
University of Alberta 

Activation of Fluid Coke for Mercury Removal from Gases 

by 

Mihaela Bratu ff*\ 

A thesis submitted to the Faculty of Graduate Studies and Research 
in partial fulfillment of the requirements for the degree of 

Master of Science 

m 
Chemical Engineering 

Department of Chemical and Materials Engineering 

Edmonton, Alberta 
Spring, 2008 



1*1 Library and 
Archives Canada 

Published Heritage 
Branch 

395 Wellington Street 
Ottawa ON K1A0N4 
Canada 

Bibliotheque et 
Archives Canada 

Direction du 
Patrimoine de I'edition 

395, rue Wellington 
Ottawa ON K1A0N4 
Canada 

Your file Votre reference 
ISBN: 978-0-494-45780-1 
Our file Notre reference 
ISBN: 978-0-494-45780-1 

NOTICE: 
The author has granted a non
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non
commercial purposes, in microform, 
paper, electronic and/or any other 
formats. 

AVIS: 
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par Plntemet, prefer, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats. 

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission. 

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these. 
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation. 

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis. 

Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these. 

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis. 

Canada 

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant. 



Abstract 

The treatments required to convert fluid coke, produced by Syncrude Canada,, 

into high-surface areas activated coke and the ability of activated fluid coke to remove 

mercury from gas steams were studied. Physical activation methods, using mostly H2O-

CO2 mixtures at T<800°C and P=100 to 620 kPa, were investigated. Surface areas >500 

m2/g were obtained for some treatments; the average pore diameter for all activated cokes 

was about 2 nm. The Hg capture ability of activated fluid coke was evaluated using a 

pulse adsorption apparatus. Activated fluid coke particles with surface areas above 200 

m2/g captured Hg from an argon stream at temperatures up to 150C. Vapour 

impregnation of activated fluid coke with sulphur at temperatures above 400 to 600 C 

increased the amount of and temperature at which Hg was adsorbed. The optimum 

o 

temperature for sulphur impregnation was 500 C; this sample strongly adsorbed Hg at 

temperature up to 250C. 
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Chapter 1. Introduction 

Mercury and its compounds are well known as ones of the most toxic pollutants 

due to its toxic effects on the environment and human health that have attracted public 

health and environmental attention recently. Human exposure to mercury can lead to 

serious health problems such as paralysis, urinary and intestinal complications, 

dysfunction of the central nervous system and in severe cases of intoxication, death 

(Nabais et al., 2006). 

Although emissions of mercury occur naturally, major mercury pollution comes 

from anthropogenic activities. Two types of combustion processes that are major sources 

of mercury emissions are municipal waste combustors and coal-fired power plants. 

Mercury is a natural constituent of coal. It is reported that the mean mercury 

concentrations of Hg in coal ranges from 0.12 to 0.28 (ig/g (Carpi, 1997). When the coal 

is burned, mercury is released from the feed material to the flue gases in the form of 

elemental Hg and oxidized Hg. The concentration of mercury in flue gas is correlated 

with the mercury speciation, the flue gas temperature and the type of air pollution control 

device employed at the facility. 

Mercury emission control measures in coal fired power plants are mainly based 

on the existing air pollution devices which include multiple cyclones, electrostatic 

precipitators, fabric filters, wet scrubbers, and wet and dry flue gas desulphurization 

systems. Performance of these control technologies depend on the differences in coal, 

plant design, and operation. While these devices are able to capture oxidized forms of Hg 

to some extent, they showed low efficiency for the control of elemental Hg emissions. 

(Liu et al., 2000). 

The Canadian Council of Ministers of the Environment (CCME) is committed to 

reducing mercury releases to the environment. Therefore, in October 2006 CCME set 

mercury Canada-wide Standards for mercury emissions from coal-fired electric power 

plants. The goal is to reduce the mercury emissions from Canadian coal-fired power 

plants by 60% until 2010 and an 80% reduction by 2018. 

New technologies have been developed for the control of mercury emissions. 

Among them, activated carbon adsorption is a technology that offers great prospective for 
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the control of gas-phase mercury emissions. Injection of activated carbon upstream of a 

particulate-control system has the potential of providing a low-cost option for control of 

mercury emissions from flue gases in coal-fired power plants. In carbon injection 

processes, a large carbon/mercury ratio is required to achieve Hg removal efficiency 

higher than 90%. To reduce the operating cost of the carbon injection process, it is 

required a high efficient adsorbent which can operate at a smaller C/Hg ratio or a lower-

cost sorbent (Hsi et al, 1998). Another option is the use of specially treated activated 

carbons i.e. bromine containing activated carbons. One of the problems with these special 

activated carbons is their cost. A potential lower-cost alternative to activated carbon is 

activated petroleum coke. 

Syncrude Canada Ltd. produces fluid petroleum coke as a result of the bitumen 

upgrading process, in its oil sands plant in northern Alberta. Fluid coke is a by-product, 

which is presently discharged. Fluid coke has a high calorific content but due to its high 

sulfur content, the use of this fluid coke as solid fuel would result in SO2 emissions in 

excess of environmentally acceptable levels. On the contrary, its high carbon content and 

low inorganic and volatile matter makes it an excellent precursor to activated carbon. Its 

high sulfur content might have a significant impact on the use of generated activated 

carbon for Hg removal. This fluid coke is abundant and readily available, at practically 

no cost, which might positively affect the price of final product. 

Fluid coke can be converted into activated carbon through physical or chemical 

activation. Physical activation involves devolatilization of raw material followed by 

activation, where the carbonaceous char is partially gasified with an oxidizing agent (i.e. 

CO2, steam, O2) in order to develop an adequate porous structure. Chemical activation 

involves the impregnation of the precursor with a chemical agent (i.e. alkaline 

hydroxides, ZnCk, H3PO4) followed by heat treatment. Literature indicates that 

petroleum coke can be activated through both methods, yielding to activated carbons with 

high surface areas and excellent sorption properties from liquid phase as well as from gas 

phase. 

The primary objectives of this thesis are to examine the production of activated 

carbon from Syncrude fluid coke and the feasibility of using this activated fluid coke for 

elemental Hg removal. The use of physically activated fluid coke for the removal of 
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mercury from gases has not been studied previously. In Chapter 2, a literature review on 

production of activated carbon from petroleum coke and applicability of activated carbon 

on Hg removal are presented. Chapter 3 provides the details on materials and 

experimental setup for thermal treatment of fluid coke and for Hg capture, respectively. 

The characterization techniques used to determine the properties of raw and activated 

coke are also covered in this chapter. Experimental results of fluid coke activation and 

the effect of treatment time, treatment temperature, treatment gas composition and effect 

of particle size on the properties of activated coke are the main subjects of Chapter 4. In 

Chapter 5, the results from Hg capture experiments are discussed. Also Hg removal 

capacity of sulfur-impregnated activated fluid cokes are presented in this chapter. 

Conclusions and recommendations are given in Chapter 6. 
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Chapter 2. Literature Review 
A brief review of activated carbons and manufacture of activated carbons is 

presented in this chapter. This is followed by a discussion of Syncrude fluid coke and 

use of activated carbons and coke for the capture of mercury from gas steams. 

2.1. Activated carbon - properties, production and applications 

2.1.1. Properties of activated carbon 

Activated carbon (AC), also called active carbon or activated coal, or activated 

charcoal, is a general term, which covers processed carbon materials with well developed 

porous structures and high internal surface areas. They consist principally of carbon (87-

97%), but also contain such elements as hydrogen, oxygen, sulphur and nitrogen, as well 

as various mineral substances either originating from the raw material used or added 

during its manufacture (Jankowska et al., 1991). 

Activated carbons are excellent adsorbents used in the treatment of drinking, 

domestic and industrial waste water for the removal of color, odor, taste and undesirable 

organic impurities, in solvent recovery, for air purification from inhabited spaces, in air 

pollution control, and for the purification of many chemical, food and pharmaceutical 

products, as well as for a variety of gas-phase applications (Bansal et al., 1988). The most 

important applications of activated carbon are the purification of air and water; large 

quantities of ACs are used in these applications and significant increases in their use is 

anticipated in these areas in the future. 

The excellent adsorbent properties of ACs are attributed to their large surface area 

and a high degree of surface reactivity. The surface area is generally greater than 400 

m2/g and often exceeds this value significantly reaching 1000-2500 m2/g (Jankowska et 

al., 1991). Most of this surface area is contained within micropores which have effective 

diameters of less than 2 nm. A particle of activated carbon is made up of a complex 

network of pores, with pore diameter ranging from 0.3 to several thousands nanometers. 

According to Dubinin (1966), pores can be classified in micropores (d < 2 nm), 

mesopores (2<d < 50 nm) and macropores (d > 50 nm); this classification of pores has 

been adopted by the Union of Pure and Applied Chemistry. Most of the adsorption takes 
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places in micropores, which represents -90-95% of the total surface area of an activated 

carbon. However, meso and macropores play a very important role in the adsorption 

process since they serve as passage for the adsorbate into the micropores (Menendes-Diaz 

and Martin-Gullon, 2006). 

An adequate pore structure is a necessary but not a sufficient condition for the 

optimization of the adsorption capacity of activated carbon. The nature and the amount of 

surface groups present on the carbon surfaces play an important role in the adsorption 

process. The presence or the absence of surface groups, formed by heteroatoms bonded 

to the carbon atoms of activated carbon, determine the chemical properties of activated 

carbon (e.g.. hydrophobic/ hydrophilic character, acidic/basic character), and influence 

the interactions of activated carbon with different adsorbates. Therefore, by modifying 

the nature and the amount of surface functional groups activated carbon can be tailored 

for specific applications, e.g. basic carbons are preferred for adsorption of acidic 

molecules and acidic carbons for basic compounds (Menendes-Diaz and Martin-Gullon, 

2006). 

Oxygen containing surface groups are, by far, the most common in carbons 

(Bansal et al., 1988). They can originate from the starting material from which a 

particular activated carbon is produced or can be introduced during the manufacture 

process itself (e.g. during activation by oxidizing gases such as water vapor and air). 

Hydrogen-containing species are also found as chemisorbed water, as part of the surface 

groups such as carboxylic groups, phenolic groups, amines, or hydrogen directly bonded 

to carbon atoms. Treatment with ammonia or urea can be used to introduce nitrogen 

containing groups. Sulphur can be naturally present in carbon materials or can be 

introduced by the reaction of carbon materials with sulphur containing compounds such 

as: H2S, CS2 or SO2. However, not all these groups are present at the same time on a 

carbon surface (Bansal et al., 1988). 

