the ash 

resulting from pulverized coal combustion (PCC) because for FBC the operation temperature 

is relatively low (below 1100K) and the residence time of coal particles is long (several 

minutes) for combustion, with coal particle sizes 1-3 mm in diameter (Bartok, 1991). FBC 

flyash particle sizes by standard sieves span the range of 10-150 µm as shown Figure 9. Note 

that agglomeration does not appear to occur based on the flyash image. 
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Figure 8. Flyash III SEM image 

 

Figure 9. Flyash III (bituminous) size distribution by standard sieves 

Flyash IV has 9.8 percent LOI and its source coal is anthracite. It shows a low level of 

agglomeration as shown in Figure 10. The unburned carbon content for Flyash V shows 11.6 

percent as bituminous coal flyash. Interestingly, the larger sizes sorted by sieves show higher 

LOI content for both flyash samples. This fact indicates that the temperature in the boiler may 

not have been high enough to burn completely the source coal, or that the initial pulverization 

status may have created particles larger than desired. According to the SEM image, flyash V 

(refer to Figure 12) has similar morphology to that of flyash sample II. The characteristics of 

fly ash samples have been tabulated in Table 2 for comparisons. 
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Figure 10. Flyash IV SEM image 

 

Figure 11. Flyash IV (anthracite) size distribution by standard sieves 

 



Environmental Management and Sustainable Development 

ISSN 2164-7682 

2015, Vol. 4, No. 2 

32 

 

 

Figure 12. Flyash V SEM image 

 

Figure 13. Flyash V (bituminous) size distribution by standard sieves 
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Table 2. Characteristics of flyash samples 

Sample SEM Image Size Distribution Description 

Flyash I 
(sub-bituminous) 

  

• Spherical particle shape 

• Particle size range: 

arrpox.     

 2-10 µm 

• Agglomeration  

 during/after combustion 

• Size distribution: 

majority  

 of 212 µm in size  

• Agglomeration results 

in  

 reduction in surface 

area 

Flyash II 

(bituminous) 

 

  

• Coarse particle shape 

• Particle size range :  

 approx. 10-20 µm 

• Agglomeration: not 

severe 

• Size distribution: 

largest  

 fraction is below 50 µm 

Flyash III 
(bituminous) 

 

  

• Ash from fluidized bed  

 combustion(FBC) 

• Amorphous particle 

shape 

• Particle size range: 

arrpox.  

 10-30 µm  

• Agglomeration: does 

not  

 appear occur 

• Size distribution: below  

 0.15mm 



Environmental Management and Sustainable Development 

ISSN 2164-7682 

2015, Vol. 4, No. 2 

34 

 

Flyash IV 
(Anthracite) 

  

• Spherical particle shape 

• Particle size range: 

arrpox.  

 5-40 µm 

• Agglomeration: low 

level 

• Size distribution: below  

 50 µm in size 

Flyash V 

(bituminous) 

  

• Coarse particle shape 

• Particle size range: 

arrpox.  

 5-15 µm 

• Agglomeration: not 

severe 

• Size distribution: below  

 212 µm in size 
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3.2 Mercury Removal Efficiency versus Carbon Content in Flyash 

Flyash I, II, and III are examined for their performance in mercury removal. The LOI value 

for the flyash samples are presented in Table 1. Mercury removal efficiency of the sorbents 

based on LOI is shown in Figure 14. Mercury removal efficiency increases steadily against 

residual carbon content. Not surprisingly, because the mercury capture is not linearly 

proportional, these results show that capture efficiency is not simply a matter of carbon 

content. Surface area is another likely contributor. Providing insights into the relative roles of 

these two important sorbent properties for mercury capture is a major aspect of this study. 

 

Figure 14. Mercury removal efficiency depending on LOI 

The ratio of carbon content of the sorbents to mercury content in the gas phase is not linearly 

proportional to Hg removal efficiency. For example, when flyash II and flyash III are 

compared, the difference of C:Hg ratio is approximately 6 times higher for flyash III (refer to 

Table 3). Hg capture efficiency, however, shows a gap of around 16 percent between them. 

The experimental results are well characterized by carbon/Hg ratio for the sorbents compared 

to a previous study (Serre, 2000). The relationship between increased mercury capture and 

higher residual carbon content can be investigated further by morphology and with the BET 

surface area test. 