2.1.2. Production of activated carbon 

The production of activated carbon consists of two basic steps: carbonization 

followed by activation. Carbonization involves thermal decomposition of carbonaceous 

material, at temperatures below 800 C, eliminating non-carbon species and producing a 
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fixed carbon mass and an incipient porous structure (Bansal et al. 1988). Due to the 

evolution of the volatile matter, the material becomes richer in carbon and initial porous 

structure develops. This step is critical in the case of raw materials with a high content of 

volatile matter. 

The parameters that determine the quality and the yield of the carbonization 

product are: the rate of heating, the final temperature, the soaking time at the final 

temperature, and the nature of the raw material. Among these, the heating rate is very 

important in the development of the final structure of the carbonization product. A high 

heating rate produces a very quick devolatilization, giving rise to a product with a well 

developed meso and macropore network, a low density and a low abrasion and hardness 

index. On the other hand, a low heating rate favors the formation of micropores and 

consequently, both density and hardness are higher than in the case of high heating rate 

(Menendes-Diaz and Martin-Gullon, 2006). In industrial processes, carbonization is 

carried out in direct heated kilns, in an oxidant atmosphere (steam with exhausted air 

from burners, operated at very low stoichiometric ratios), at low heating rate, at 

temperatures of 400-600°C, and long soaking times (Jankowska et al. 1991). 

Activation has the objective to enhance the pore volume and to enlarge the 

diameters of the pores created during carbonization and to create new porosity. The 

factors that have the greatest influence on the properties of activated carbon obtained are: 

temperature of activation and the reactivity of the carbonaceous material towards the 

activating agent. 

At low temperatures, the rate of chemical reaction of carbon with the oxidizing 

agent is small. With increases in the oxidation temperature, the rate of the chemical 

reaction increases and then the overall rate of the process becomes limited by the rate of 

transport of the oxidizing agent into the particle. At very high temperatures, the oxidation 

reaction rate becomes so high, that the whole oxidizing agent reacts with carbon on the 

external surface of the granule. In such a case significant losses of the material occur due 

to superficial burn-off, and a porous structure is not formed. The rate of oxidation process 

is limited by the reactivity of the initial carbonaceous material towards the oxidizing 

agent. The greater the reactivity of the substrates the lower the optimal temperature of the 

process at which uniform formation of pores is observed (Jankowska et al, 1991). 
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The activation methods are broadly divided into two main types: physical 

activation and chemical activation. Physical activation is carried out at temperatures 

between 800 and 1000°C, in the presence of suitable oxidizing agents such as H2O, CO2, 

air or any mixture of these gases. The gases react with the carbon atoms and remove 

some of the mass of the internal surface of the solid, in the incipient micropores, creating 

a well developed microporous material. The most reactive agent is oxygen, while the 

lowest reactive is CO2 (Menendes-Diaz and Martin-Gullon, 2006). Activation of 

carbonized char with oxygen is highly exothermic, and the reaction temperature is very 

difficult to control. Consequently, oxygen activation is not applied at an industrial scale 

(Bansal et al., 1988). 

Steam activation is the most widely used method for producing activated carbons 

in the world. Direct fire-heated systems are used in steam activation. At industrial scale, 

in a continuous operation, both steam and air are fed into the kiln. As steam activation is 

endothermic, the heat required is provided by the exothermic gas phase reaction of CO 

and H2 (steam gasification products) with the appropriate amount of air. Air must be fed 

into the reactor at different reactor points in order to prevent carbon-oxygen gasification, 

so that they react only in gas phase. In this way, heat supplied by gas phase oxidation can 

balance the steam gasification requirements, and no fuel is needed by the fire burners 

except for the non-stationary starting operations (Menendes-Diaz and Martin-Gullon, 

2006). 

The main reactions occurring during activation are: 

C + H20 ^ C O + H2 (2-1) 

C + 2 H20 U C02 + H2 (2-2) 

C + CO2 ^ 2CO (2-3) 

C + 2H2 ^ C H 4 (2-4) 

CO + H2O ±+C02 + H2 (2-5) 

Activation with CO2 is more endothermic than with steam and therefore requires a 

higher temperature. In actual industrial processes, the activating agent used is generally 
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flue gas to which a certain amount of steam is added so that a combined activation with 

steam and CO2 can occur (Bansal et al., 1988). 

A second commercial route for producing activated carbon involves the reaction 

of the carbon precursor with a chemical reagent and is known as chemical activation The 

reagents that have been most used by industry are ZnCh, H3PO4 and KOH. Each reagent 

produces a different porosity in the carbon precursor. The common feature of these 

activating agents is that they are dehydrating agents which influence pyrolytic 

decomposition and inhibit formation of tar (Bansal et al., 1988). 

Chemical activation is usually carried out at temperatures between 400 and 800 C. 

The starting material is impregnated with the activating agent in the form of concentrated 

solution. The chemical impregnated material is then heated to the desired temperature in 

an inert atmosphere. The product is cooled and washed to remove the activating agent, 

which is recycled. The feasibility of chemical activation processes is strongly dependent 

on efficiently recovering the reagent for recycling. This involves subsequent leaching 

stages, followed by an additional operation consisting of drying the washed carbon 

(Menendes-Diaz and Martin-Gullon, 2006). 

Any carbonaceous material, with high carbon content, a low inorganic content, 

cheap and readily available can be used as an activated carbon precursor. Activated 

carbon can be obtained from a variety of raw materials such as: wood, nut shells, fruit 

stones, peat, sawdust, coals, petroleum coke, and various kinds of natural coals. 

2.2. Syncrude fluid coke from Athabasca oil sands bitumen 

2.2.1. Production of Syncrude fluid coke 

Coke is a by-product of the oil refining and bitumen upgrading. Fluid coke is 

obtained in the process of bitumen upgrading to synthetic crude oil employed by 

Syncrude Canada, in Alberta. Currently, about 5,000 tonnes of fluid coke are produced 

per day and this amount is expected to increase, due to the increasing production of 

synthetic crude oil. The fluid coking process is a continuous process. A fluid coking unit 

consists primarily of two vessels: the coking vessel and the burner vessel. The coke 

particles are heated up in the burner vessel after which they are recirculated to the coking 
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vessel to supply heat. Bitumen, previously pre-heated is sprayed into the fluidized bed of 

fluid coke particles in the coking vessel, which operates at temperatures > 500 C. 

Bitumen is thermally cracked into lighter fractions which are recovered as liquid and 

vapor products, and the fluid coke particles get coated with layers of coke as they are 

recirculated through the coker. Part of the coke is continuously withdrawn from the coker 

vessel and transferred to the burner vessel for partial combustion. To maintain a constant 

mass of coke in the burner, part of the coke is withdrawn at the bottom of the burner and 

transported to the storage area (Furimsky, 2000). 

2.2.2. Properties of Syncrude fluid coke 

Fluid coke is a black, fine granular material, consisting of approximately spherical 

particles ranging in size from a few microns to 2 cm with a bulk specific gravity of 0.95 

and a particle specific gravity of 1.6; Syncrude fluid coke is not soluble in water or oil 

(Berube, 2006). The study on leachability of coke samples taken from stockpiles, 

confirmed that the fluid coke is virtually non-leachable with respect to the regulated 

elements, as well as the volatile matter (Chung et al., 1996). The results of proximate and 

ultimate analysis of the coke are summarized in Table 2-1. The dates in brackets indicate 

years during which the coke was produced. 

Analysis of Syncrude fluid coke from stockpiles indicates a uniform composition 

of the coke over more than 15 years of operation. Very little variation was observed for 

the carbon content, sulphur content and ash content. Fluid coke derived from oil sands 

has high sulphur content in comparison with the sulphur content of the coke obtained 

from conventional oil (-2%). Most of the sulphur is of organic type, and is buried in the 

coke matrix as a result of prolonged exposure at high temperature during the coking 

process. Fluid coke has a high calorific value of 33 MJ/kg, comparable with that of high 

rank coals, such as anthracites (Majid and Sparks, 1999). 

Scanning electron microscopy reveals a smooth, non-porous surface (Jack et al., 

1979). It has a graphite-like structure, which results from prolonged exposures at 
o 

temperatures >500 C. BET surface areas, using nitrogen adsorption, increased from 1 to 

22 m2/g, with decreasing particle size, reaching the maximum at a particle diameter of 69 
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urn (Fairbridge et al., 1986; 1987). The surface area of particles smaller than 69 microns 

does not increase with decreasing size, probably due to a different fractal dimension of 

the small particles compared to the large ones. The fractal dimension of a surface is a 

measure of the ability of a solid surface to fill a three-dimensional volume: a higher value 

of fractal dimension indicates a more irregular surface (Fairbridge et al., 1986). 

Table 2-1. Properties of Syncrude coke from stockpiles (wt.%) (Chung et al., 1996) 

Coke (years) 1(79/80) 2(80/82) 3(82/83) 4(83/85) 5(85/95) 

Proximate Analyses 

Moisture 

Ash 

Volatiles 

Fixed carbon 

0.44 

5.40 

4.85 

89.31 

0.60 

7.21 

5.11 

87.08 

0.50 

5.18 

6.23 

88.09 

0.69 

7.52 

6.10 

85.69 

0.25 

4.83 

4.99 

89.95 

Ultimate Analyses 

Carbon 

Hydrogen 

H/C 

Nitrogen 

Sulphur 

Oxygen 

82.73 

1.72 

0.25 

1.75 

6.78 

1.18 

80.73 

1.63 

0.24 

1.70 

6.63 

1.50 

81.80 

1.66 

0.24 

1.98 

6.84 

2.04 

80.94 

1.56 

0.23 

1.73 

6.15 

1.41 

83.74 

1.77 

0.25 

2.03 

6.52 

0.88 

Syncrude fluid coke is difficult to gasify. It was determined that long residence 

times or temperatures higher than 1000 C were required to achieve high carbon 

conversion (Furimsky, 1985). The coke gasification rate is affected by the nature and 

concentration of the active sites and by the accessibility to the active sites, in other words 

by the surface structure of the coke. The rate of oxygen adsorption may be directly 

related to the accessibility to the active sites. Oxidation rate was shown to increase with 

decreased coking temperature, soaking time and particle size (Fairbridge et al.1986). 
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2.2.3. Applications of Syncrude fluid coke 

Currently, fluid coke made by Syncrude is stockpiled on the site. The high 

sulphur content and low reactivity have prohibited its use as a source of energy 

generation by direct combustion or gasification. Various desulphurization processes such 

as: steam treatment, alone or in presence of alkali compounds, hydrodesulphurization, 

and preoxidation followed by hydrodesulphurization, and impregnation with alkali 

compounds, carbonates or sulphides prior to combustion, have been reported in the 

literature. Hall et al. (1982) found that impregnation of fluid coke with small quantities of 

NaOH resulted in increased hydrodesulphurization of the product. Wet and dry 

impregnation of fluid coke with CaCC>3, Ca(OH)2, CaO, NaHCCh, prior to combustion 

has been studied by Majid et al. (1988) and Otaigbe and Egiebor (1991). The results 

indicated that treatment with sulphur sorbents resulted in high sulphur removal, at 

temperature above 600 C. Ityokumbul (1994) has shown that molten caustic leaching of 

fluid coke at relatively low temperatures (200-400 C) also reduced the sulphur content of 

fluid coke. However, none of these processes have been proven feasible for large-scale 

application. 

Gasification of fluid coke in fixed and fluidized beds has been evaluated. Because 

of its low reactivity, high severity conditions are required to achieve high gasification 

conversion. Commercial gasification is being delayed because of the availability of 

natural gas on the site of the upgrading plants. The current technologies cannot compete 

with the price of natural gas in the region (Furimsky, 1998). 

2.3. Activated carbon from petroleum coke 

Production of activated carbon from petroleum coke has been investigated by 

several groups, mostly on delayed coke, rather than fluid coke, and involved chemical 

activation as the main route of activation. 

Very high surface areas were obtained by chemical activation of petroleum coke, 

using KOH as activating agent, at a KOH/carbon mass ratio varying from 1 to 4 and final 

activation temperature of 800 C. O'Gady et al. (1986) reported a surface area as high as 
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3400 m2/g, while Otawa et al. (1993) obtained an activated coke with an area of 3100 

m /g. In both cases, the activation was carried out in two heating steps: first the 

impregnated material was heated up to 400-500C, for dehydrating purpose. The product 

was next pyrolysed at 800-900C, in an inert atmosphere. The product was washed to 

remove the excess KOH and containing salts. The activated cokes obtained exhibited 

excellent adsorptive capacities, suitable for numerous applications, such as potable and 

waste water treatment. According to Otawa et al. (1993), intercalation or enlargement of 

the carbon matrix by the potassium compounds in the course of forming carbonate, 

during activation process, may act as spacer to create the pores. 

A high surface area activated coke was reported by Lee at al. (2000), using a 

delayed petroleum coke with 7 wt.% sulphur content, as starting material. The effects of 

NaOH and KOH on the development of surface area were evaluated. Activating 

agent/coke ratio was varied from 2 to 4, and the final temperature was 400-600 C. It has 

been found that KOH was more effective for the development of surface area than 

NaOH. Surface areas up to 1980 m2/g were obtained during activation with KOH, in 

comparison with 1350 m2/g, obtained by NaOH activation. They claimed that 

desulphurisation plays a role in the development of surface area. The breakage of C-S 

bonds followed by the evolution of sulphur from carbon matrix leads to the formation of 

pores and sites where activation can occur. They reported that surface area did not 

increased significantly until the residual sulphur content was reduced to < 0.1% S. (Lee et 

al., 2000). 

Surface areas between 1000-1750 m2/g were obtained by Wu et al. (2005) during 

activation of two petroleum cokes when KOH was used as the activating agent. They also 

evaluated the affect of physical activation and co-activation (KOH/water vapour) on the 

development of surface area. KOH/carbon ratio was 2, and activation temperature was 

800 C. Activated carbon with a surface area less than 1000 m /g was obtained by 

physical activation, while a surface area as high as 3000 m /g was obtained with the co-

activation method. The co-activation method was more efficient in terms of surface area, 

but a much lower yield (29%) compared to chemical activation (63%) was obtained 

(yield is defined as the ratio of the mass of the activated coke to the initial mass of 

carbonaceous material). They claimed that the presence of Ni and Cr species in the coke 
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matrix may play a role in the development of surface area, acting as catalysts for the 

reaction between carbon and activation agents. More research has to be done to confirm 

this supposition. 

Effect of carbonization, prior to KOH activation was studied by Chunlan et al. 

(2005). Petroleum coke was heated up to different temperatures: 500, 800 and 1200 C, 

followed by the activation, at KOH/carbon ratio of 3 and temperature of 730°C. The 

highest surface area was obtained from raw petroleum coke (1997 m2/g), while the lowest 

surface area was obtained from the petroleum coke carbonized at 1200 C (12 m2/g). They 

stated that alcoholic, phenolic, carboxylic and hydroxyl groups on the surface of raw 

coke might serve as 'active sites' in the chemical activation with KOH. Depleting the 

coke surface of these functional groups resulted in a less porosity development in 

activated product. 

Very low surface areas were obtained when NaOH, H3PO4 and ZnCk were used 

as activating agents by Zamora et al. (2000). The starting material was petroleum coke 

with 6 wt.% sulphur. Activating agent/carbon ratio was 1, final temperature was 700 C. 

Surface areas of 16.3-35.4 m2/g were obtained, with NaOH being the most efficient 

activating agent. 

Physical activation of Syncrude fluid coke, containing 6 mass % sulphur, with 

steam was used by DiPanflio and Egiebor (1996) to obtain an activated carbon with a 

maximum surface area of 318 m2/g. They also report results of chemical activation of 

fluid coke impregnated with KOH. KOH treated coke was prepared by mixing a specific 

quantity of raw coke with a solution of KOH, in which KOH content was equivalent to 4 

wt.% of the coke used; the activation temperature was 850°C. Surface area increased with 

the increasing activation time, for the untreated raw coke. Addition of KOH did not have 

any effect on the development of surface area but increased the activation rate. 

Delayed petroleum coke from Suncor Canada Ltd. has been activated, following 

the physical activation path, using steam, as activating agent, at temperature of 850C 

(Shawwa et al., 2001). Unfortunately, no surface areas were reported. The quality of the 

product was determined by liquid-phase adsorption of methylene blue. 
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2.4. Activated carbon for Hg emissions control 

Mercury is a toxic pollutant that has attracted significant public health and 

environmental attention recently. Although air emissions of mercury occur naturally, 

major mercury pollution comes from anthropogenic activities. Coal-fired power plants 

have been identified as the largest source of mercury emissions in USA and Canada. In 

USA, the amount of mercury released annually from coal-fired power plants is ~ 50 

tonnes (Pavlish et al., 2003). In Canada, it is reported that in 2003 the coal-fired power 

plants emitted an estimated 2,695 kg of mercury from an estimated 3,725 kg of mercury 

in coal burned. The Canada-wide standard for mercury emissions includes caps on 

mercury emissions from new and existing coal-fired power plants so that 60% of mercury 

will be captured by 2010 (Canadian Council of Ministers of the Environment, 2006). 

Alberta is the largest emitter of mercury from coal fired power plants because it produces 

more electricity from coal-fired plants than other provinces. According to the Canada-

wide standard for mercury emissions, Alberta must reduce mercury emissions from 

estimated 1,180 kg/yr in 2005 to 590 kg/yr in 2010. 

Hg emissions from coal-fired power plants exist in three typical forms: elemental 

mercury (Hg), oxidized mercury, (Hg2+) such as HgCi2 and HgO, and particle-bound 

mercury, Hg(p). In general, the variability in Hg concentration and speciation depends on 

many factors, including mercury concentration in the coal, flue gas temperature, chemical 

constituents present in flue gas and type of air pollution control equipment employed 

(Carpi, 1996). Test data show that low-rank coals (sub bituminous and lignite coals) 

produce primarily elemental mercury, which is more challenging to control (Pavlish et 

al., 2005). 

During combustion, at temperatures of 1200-1400°Cin the combustion zone, 

mercury in coal is vaporized and exists as Hg° (Hall et al.,1991). As the flue gas 

temperature decreases, Hg° is partially oxidized to Hg2+, by reacting with HC1, CI2, NO2 

or O2 present in flue gas. Oxidation of mercury to chloro-mercury compounds will occur 

to a substantial degree in the presence of high concentrations of HC1 and CI2 (Hall et al, 

1991). Many forms of Hg2+ are highly soluble in water (e.g. HgCl2 : 6.9 g/L at 25°C) and 
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are likely to be removed by precipitation or may exist in part adsorbed to particulate 
o 

carbon in the exhaust stream (Capri, 1996). Hg is difficult to remove from the flue gas 

streams due to its high equilibrium vapour pressure (0.25 Pa at 25 C) and low solubility 

in water (6xl0"5 g/L, at 25°C) (Hsi et al., 1998). 

Current technologies for mercury emissions control in coal-fired power plants are 

based on the existing air pollution control devices, which include cold and hot 

electrostatic precipitators, fabric filters, wet and dry flue gas desulphurization systems, 

wet scrubbers, or combination of these. There is no single technology that can be broadly 

applied. Combinations of available methods may be able to provide up to 90% control for 

some plants but not others. This is due to factors, such as operating conditions, flue gas 

composition, mercury content in coal and differences in coal rank (Pavlish et al., 2003). 

While adsorption by raw activated carbon can be effective in removing mercury at 

high sorbent /mercury ratios, impregnation of functional groups, can significantly 

improve the adsorption capacity. Chemically impregnated activated carbons were found 

to have several times higher Hg adsorption capacity that virgin activated carbons. Iodine, 

chlorine and sulphur compounds are most commonly used as impregnation agents to 

improve mercury adsorption (Krishnan et al , 1994). Bromine treatment of activated 

carbon has also been used to improve mercury adsorption and bromine, and field test in 

power plants have shown that bromine-treated activated carbon is effective in removing 

mercury from the coal-fired power plant flue gases (Lockert, et al., 2006). 

For the manufacture of impregnated activated carbon, a precursor of a suitable 

quality for a specific application is impregnated (or sprayed) with solutions of salts or dry 

chemicals which, after drying remain on the internal surface of the activated carbon. 

Homogenous distribution of the impregnating agent on the internal surface has a very 

important effect on the adsorption capacity of the resulted activated carbon, since 

adsorption takes place inside the micropores. 

In recent years, considerable attention has been devoted to develop sulphur-

impregnated activated carbons for the removal of elemental mercury. Sulphur-

impregnated activated carbons perform better than virgin carbons. The main reason is 

that while physiosorption dominates the capacity of a virgin carbon, chemisorption, 
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facilitated by the formation of HgS, controls the adsorption capacity of sulphur-

impregnated carbons. Different sulphur impregnation methods have been employed and 

the effect of sulphur impregnation on mercury adsorption capacity has been evaluated. 

Sinha and Walker (1972) impregnated a Saran carbon by oxidation of H2S by O2 

at 140 C. They found that at 25 C, the adsorption capacity was greatest for the virgin 

carbon and decreased with increasing sulphur loading. At 150 C, the adsorption of 

mercury by virgin carbons was negligible compared with that of sulphur-impregnated 

carbon, due to the mercury reacting with sulphur, to form HgS. 