Table 3. Comparison of C/Hg ratio based on sorbents  

                                              

Sample                                                                                                            

Item 

Flyash I 

sub-bituminous 

Flyash II 

bituminous 

Flyash III 

bituminous 

LOI 0.42 2.61 16.41 

Sorbent injection rate (g/min) 0.20 0.20 0.20 

Sorbent carbon mass per volume(g/m
3
) 0.04 0.26 1.64 

Hg mass per volume (g/m
3
) 2.5×10

-4 
2.5×10

-4
 2.5×10

-4
 

C : Hg ratio 1680 10440 65640 

Hg removal efficiency 4% 36% 52% 

 



Environmental Management and Sustainable Development 

ISSN 2164-7682 

2015, Vol. 4, No. 2 

www.macrothink.org/emsd 36 

3.3 Mercury Removal Efficiency vs Surface Area of Flyash 

When comparing the flyash samples, Hg capture efficiency shows a very good linearity 

against surface area as shown in Figure 15. It appears that mercury capture efficiency is more 

closely related to the parameters of available contact area and pore volume of flyash than 

carbon content over the investigated range. 

 

Figure 15. Mercury capture efficiency and surface area with flyash samples 

The surface area attributable to residual carbon in ash is shown in Figure 16. Assuming that 

all combustible matter in flyash is carbon content, the surface area change “with unburned 

carbon content” versus “without unburned carbon content” can be checked by completely 

burning the flyash samples. The surface area changes from as-received flyash to after 

complete burning of flyash samples I, II, and III are 57 percent, 52 percent, and 68 percent 

respectively. Accordingly, it appears that the residual unburned carbon is responsible for more 

than half of the surface area in the flyash samples, even though the actual mass of carbon is 

vastly different in these samples. This result suggests that carbon plays a major structural role 

in the flyash disproportionally to its mass. The residual unburned carbon has a comparatively 

large surface area association because it goes through a devolatilization process during 

combustion in utility boilers. 
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Figure 16. Surface area change rate due to complete burn 

3.4 Mercury Removal Efficiency versus Source Coal Rank 

In the previous section, it is shown that the mercury capture efficiency of flyash sorbents is 

closely related to the residual carbon content based on the LOI test under the condition of low 

rank coal such as sub-bituminous and bituminous. This finding shows that residual carbon 

content has a significant role in seizing mercury vapor less by its chemistry and more because 

of the guaranteed surface area the unburned carbon content creates in the flyash.  

Since it is a physical/structural effect that seems responsible for effective mercury capture, it 

should be expected that not all high carbon content flyash will show a high level of 

performance in capturing mercury vapor. It will depend on how the carbon content correlates 

with surface area as well. Hence, the capacity of flyash sorbent to uptake mercury vapor will 

likely depend on coal rank. In order to investigate the relationship between unburned carbon 

content and coal rank, flyash IV and flyash V are tested. The surface area of flyash V shows 

10.9 m2/g and it has an 11.7 percent LOI. These values are consistent with other flyash 

samples such as flyash II and flyash III. However, flyash IV has a very low surface area (4.7 

m2/g) even though its LOI value is 9.8 percent. This can be explained by the fact that the 

source coal of flyash IV has very low volatile matter content. Thus, its status after burning is 

a low level of surface area. This characteristic is generally associated with anthracite coal 

(refer to Figure 17) (Bartok, 1991). As seen earlier, unburned carbon content in flyash 

samples has an important role in capturing mercury, as there is a positive correlation between 

mercury capture capacity and unburned carbon content. However, this correlation does not 

apply to anthracite coal as shown in Figure 18 because insufficient surface area is generated 

during the devolatilization process. Accordingly, in order to make more efficient sorbent 

using flyash, coal having high volatile matter content should be used so that a high surface 

area porous structure results. 
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Figure 17. Volatile matter depending on coal rank 

 

Figure 18. The effect of coal rank for Hg capture efficiency 

4. Conclusions 

Five flyash samples are investigated in order to examine the relation among LOI, surface area, 

and mercury capture efficiency. Flyash C shows high mercury capture efficiency of 52% due 

to its residual carbon content and surface area. 

The porous structure (or surface area) is highly dependent on the carbonaceous content 

following from the devolatilization process during the coal combustion that produces the 

flyash samples. Mercury uptake efficiency is proportional to unburned carbon content for low 

rank of coal conditions. 

The physical mechanism for mercury adsorption onto activated carbon has a closer 
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correlation with the surface area open to mercury vapor even though carbon content in ash is 

a good index for mercury capture. Accordingly, ash from anthracite, which has a 

comparatively low level of volatile matter, shows low mercury capture efficiency despite its 

high carbonaceous content. 
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