Otani et al (1998) carried out sulphur impregnation on an activated carbon by 

soaking an activated carbon in a CS2 solution followed by evaporating the solvent in 
o 

nitrogen gas. They found that Hg adsorption capacity, tested at 36 C, increased with 

increasing sulphur content, an opposite effect observed to the previous study done by 

Sinha and Walker. Sinha and Walker reported that the surface area of Saran carbon was 

reduced from 875 to 1 m2/g, at a sulphur content of 11.8 wt. %, while the decrease in 

surface area was only from 1250 to 710 m2/g, at a sulphur impregnation of 13.8 wt. % 

according to Otani et al (1988). The differences in the methods by which sulphur was 

added to the activated carbons might be reason for the differences in the changes in BET 

surface areas. 

Impregnation of activated carbon with elemental sulphur was studied by Korpiel 

and Vidic, (1997), Liu et al, (1998), Liu et al. (2000), Kwon and Vidic, (2000). A 

bituminous-activated carbon (BPL), commercialized by Calgon Carbon Corporation was 

used as starting material, for elemental sulphur impregnation. Mercury adsorption 

capacity was tested at different temperatures, from 25 to 140°C, and low influent Hg 

concentration of 55 ug/m , at a N2 flow rate of 1 L/min. They found that in the case of 

impregnation with elemental sulphur, the impregnation temperature employed was more 

important than sulphur content, in terms of mercury adsorption capacity of impregnated 

activated carbon. The results showed that carbons impregnated at high temperature (400-

600 C) exhibited the highest efficiency for mercury removal. Higher treatment 

temperature produced relatively high surface areas, stronger bonding between sulphur 

and carbon and a larger fraction of mesopores which were believed to contribute to 

improved mercury capture. 
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The dependence of mercury capture on sulphur impregnation temperature can be 

explained by the fact that at high temperature, the vapour pressure of sulphur increases 

rapidly, and the nature of the sulphur vapour molecules change with temperature. Sulphur 

exists in several allotropes, including S\ (Sg rings), Ŝ  (Ss chains), and S^ (chains of 

variable length) with Ss rings being the only form at room temperature. At high 

temperature, sulphur gas possesses a significant fraction of S6 and S2, which are smaller 

and more reactive than Ss because they posses a greater fraction of sulphur terminal 

atoms (Korpiel and Vidic, 1997). Consequently, the smaller and more reactive sulphur 

molecules will migrate easier inside the microporous structure of activated carbon, 

resulting in a more uniform sulphur distribution, with a greater reactivity compared with 

those impregnated at lower temperature. At low impregnation temperature, the 

predominant form of sulphur is Sg molecules, in the form of rings or long chains which 

could only enter large pores and easily form clusters. Therefore, these clusters will block 

pore entrances and reduce the total surface area (Liu and Vidic, 1998). 

The sulphur/carbon ratio and the method of sulphur impregnation were also 

studied. When sulphur/carbon ratio was varied from 4:1 to 1:2, the sulphur content 

slightly decreased, which resulted in a small decrease in mercury uptake capacity (Liu 

and Vidic, 2000). Also, two sulphur impregnation methods were compared. In one 

method, which was also used in the previous studies, activated carbon and sulphur were 

placed in two different ceramic holders, one for the activated carbon and one for sulphur. 

On the other hand, in the second method, sulphur flakes were finely grounded and mixed 

with the activated carbon in a single holder. Direct contact between sulphur and activated 

carbon, during impregnation resulted in a reduced amount of sulphur necessary to reach 

the same sulphur concentration in the final product, compared with the method in which 

sulphur and activated carbon were placed separately. Also maintaining a stagnant, inert 

atmosphere during impregnation process improved sulphur deposition resulting in the 

increased capacity of the adsorbent when compared to that obtained under continuous 

flow of nitrogen (Liu and Vidic, 2000). 

The influence of impregnation temperature and surface area on mercury removal 

capacity was confirmed by Kwon and Vidic (2000). Treatment with H2S, at 150C was 

compared with elemental sulphur impregnation, at 600 C, by means of Hg adsorption 
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capacity. The same activated carbon (BPL) was used as precursor and identical 

conditions were used for Hg adsorption. Treatment with H2S in place of elemental 

sulphur yielded comparable sulphur content but a significant lower mercury capacity. 
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Chapter 3. Materials, Equipment and Procedures 
Experimental work in this study consisted of physical activation of Syncrude fluid 

coke and evaluation of mercury adsorption capacity of activated fluid coke, by using 

pulse injection of air saturated with mercury. The effect of time, temperature, pressure 

treatment and of gas composition on the development of surface area and pore size 

distribution of activated coke was studied. Mercury capture of activated coke was 

evaluated as a function of operating temperature and properties of activated fluid coke: 

surface area, particle size, chemical composition. A description of materials, equipment 

and procedures used in activation and characterization of fluid coke and mercury capture 

experiments is presented in this chapter. 

3.1. Materials 

Fluid coke used in this study was provided by Syncrude Canada Ltd. A 20 L 

sample, identified as Coke 1 was received in April 2005. Another sample, identified as 

Coke 2 was supplied in July 2005. These two coke samples were produced at different 

times. The samples were stored in metallic containers, at room temperature. No 

additional treatment (e.g. washing, degassing) was applied prior to use. No proximate or 

ultimate analyses were carried out. 

Compressed gases used in the experiments: CO2 (bone dry), air (extra dry), N2 

(UHP), He (PP), H2 (UHP) and Ar (UHP) were obtained from Praxair. NaOH (beads, 1) 

and precipitated sulphur (powder/USP) were obtained from Fisher Scientific. All the 

water used was deionised water. 

3.2. Treatment of fluid coke 

3.2.1. Classification of fluid coke 

Coke was separated into various size ranges by sieving using standard Canadian 

Metric sieves, ranging from 53 to 250 um (Tyler mesh sizes from 270 to 60). The sieving 

procedure consisted of placing 200 g of coke on the 250 um sieve and shaking the set of 

sieves for 15 min in a mechanical shaker. Coke of different particle size ranges were 

stored at room temperature in closed plastic containers. The 100-125 um size fraction of 
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Coke 1 was used for most of the experiments. The identification codes for the different 

raw coke samples are listed in Table 3-1. 

Table 3-1. Identification designations for various fluid coke samples. 

Sample 
Identification 

Cokel 

Coke 2 

Coke 101 

Coke 102 

Coke 103 

Coke 104 

Coke 105 

Coke 106 

Coke 107 

Coke 201 

Coke 202 

Coke 203 

Coke 204 

Coke 205 

Coke 206 

Coke 207 

Sample Description 

The fluid coke sample (20 L) obtained from Syncrude on April 
14,2005 
The fluid coke sample (10 L) obtained from Syncrude on July 
28, 2005 
The <53 um fraction of Coke 1 

The 53 - 80 um fraction of Coke 1 

The 80-100 um fraction of Coke 1 

The 100 -125 um fraction of Coke 1 

The 125-180 urn fraction of Coke 1 

The 180 - 250 um fraction of Coke 1 

The >250 um fraction of Coke 1 

The <53 um fraction of Coke 2 

The 53 - 80 urn fraction of Coke 2 

The 80-100 um fraction of Coke 2 

The 100 -125 um fraction of Coke 2 

The 125-180 um fraction of Coke 2 

The 180 - 250 urn fraction of Coke 2 

The >250 um fraction of Coke 2 

3.2.2. Equipment and procedure for thermal treatment of fluid coke 

A schematic diagram of the apparatus used to activate the coke is presented in 

Figure 3-1.The activation reactions were carried out in a vertical reactor, located in a 

custom-made furnace. The furnace, with an operating temperature from 0 to 900°C, was 

used to heat up the samples. The reactor consisted of a 500 mm long, 12.5 mm O.D. 316 

stainless steel tube. This 316 stainless tube was replaced with a 560 mm long, 10 mm 

O.D. Inconel tube, for the runs carried out at elevated pressures. The temperature was 

controlled with a proportional-integral-derivative (PID) controller using Thermocouple 

T2 as controller input. The actual temperature in the reactor was measured with 
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Thermocouple Tl which was inserted in the reactor such that its tip was just above the 

sample. The output from Tl was logged by the data acquisition system. 

N, \^H RM 

AiTT^H R M 

CO, HKH RM 

-<g>—IX 

RM: Rotameter 
PM: Pressure 

PP: Positive 
Displacement pump 

T#: Thermocouple 

X : Two-way valve 

® : Three-wav valve 

w: Needle valve 

CT: Cold trap 

GC: Gas chromatograph 

Quartz wool 

Furnace 

Coke particles 

Quartz wool 

H*r— 

iv 

CT 

JaOH 

GC To fur 
A 

solution — / V 

Figure 3-1. Schematic diagram of the apparatus used for thermal treatment of fluid coke. 

The flow rates of treatment gases (CO2, Air, N2) were adjusted with needle valves 

and measured with calibrated rotameters. The flow of treatment gases in the treatment 

reactor was from top to bottom. Initially, a glass syringe pump KD Scientific, Model 

780100 was used to inject the water at the desired rate. Because this glass syringe pump 

cannot operate at pressures much above atmospheric pressure, it was replaced with a 

positive displacement pump, (LabAlliance Series II, Model 205SFM01) for the activation 

runs carried out at higher pressures. Up to run MB 10464, the exit gases were bubbled 

through a NaOH solution, and then were vented to fumehood. After Run 10464, the exit 
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gases from the reactor were passed through a cold trap at 0 C and then entered an on-line 

gas chromatograph HP 5890 for analysis of the exit gas composition. The exit gases from 

the GC column were passed through a scrubber, at ambient temperature containing 

NaOH solution, and then vented to the fumehood. 

For a typical activation run, a measured amount of coke (~10 g) was placed in the 

reactor between two plugs of quartz wool. A 150 mm long, 10 mm O.D. 316 stainless 

steel tube was placed at the bottom of the reactor tube to support the coke bed. The 

reactor tube was placed inside the furnace and connected to the treatment gas lines. The 

data acquisition program (LABVIEW) was stared and the temperature controller was set 

to the desired temperature. Temperatures of < 800 C were used for the thermal 

treatments. Needle valves were used to adjust the treatment gas flow rates to the desired 

values; the flow rate was indicated by calibrated flow meters. The treatment gases were 

passed over the sample at the selected final temperature, for a desired period of time. For 

the runs carried out at elevated pressure, the pressure in the reactor was controlled by 

adjusting the needle valve placed at the bottom of the reactor. The pressure was 

monitored by a pressure transducer and logged by the data acquisition system at 60 sec 

intervals. The heat-up temperature, which was typically of 30 min duration, was not 

included in the treatment time. After the reaction time was completed, the sample was 

cooled down, in an inert atmosphere (N2). The activated coke was measured and stored in 

glass vials. During the activation, the exit gases were periodically analyzed with the on

line gas chromatograph. 

Typical plots of inlet pressure and top bed temperatures as a function of treatment 

times are shown in Figures 3-2 to 3-4. Typical variations in pressure and temperature 

during treatment are shown in Figure 3-2. The small pressure variations are due to flash 

vaporization of the water droplet in the treatment tube. More severe pressure variations, 

illustrated in Figure 3-3, sometimes occurred at higher water flow rate (water feed rates 

were 4.5 and 9.0 mL/h for IC10494 and MB10465). Occasionally very large spikes 

occurred in both temperature and pressure even at low water feed rates. This is illustrated 

in Figure 3-4; the water feed rate for IC10473 was 4.5 mL/h. Such behaviour was rare 

and is ascribed to large water droplets and an insufficiently thick or badly distributed 

quartz wool pad on the top of the coke particle bed. Subsequent analysis of the results 
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indicated that these variations in pressure and the brief drops in temperature, such as 

those shown in Figure 3-4, did not affect the coke activation. A tabulation of all the 

activation runs is given in Appendix A, Table A-l; variations in temperatures and 

pressures are indicated by the standard deviations of the measured values. 
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Figure 3-2. Pressure and temperature profiles for Run IC 10494 showing typical variations 

in pressure and temperature with treatment time, 
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3.3. Equipment and procedure used for mercury capture by fluid coke 

A schematic diagram of the pulse sorption apparatus used for mercury capture on 

activated coke is shown in Figure 3-5. The carrier gas used in the current study was 

argon, ultra-high purity grade, and the flow rate was kept constant during the 

experiments, at 1.5 mmol/min (40 mL/min at ambient conditions). The flow rate of 

carrier gas was controlled by a mass flow controller. A measured amount of sample to be 

tested was placed in a borosilicate U-tube, between two plugs of quartz wool. The sample 

was heated to the desired temperature in a temperature-controlled oven. The oven 

temperature was maintained at the desired temperature using a PID controller. 

Hg Injection 
Por t l 

Hg Injection 
Port 2 

Purge Flow 
Restrictor 

. Waste 

H9 
•"-MDetectoif k Data 

Acquisition 
System 

Figure 3-5. Schematic diagram of the apparatus used for mercury capture by fluid coke. 
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For a typical run, a measured amount of activated coke (40-50 mg) was placed 

into the sample holder which was then placed into the oven which had been preheated to 

the desired temperature, under argon flow for -20-30 min before the first mercury 

injection. The argon flow was downward through the packed bed of coke. Three pulses of 

air saturated with mercury (50uL, at room temperature and atmospheric pressure) were 

injected into Port 2, for calibration of the detector. Several pulses of air saturated with 

mercury were injected into Port 1 and the mercury passed through the sample was 

measured by detector. A new sample of sorbent was used for every experiment. 

Mercury injection into Port 1 was used to determine the mercury capturing ability 

of the activated fluid coke, while mercury injection into Port 2 was used to calibrate the 

detector. Air saturated with mercury at room temperature was injected, either into Port 1 

or Port 2, using a gas-tight Hamilton syringe (50 uL). The air saturated with mercury was 

stored in a 2 L glass vessel containing liquid mercury. The temperature of the air in the 2 

L bulb was recorded for each injection so that the amount of mercury in each injection 

can be calculated from the mercury vapour pressure and the volume of injected gas. 

A Cold Vapor Atomic Fluorescence Spectrophotometry (CVAFS) mercury 

detector (Tekran Model 2500) was used to determine the amount of mercury which was 

not adsorbed by the activated coke. This detector allows the measurement of elemental 

mercury in an argon carrier gas and can detect sub-picogram amounts of mercury in 

nearly any type of sample matrix. Elemental Hg atoms in an inert carrier stream are 

excited by a source of ultraviolet radiation. Radiation at 253.7 nm excites any Hg atoms 

present, which then fluoresce and re-radiate at the same wavelength (user manual). The 

fluorescence produced by the elemental Hg is recorded by a photomultiplier tube. The 

intensity of the fluorescence is directly proportional to the amount of elemental Hg 

present in the carrier gas. A high resolution data acquisition system (Varian Star 

software) was used to convert the signal registered by the photomultiplier to a 

chromatogram. The area under each peak is related to the amount of mercury which has 

passed through the detector and calibrations were done to determine the relationship 

between area and amount of mercury. Typical plots of the output of the detector as a 

function time are shown in Figures 3-6 and 3-7. 
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Figure 3-6a. Output of the Hg detector for activated coke IC10481 (BET SA= 489 m2/g). 
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Figure 3-6b. Expanded output of the Hg detector for activated coke IC10481 (BET SA= 
489 m2/g). 
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Figure 3-6a shows the Hg detector output for Hg adsorption on activated coke 

IC10481 (BET surface area of 489 m /g). The three large peaks represent the detector 

outputs for calibration injections (injections in Port 2 in Figure 3-5). Four Hg injections 

were performed over the sample at 140 C, but very little mercury was eluted from the 

sample. This can be seen in Figure 3-6b, which is an expanded representation of Figure 

3-6a. Figure 3-7a shows the Hg detector output for the activated coke IC 10490, with BET 

surface area of 22.4 m2/g. The sample was also tested at 140°C. While first, second and 

forth peaks illustrate the calibration injections, the third peak shows the Hg which was 

injected in front of the sample (Port 1, Figure 3-5): very little of this injected pulse was 

captured by the coke. An expanded version of this figure is shown in Figure 3-7b.The 

calibration peaks are much higher but much narrower. The areas under the calibration 

peaks are about the same as the area under the eluted injection peak. 

The output of the UV lamp has a major impact on the reliability and 

reproducibility of the Hg adsorption measurements. The sensitivity of the Hg detector is 

very much influenced by the intensity of the UV lamp. The lamp intensity is adjusted by 

using the Lamp Intensity Adjust control on the lamp stabilizer board. Once set, the lamp 

stabilizer will attempt to maintain this set intensity. A lamp drive voltage of 

approximately 7 V for a new lamp and 8.5 Volts for an older lamp is fed to the lamp in 

order to keep the lamp intensity at 253.7 nm. As the lamp ages, the drive level to the 

lamp will increase to maintain this intensity. If the lamp has deteriorated beyond the 

capacity of the controller to compensate, an indicator mounted on the front panel of the 

detector will light up. Also, changes in baseline patterns such as a low, noisy or 

wandering baseline or sudden baseline shifts are signs of an aging lamp. Therefore, every 

time the lamp indicator went on or when changes in baseline pattern occurred the lamp 

intensity adjustment was performed. The baseline value was adjusted to the desired value 

and a calibration of the detector was done. 

Calibrations were done by injecting various known volumes of air containing 

known amounts of mercury (from the temperature and Hg vapor pressure) into Port 2 (see 

Figure 3-5) and recoding the area of under the resulting detector output. Figures 3-8 to 

3-10 show the calibration curves of the Hg detector, done at different times, during the 

Hg adsorption experiments. 
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Figure 3-8. Calibration curves of Hg detector done on Sept 20/06 and Oct 24/06. 
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Figures 3-8 to 3-10 show that CVAFS mercury detector is very sensitive, i.e. 

capable of detecting mercury at the pictogram level (in the order of 10" g). From these 

calibration curves, it can be concluded that the sensitivity of Hg detector decreases with 

the aging of UV lamp. In the small range of Hg injected (up to 200 pg), the detector 

output changed by about 20%, while for the larger amounts of Hg injected, the variation 

in measurement is as high as 40%. All the Hg adsorption capacities were calculated using 

the calibration curve measured close to the time of the calibration. 

3.4. Equipment and procedure used for sulphur impregnation of activated fluid 

coke 

A schematic diagram of the apparatus used for sulphur impregnation of activated 

fluid coke is presented in Figure 3-11. 

- Furnace 

Coke particles 

Quartz wool 

Sulphur 

Quartz wool 

To fumehood 

NaOH solution 

Figure 3-11. Schematic diagram of the apparatus used for sulphur impregnation of 
activated fluid coke. 
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A 235 mm long, 5 mm O.D. open-ended stainless steel tube was used to hold the 

fluid coke sample and the elemental sulphur. A quartz wool plug was inserted at the 

bottom of this tube. Typically, 0.1 grams elemental sulphur was placed in this tube over 

the quartz wool and covered with another quartz wool plug. About 0.5 g activated coke 

was placed on top of the upper layer of quartz wool, which served as separation media 

between activated coke and elemental sulphur. This tube was placed in another stainless 

steel tube, 550 inches long, 12.5 mm O.D. which was placed in a custom-made furnace. 

The temperature was controlled with a PH) controller (Omega Series 920) using 

Thermocouple T2 (a Ys" stainless steel sheathed, Type K thermocouple) as the controller 

input. The temperature just above the coke bed was measured using T2 (a 1/16 stainless 

steel sheathed, Type K thermocouple); the output from Tl was logged with a data 

acquisition system. 

The nitrogen gas flow was from the bottom to the top, at a flow rate of 10 mL/min 

to maintain an O2 free atmosphere in the reactor and to drive the sulphur vapours toward 

the coke bed. Flow rate of N2 was measured with a calibrated rotameter. The exit gasses 

were bubbled through a NaOH solution, and the off-gases of this solution were vented to 

the fumehood. 

The furnace temperature was adjusted at the desired value. When the required 

temperature was reached, the inner tube containing the reactants was placed in the 

exterior tube for a fixed period of 10 min. Six different temperature settings were selected 

for the impregnation process, namely 100, 200, 300, 400, 500 and 600°C. After the 

impregnation process, the inner tube containing the product was pulled out and placed in 

the fumehood to cool down. The impregnated coke was removed from the reactor and 

placed in a closed container, at room temperature for further use (i.e. sulphur analysis, 

mercury capture capacity). 

3.5. Characterization methods 

3.5.1. Particle size distribution analysis 

Particle size distributions of the raw coke samples listed in Table 3-1 as well as of 

selected samples of activated cokes were measured with a Malvern Mastersizer 2000 

particle size analyzer. The samples were dispersed to the correct concentration and then 
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delivered to the optical unit. In the optical unit, particles were passed through a focused 

laser beam. These particles scatter light at an angle that is inversely proportional to their 

size. Each size of particle will have its own characteristic scattering pattern. The detectors 

within the optical unit collect the scattered light from a particular range of angles. The 

map of scattering intensity versus angle is the primary source of information used to 

calculate the particle size distribution. Once the measurement is complete, the raw data 

contained in the measurement were analyzed by the Malvern software; the properties of 

carbon were used in the analysis. The plot dV/dD (D- particle diameter, V-particle 

volume) over particle diameter represents particle size distribution. 

3.5.2. Surface area, micropore volume and mesopore size distribution 

An Omnisorb 360 automated adsorption apparatus was used to measure the 

adsorption and desorption isotherms of nitrogen at liquid nitrogen temperatures for 

relative pressures P/Po from 0.000 to 0.999 (Po is the nitrogen saturation pressure). The 

samples were evacuated at 350°C for 4 h before nitrogen adsorption. Nitrogen was added 

to the sample at a rate of 0.022 mmol/min during the adsorption step and withdrawn at 

the same rate during the desorption step. 

The specific surface areas of the raw coke and activated coke particles were 

calculated according to the BET method. The micropore volume was calculated using 

the t-plot method. The desorption isotherm and the BJH (Barrett, Joyner and Hallender) 

method was used to obtain the mesopore size distribution. Books by Gregg and Sing 

(1982) and Lowell and Shields (1991) give details of these methods for determining 

surface areas, micropore volume and mesopore size distribution. 

3.5.3. SEM and EDX analyses 

Scanning electron microscopy (SEM) was used to determine the external and 

internal morphology of raw and activated fluid coke particles. A Hitachi S-2700 

scanning electron microscope, equipped with a Princeton Gamma Tech Prism IG detector 

for energy dispersive x-ray spectroscopy (EDX or EDS) analysis, was used in the studies. 

Whole coke particles and microtomed sections of coke particles imbedded in epoxy were 
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examined. Specimens were coated with gold prior to SEM and EDX examination. SEM 

images were obtained with accelerating voltage of 20 eV. 

The sulphur distributions inside the raw and treated fluid coke samples were 

determined on microtomed particles by EDX line scans. The accelerating voltage for the 

EDX analyses also was 20 eV. EDX results were analyzed using the Princeton Gamma 

Tech IMIX system. 

3.5.4. XPS analysis 

X-ray photoelectron Spectroscopy (XPS) yields information on the elemental 

composition and oxidation state at the surface for all elements at the surface of the 

sample (Niemantsverdriet, 2000). A Kratos AXIS 165 spectrometer, located in the 

Alberta Centre for Surface Engineering and Science was used for the studies. Binding 

energies were measured for sulphur 2 p (S2p) and oxygen Is (Ols) electrons. A binding 

energy of 284.6 eV for the carbons Is electrons was used as the reference. XPS spectra 

were obtained for whole coke particles of different sizes and for sectioned untreated and 

activated particles of Coke 104. 

3.5.5. Gas chromatography analysis 

A HP 5890 gas chromatograph was used to determine the composition of the 

effluent gas from coke activation. The gas chromatograph was equipped with a 9.5 mm 

O.D., 90 cm long Hayesep Q packed column and a thermal conductivity detector. The 

effluent gas from the activation reactor was passed through a cold trap at 0 C, and then 

through a 6-port gas sample valve on the gas chromatograph. The volume of the sample 

loop was about 0.5 cm3. The carrier gas was helium, with a flow rate of 20 cm3 /min. The 

detector temperature was set up at 140 C. Pure components CO, CO2, CH4 and N2 and 

mixtures (air, C02/air, and H2S/H2) were used to determine retention times (R.T.) for the 

components at various column temperatures and He flow rates. 

The gas chromatograph was operated in a temperature program mode, as follows: 

the column temperature was set up at 40 C for the first 3 min., followed by rapid heating 

(45 C/min) to 140C and constant temperature of 140 C for the rest of the analysis. H2S 
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had the longest retention time of about 5.5 min. Water did not elute as a well resolved 

peak under these conditions. 

3.5.6. Sulphur analysis 

Sulphur content of the raw fluid coke and activated fluid coke was determined by 

using a Horiba EMIA 320 Carbon/Sulphur Analyzer. Sulphur content of sulphur-

impregnated activated coke was determined using an Antek 9000NS nitrogen/sulphur 

analyzer. The measurement principle for these sulphur analyzers is based on the 

combustion of sulphur in the sample in an O2 stream and the spectroscopic measurement 

of SO2 produced during combustion. 

When the Horiba Carbon/sulphur analyzer was used, a measured amount of 

sample (10 to 50 mg) was mixed with 0.3 g tin and 1.5 g tungsten into a ceramic crucible. 

The sample was then introduced into a high frequency induction furnace. The sample was 

heated up at a programmable temperature, in the presence of O2. The gases produced 

during combustion were then analyzed using four infrared detectors. The concentration of 

sulphur in the sample was calculated based on the amount of detected SO2. 

When Antek 9000NS was used, a weighed sample (~6 mg) was placed in a quartz 
0 

boat and then combusted in a furnace, at 1100 C, in an O2 stream. The combustion 

products were then analyzed by a ultraviolet (UV) detector, for quantification of SO2. 

The sulphur content was calculated based on the amount of SO2 detected by the UV 

detector. 
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Chapter 4. Results of Fluid Coke Characterization and Activation 

The properties of fluid coke and the effects of thermal treatment at various 

conditions on the surface area, porosity and sulphur content are presented and discussed 

in this chapter. 

4.1. Properties of Untreated Fluid Coke 

Two samples of fluid coke, Coke 1 and Coke 2, were provided by Syncrude 

Canada Inc. These samples were obtained at different times. The samples were screened 

into various size fractions, following the procedure described previously. The mass 

fractions in each size range for the two untreated samples are given in Table 4-1. 

Table 4-1. Particle size distribution from sieve analysis for Coke 1 and Coke 2. 

Particle Size 
Range, urn 

<53 
5 3 - 8 0 
80-100 
100-125 
125-180 
180-250 

>250 

Fraction of Mass in Each Size Range 
Cokel 
0.010 
0.088 
0.052 
0.210 
0.344 
0.206 
0.091 

Coke 2 
0.034 
0.092 
0.044 
0.203 
0.349 
0.171 
0.108 

The results show that the two samples have similar particle size distributions. All 

the particles less than 250 um are of interest for mercury sorbents, and approximately 

90% of the particles are in this size range. 

The particle size distribution was also analyzed using a Malvern Mastersizer 2000 

particle size analyzer. The particle size distributions for each fraction obtained by sieving 

of Coke 1 are shown in Figures 4-1 and 4-2, while the particle size distribution for each 

fraction of Coke 2 are shown in Figures 4-3 and 4-4. 
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Figure 4-1. Particle size distribution for smaller size fractions of Coke 1. 
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Figure 4-2. Particle size distribution for larger size fractions of Coke 1. 
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It is interesting to note that particle size analysis done with Malvern Mastersizer 

2000 particle size analyzer of the various fractions obtained by sieving indicated that the 

fractions contained particles which were larger than the maximum openings in the sieves. 

For example, for the fraction with particle size < 53 urn (identified as Coke 101), about 

60% of the particle volume was present in particles >53 urn, according to Mastersizer 

2000 analysis, based on the particle size distribution shown in Figure 4-1. The other size 

fractions contained also particles smaller as well as larger than the indicated sieve size 

range. For example, in the 100-125 um size fraction, identified as Coke 104, about 20% 

of the particle volume has sizes < 100 urn, and about 40% of the particle volume has 

sizes > 125 um. 

The presence of smaller particles than the indicated sieve size, for a particular size 

fraction, can be explained by insufficient sieving time. Particles smaller than the sieve 

openings did not make it through the sieves in the 15 minutes shaking time. 

On the other hand, the presence of larger particles than the indicated sieve size 

can be explained by the shape of the particles. Many particles, especially those present in 

the smaller particle size fractions, have an elliptical shape rather than spherical shape and 

therefore will fit through the openings smaller than the corresponding spherical 

equivalent size recorded by the particle size analyzer. For the larger sized fraction, more 

particles have a spherical shape, when compared with those with elliptical shape. This 

variation in particle shapes is confirmed by the scanning electron micrographs, shown in 

Figures 4-5 to 4-8. 

Three different magnifications are shown for samples of Coke 101, Coke 104, 

Coke 105 and Coke 107. As can be seen in these micrographs, as the particle size 

increases, the shape of the particles changes from oblong shape for particles sizes < 53 

um to roughly spherical shape for particle sizes > 250 um. The morphology of the 

surface also changes with increasing particle size. For example, Coke 101 and Coke 104 

particles have mostly a smooth surface without any cracks. Small cavities and flakes 

cover the surface of the particles. The surface bumps appear more pronounced for the 

larger particles, and cracks are present in the larger particles (see Figure 4-8). 
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Figure 4-5. Scanning electron microscope 
images of Coke 101 (< 53um fraction) 

Figure 4-6. Scanning electron microscope 
images of Coke 104 (100-125 urn fraction). 
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Figure 4-7. Scanning electron microscope Figure 4-8. Scanning electron microscope 
images of Coke 105 (125-180 \xm fraction). images of Coke 107 (>250 um fraction). 
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Some particles from each size fraction were embedded in epoxy and then cut into 

thin layers. The cross-sectioned coke particles were examined by SEM and analyzed for 

sulphur by EDX. The coke particles were very brittle and many cross-sectioned pieces 

shattered during the cutting. The SEM and EDX results for the same four size fractions 

shown in Figures 4-3 to 4-6 are shown in Figures 4-9 to 4-12. 

Figure 4-9. Scanning electron microscope image of Coke 101 (< 53 um fraction) and 
EDX line scan of sulphur concentration. 

Figure 4-10. Scanning electron microscope image of Coke 104 (100-125um fraction) and 
EDX line scan of sulphur concentration. 
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Figure 4-11. Scanning electron microscope image of Coke 105 (125-180 um fraction) 
and EDX line scan of sulphur concentration. 
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Figure 4-12. Scanning electron microscope image of Coke 107 (>250 urn fraction) and 
EDX line scan of sulphur concentration. 

The line scans for sulphur in the above figures show that sulphur is evenly 

distributed throughout the pellets, regardless of the size of the particle. The absolute 

concentration of sulphur cannot be easily determined by EDX because the samples were 

coated with a thin layer of gold prior to SEM and EDX examination. The epoxy, in which 

the microtomed cross-sections were imbedded, is an electric insulator and charge build

up during examination in the microscopy would result in very poor images and elemental 

analysis. 
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The total sulphur content of the coke fractions of different sizes was measured using a 

HoribaCarbon/Sulphur analyzer (EMIA-320 V). The sulphur and carbon contents of the 

different size fractions for Coke 1 and Coke 2 are shown in Figures 4-13 and 4-14. 
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Figure 4-13. Sulphur content as a function of coke particle size for Coke 1 and Coke 2. 
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Figure 4-14. Carbon content as a function of coke particle size for Coke 1 and Coke 2. 

According to the sulphur and carbon analyses, sulphur content varied from 4.1 % 

to 7.6 %, and the carbon content varied from 54.7 to 89.1 mass %. As is illustrated in 
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these figures, sulphur content appeared to increase with the increasing particle size of 

fluid coke, for both types of coke (Coke 1 and Coke 2). The same trend was observed for 

carbon content, shown in Figure 4-14. This is very unlikely, considering that the 

carbon/sulphur ratio was approximately constant regardless of particle size, as is 

illustrated in Figure 4-15. 
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Figure 4-15. Carbon/Sulphur mass Ratio as a function of particle size for Coke 1 and 
Coke 2. 

Repeat analyses were done several times, on different particle size fractions of 

Coke 1. Also, different amounts of coke were used for analysis, from O.Olg to 0.05g. The 

results are shown in Figure 4-16. Reducing the amount of sample used for analysis 

resulted in a smaller increase in the average sulphur and carbon content, especially for the 

smaller size fractions (Coke 101, 102, 103 104), but the sulphur content was still below 

the value obtained for the larger particle size fractions (Coke 105,106,107). When 0.01 

g sample was used for analysis, the measured carbon and sulphur content is about the 

same, for all particle size fractions, regardless the particle size of the sample (see Figure 

4-16). 
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Figure 4-16. Sulphur content as a function of coke mass used for analysis, for Coke 1. 

These variations of measured sulphur and carbon content of fluid coke with 

particle size might be related to the mass of the sample which is being analyzed. One 

possible cause is that for the larger samples, there may have been too small an amount of 

accelerator to properly combust the sample. This would result in lower amounts of CO2 

and SO2 released, and therefore, the measured sulphur and carbon concentrations would 

be lower than the true values. Smaller samples would prevent saturating the detector and 

would result in more accurate results. The Horiba Carbon/Sulphur analyzer (EMIA-320 

V) is most suitable for samples contained 0 to 6 mass % carbon and 0 to 1 mass % 

sulphur. Another reason for the low sulphur and carbon contents for the larger samples 

sizes is that the CO2 and SO2 concentration for the larger samples exceeded the linear 

region of the infrared detector. 

The surface areas and the pore volumes of different particle size fractions of Coke 

1 and Coke 2 were measured using an Omnisorp 360 automated adsorption apparatus. 

The results are presented in Table 4-2. Surface areas were obtained by the BET method, 

the t-plot method was used to obtain the micropore volumes and the desorption branch of 
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the nitrogen isotherm was used to determine the mesopore volume using the BHJ method 

(see Gregg and Sing (1982) for details of these methods). 

Table 4-2. Comparison of surface area and pore volumes for Coke 1 and Coke 2 size 
fractions. 

Size 
Range, 

(im 

<53 

5 3 - 8 0 

80-100 

100-125 

125-180 

180-250 

>250 

BET Surface Area, 
m2/g 

Cokel 

38.0 

30.6 

23.6 

20.2 

15.8 

7.9 

7.7 

Coke 2 

32.0 

22.9 
19.2 

20.8 

12.6 

7.0 

4.2 

Micropore Volume, 
cm /g 

Cokel 

0.015 

0.012 

0.008 

0.007 

0.006 

0.003 

0.002 

Coke 2 

0.013 

0.009 

0.007 

not meas. 

0.004 

0.002 

0.001 

Mesopore Volume, 
cm3/g 

Cokel 

0.004 

0.003 

0.003 

0.005 

0.003 

0.005 

0.004 

Coke 2 

0.004 

0.005 

0.006 

0.004 

0.004 

0.004 

0.004 

Specific surface area decreases with the increasing coke particle size, the same 

tendency was observed for both types of coke, Coke 1 and Coke 2, with surface areas of 

Coke 2 being slightly lower than that of Coke 1. Micropore volume decreases in the same 

manner, with increasing coke particle size, while the mesopore volume is approximately 

the same for all particle size fractions. 

Two different ranges of P/P0 were used to calculate the specific surface area. 

First, a P/P0 range from 0.05 to 0.25 was used to calculate surface area. This range is 

usually used for mesoporous solids. Owing to the fact that all the samples contained a 

considerable amount of micropores (pores with diameter < 2 nm), a P/P0 range of 0.02 to 

0.10 was used to recalculate the surface areas. The resulted data were re-examined, and it 

was found that significant improvement in the agreement of the data with the BET 

equation was obtained for a P/P0 range of 0.02 to 0.10. All surfaces area reported in this 

thesis are based on a P/PD rang of 0.02 to 0.10. The Omnisorp 360 proprietary software 

was used for the BET, t-plot and BHJ analyses. 
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4.2. Effect of treatment time on surface area, porosity and mass loss 

The influence of treatment time on surface area and porosity of the activated coke 

has been studied as a function of temperature and treatment gas composition. Activation 

was carried out at temperatures from 200 to 800°C and treatment times up to 8 h. The 

starting material for all treatments was Coke 104, the 100-125 um size fraction of Coke 

1. The results for different treatment times are summarized in Table 4-3. The average 

pore radius, ravg, was calculated from the total pore volume assuming cylindrical pores, 

ravg= 2000 Vp/S nm (4-1) 

where Vp is the micro plus meso pore volume in cm3/g and S is the surface area in m2/g. 

Table 4-3. Properties of activated fluid coke as a function of treatment time 

Run# 

SSI0401 
SSI0402 
SSI0403 
SSI0404 
SS10405 
SSI0406 
SSI0407 
SSI0408 
SSI0409 
SS10410 
SSI0411 
SS10412 
SSI0416 
SS10417 
SS10418 
SSI0419 
SSI0423 
LW104116 
LW104118 
LW104115 
LW104114 
LW104117 

Treatment Conditions 

Time, 
h 

4 
2 
8 
6 
4 
6 
4 
6 
6 
8 
8 
8 
6 
6 
4 
8 
8 

0.5 
1 
2 
4 
8 

Temp, 
°C 

602 
597 
611 
787 
793 
203 
417 
422 
602 
789 
426 
217 
458 
612 
617 
621 
624 
773 
774 
776 
777 
773 

Activation 
Agent 

mo 

co2 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
64 
64 
31 
48 

30.4 
13 
13 
13 
13 
13 

e% 
H20 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

36 
36 
69 
52 

69.6 
87 
87 
87 
87 
87 

BET 
Surface 
Area, 
m2/g 

25.7 
24.7 
23.9 
49.4 
37.2 
21.0 
21.9 
21.8 
24.0 
61.0 
22.0 
20.7 
20.6 
27.5 
26.4 
25.9 
36.4 
54.9 
100 
169 
275 
434 

Pore Volume 

Micro
pores, 
cm3/g 

0.00976 
0.00869 
0.00919 
0.01846 
0.01342 
0.00860 
0.00877 
0.00808 
0.00874 
0.02220 
0.00898 
0.00766 
0.00763 
0.01028 
0.01035 
0.01009 
0.01413 
0.02052 
0.03787 
0.06546 
0.1063 
0.1460 

Meso-
pores, 
cm3/g 

0.00304 
0.00200 
0.00296 
0.00443 
0.00424 
0.00334 
0.00291 
0.00245 
0.00397 
0.00594 
0.00317 
0.00267 
0.00427 
0.00226 
0.00367 
0.00307 
0.00227 
0.00130 
0.00225 
0.00483 
0.01358 
0.03946 

Average 
Pore 

Radius, 
nm 

0.996 
0.897 
0.981 
0.927 
0.950 
1.137 
1.067 
0.996 
1.059 
0.923 
1.104 
0.998 
1.154 
0.911 
1.062 
1.015 
0.900 
0.795 
0.802 
0.831 
0.872 
0.855 

Mass 
Loss, 

% 

1.6 
2.6 
0.8 
9.8 
8.1 
0.1 
0.1 
1.0 
2.6 
11.8 
0.3 
0.1 
0 

0.5 
0 
0 

1.2 
7.0 
10.4 
14.5 
22.0 
36.6 
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Treatment carried out at temperatures < 625 C and treatment times up to 8 h 

resulted in an insignificant increase in the surface area, independent of the activation 

agent used (see Table 4-3); the surface area increased from 20.2 m2/g (surface area of 

Coke 104) to about 25 m2/g for treatment in pure carbon dioxide and to a maximum of 

36 A m /g for treatment in CO2/H2O mixture. For treatment at 790°C in pure CO2, the 

areas increased with increasing treatment time (see Figure 4-17), but even after 8 h the 

area increased to only 61 m2/g.. 
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Figure 4-17. Effect of treatment time on surface area at different treatment temperatures 

in C02 (flow rate: 100 mL/min). 

When water was added to the CO2 treatment gas, at temperatures of about 800°C, 

the surface area increased markedly. At treatment times of 8 h, the surface area increased 

to over 20 times compared to the raw coke (see Figure 4-18). Hence, at 800C, the 

reaction rate of carbon with water (Equations 2.1 and 2.2) is much faster than the reaction 

of carbon with carbon dioxide (Equation 2.3). For treatment in CO2, the surface areas 
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increased linearly with treatment time. For treatment in CO2/H2O mixtures the surface 

area increased linearly with treatment time for surface areas up to about 100 m /g. At 

higher surface areas the increase with treatment time was slower. This is probably due to 

mass transfer limitations: as the surface area increases, the pores penetrate further and 

further into the particles. Diffusional limitation can affect the rate of carbon gasification 

as the distance which the activating water and the gaseous reaction products have to 

diffuse increases. 

5 0 0 I ' 1 ' 1 • 1 ' r 

0 2 4 6 8 

Treatment Time, h 

Figure 4-18. Effect of treatment time on surface area using different activating agents. 

The pore volume increased with increasing treatment time, in the same manner as 

surface area. As can be seen in Figure 4-19, the increase depended on the treatment 

temperature and the composition of activation agent. No significant changes were 

observed in the pore radius; the average pore radii were practically constant at about 1 

nm, regardless of the treatment time, treatment temperature or the nature of activating 

agent. This means that the increase in pore volume is due not to the widening of the 

existing pores, but due to the growth in length and/or number of the pores. 
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Figure 4-19. Effect of treatment time on pore volume. 

If the average pore radius remains relatively constant, then a plot of pore volume 

as a function of surface area should be linear because the pore volume is proportional to 

the average pore radius squared and the pore wall area (i.e. the surface area) is directly 

proportional to average pore radius. For cylindrical pores this relationship is 

VP = (ravg/2000)S cm3/g (4-2) 

with the average pore radius, ravg, in nm, and the surface area, S, in m /g. A plot of all the 

total pore volume (micro- plus meso-pore volume) data as a function of surface area 

listed in Table 4-3 is shown in Figure 4-20. The linearity of this plot means that the 

average pore size of the activated coke samples is neither a function of treatment time nor 

treatment atmospheres for the conditions studied. The slope of 4.3x10"4 cm3/m2 

corresponds to an average pore radius of 0.86 nm. 
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Figure 4-20. Relationship between total pore volume and surface area for Coke 104 
activated for various times. 

The relationship between the mass loss and surface area is shown in Figure 4-21. 

The relationship between mass loss and surface area is more complex than the 

relationship between pore volume and surface area. The results indicate that higher mass 

losses are required for treatment with CO2 than with CO2/H2O mixtures to obtain the* 

same surface area. For treatments in the CO2/H2O mixture, the mass loss varies 

approximately linearly with surface area at surface areas above 100 m2/g. The initial mass 

losses do not result in large surface area gain because some of the mass loss is due to 

desorption of volatiles which does not generate significant amounts of surface area. 

The following conclusions and observations are made from the effects of 

treatment time on properties of the treated fluid coke: 

1. CO2/H2O mixtures are much more effective in increasing the surface area of fluid 

coke than pure CO2. 
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2. Surface area of fluid coke increases linearly with treatment times during treatment 

in CO2/H2O or CO2 at »800°C for surface areas up to about 100 m2/g; the 

increases in surface area is slower at higher surface areas. 

3. The dependence of pore volume on treatment time at «800 C is very similar to the 

dependence of surface area on treatment time. 

4. The average pore size (e.g. radius) is independent of treatment time and surface 

area. This leads to the conclusion that increases in surface areas occur by the 

lengthening and/or formation of new pores with similar sizes with increasing 

treatment times. 

5. The relation between mass loss and surface area depends on the composition of 

the activation gases. 
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Figure 4-21. Relationship between mass loss and surface area at different treatment 

times. 
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4.3. Effect of treatment temperature on surface area, porosity and mass loss 

In this section, the effects of treatment of fluid coke at various temperatures on 

surface area and porosity are described. Activation was carried out at temperatures in the 

range of 200 to 800°C. The starting material for all treatments was Coke 104, the 100-125 

um size fraction of Coke 1. The results of treatments at different temperatures are 

summarized in Table 4-4 and the effects of treatment time on surface area, pore volume 

and mass loss are shown. 

Table 4-4. Influence of treatment temperature on surface area, pore volume, and mass 
loss. 

Run 

SS10412 

SS10411 
SSI0403 
SS10410 
MB01462 

M B 10461 
M B 10463 
M B 10460 
IC10478 
IC10490 
IC 10476 
IC 10472 

IC 10477 
IC104103 
IC104104 

IC 10469 

IC10489 
IC10485 
IC10487 
IC 10484 
IC 10488 

IC104101 
IC 10486 
IC104100 

Treatment Conditions 
Treatme 

Rat 

co2, 
mL/min 
100 

67 

188 

231 

:nt Gas 
es 

H20, 

g/h 
0 

1.5 

4.5 

8.1 

P, 
kPa 

103 

103 

345 

627 

Time, 
h 

8 

4 

4 

4 

Temp. 
°C 

217 
426 
611 
789 
542 
702 
754 
792 
509 
600 
608 
685 
725 
734 
762 
766 
770 
475 
578 
667 
715 
738 
752 
767 

Surface 
Area, 
m2/g 

20.7 
22.0 
24.8 
60.4 
26.8 
44.0 
104 
165 
26.8 
33.4 
36.7 
150 
257 
285 
365 
381 
346 
25.4 
39.4 
241 
377 
370 
452 
429 

Pore Volumes 

Micro, 
cm3/g 
0.0077 
0.0090 
0.0092 
0.0224 
0.0107 
0.0161 
0.0394 
0.0632 
0.0104 
0.0122 
0.0137 
0.0564 
0.0998 
0.1109 
0.1415 
0.1480 

0.1339 
0.0025 

0.0143 
0.0928 
0.1476 
0.1448 
0.1744 
0.1636 

Meso, 
cm3/g 
0.0027 
0.0032 

0.0030 
0.0059 
0.0020 

0.0007 
0.0026 
0.0092 
0.0026 
0.0015 
0.0012 
0.0024 

0.0086 
0.0124 
0.0114 
0.0212 
0.0114 
0.0025 
0.0011 
0.0058 
0.0198 
0.0186 
0.0408 
0.0435 

Mass 
Loss, 
% 

0.0 
0.3 
0.8 
11.8 
2.4 
7.9 
12.7 
17.8 
2.4 
3.0 
4.7 
12.5 
17.9 
17.0 
25.0 
24.6 
25.2 
0.6 
2.6 
28.3 
22.2 
22.3 
32.7 
34.7 

55 



Figure 4-22 shows the effect of temperature on surface area. Activation carried out at 
o 

temperatures below 600 C did not have a significant effect on the development of surface 

area, regardless of the treatment gas composition. This observation was expected, since 

the raw coke was produced at about 550°C. It is most probable that this slight increase in 

surface area is due to the evolution of volatile matter present in the raw coke matrix. 
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Figure 4-22. Effect of treatment temperature on the surface area (treatment time was 4 h 

unless indicated otherwise). 

At higher treatment temperatures above 600 C, surface areas increases, but the 

magnitude of the increase was very much dependent on the treatment gas composition. 

When activations were performed with pure carbon dioxide as the treatment gas, surface 

areas increased moderately with increases in temperature. As shown in Figure 4-22, a 

maximum surface area of 60.4 m2/g was achieved at a treatment temperature of 789°C 

and a treatment time of 8 hours. When steam was added to the carbon dioxide, during 

activation process the surface area increased sharply. Surfaces areas higher than 
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400 m2/g were obtained at treatment temperature of 800°C for 4 h. The effect of water 

depended on the amount of water added; increasing amounts of water and increasing 

water partial pressure resulted in increasing surface areas. 

This effect of water amount and concentration is expected because the coke 

activation reactions consume water (see Equations 2-1). Every gram of coke converted to 

CO by reaction with water consumes 1.5 g of H2O, and an additional 1.5 g of H2O is 

consumed per gram of carbon if the CO formed is converted to CO2 by reaction with 

H2O (Equation 2-2). If 3.0 g of water are consumed per g of carbon reacted, then the 

maximum mass loss for Runs MB 10460 to MB 10463 (see Table 4-4 and solid triangles 

in Figure 4-22) would be 20 mass %. For such low amounts of water, the increase in 

surface area is limited by the amount of water. 

The difference in the effect of CO2 and H20 on the activation is due to both 

kinetic and thermodynamic factors. The equilibrium constants, Kp, for the main reactions 

in coke activation (Equation 2-1 to 2-5) for the temperature range of 500 to 900 C can be 

approximated by 

logi0Kp4 = ai + bi/T (4-3) 

Values of a, and b, for the five main overall reactions in coke activation, along 

with Kp;j values at 600 and 800 C, are listed in Table 4-5. All reactions of carbon with 

H2O and CO2 are endothermic; hence values of Kp̂  for these reactions increase with 

increasing temperature. At 800 C, the equilibrium constants for the first three reactions 

are of similar magnitude, but experimental results showed that the rate of reaction of 

carbon with CO2 was much lower than the rate of reaction with H20. The lower rates of 

reaction of carbon with CO2 compared to H20 are probably due to a higher activation 

energy for the CO2 carbon reaction. The carbon-hydrogen reaction (Equation 2-4) is 

exothermic; hence, the equilibrium constant of the gasification of carbon by hydrogen 

decreases with increasing temperature. However, kinetics limit methane formation at low 

temperature where the equilibrium constant is high. No quantitative kinetic experiments, 

which would allow estimation of activation energies and concentration dependencies of 

the activating gases of the coke gasification rates, were done. 
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Table 4-5. Equilibrium constants for main overall reactions during activation of coke 

(values estimated from Fig. 11-1 in Modell and Reid, 1983). 

Reaction 

C + H20 ±5 CO + H2 

C + 2 H20 ±5 C02 + 2 H2 

C + C02 U 2 CO 
C + 2 H2 U CH4 

CO + H20 £• C02 + H2 

Equation 
Number 

(2-1) 
(2-2) 
(2-3) 
(2-4) 
(2.5) 

Constants in Eq. 3.1 
a; 

7.5 
5.8 
9.1 

-5.8 
-1.7 

bi 
-7000 
-5200 
-8800 
4700 
1800 

KP at 600 
600°C 

0.30 
0.70 
0.11 
0.38 
2.3 

and 800°C 
800°C 
9.5 
9.0 
7.9 
0.04 
0.95 

High surface areas are generated during the activation of fluid coke by producing 

pores in the coke particles. The pore volume is related to the surface area and the mass 

loss during activation. The effects of treatment temperature on the pore volume and mass 

loss of activated coke for the runs listed in Table 4-4 are shown in Figures 4-23 and 4-24. 
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Figure 4-23. Effect of treatment temperature on the pore volume (meso plus micro) 

(treatment time was 4 h unless indicated otherwise). 
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Figure 4-24. Effect of treatment temperature on the mass loss (treatment time was 4 h 

unless indicated otherwise). 

The mass loss is defined as 

(initial mass) - (final mass) 
% mass = — (4-4) 

(initial mass) 

The pore volume and mass loss results follow similar patterns to that described 

for surface area, i.e. very little increase in pore volume or mass loss at temperatures 

below 600 C. The small, and variable, mass losses at temperatures below 600 C were due 

to loss of volatiles, mostly moisture, and are not accompanied by increases in pore 

volumes or surface area. This is not surprising because the fluid coke is exposed to 

temperatures of about 550 C during its production in the fluid coking process. 

The similarity in the shapes of the surface area, pore volume and mass loss curves 

indicates that correlations should exist between these three variables; Figures 4-25 and 4-

26 illustrate these relationships for the results listed in Table 4-4. The linear correlation 

between total pore volume, VP, and BET surface area, S, is excellent (see Figure 4-25). 

The linear relation implies that the pore size is independent of the pore volume. The 
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average pore radius, according to the correlation in Figure 4-25, is 0.90 ran; this value is 

essentially the same as the value of 0.86 nm in Section 4.2. 
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Figure 4-25. Relationship between pore volume (micro+meso) and surface area 

(treatment time was 4 h unless indicated otherwise). 

The correlation between mass loss and surface area (Figure 4-26) was not as good 

as the pore volume - surface area correlation (Figure 4-25). Mass loss does not 

necessarily result in increases in surface area because mass loss can be due to gasification 

of carbon on the external surface of the particles which would not result in the generation 

of surface area. Loss of some volatile components and conversion of sulphur in organic 

sulphur compounds to hydrogen sulphide also result in mass loss without significant 

increases in surface area. The excellent correlation between pore volume and surface area 

shows that the pore size distribution does not change much with changes in surface area, 

and the poorer correlation of mass loss with surface area shows that not all mass loss 

results in increases in surface area. 
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Figure 4-26. Relationship between mass loss and surface area (treatment time was 4 h 

unless indicated otherwise). 

The following conclusions and observations are made from the effects of 

treatment temperature on properties of the treated fluid coke: 

1. Treatments in CO2/H2O or CO2 at temperatures <600 C for <8 h do not result in 

significant increases in the surface area of fluid coke. 

2. Surface areas increase significantly with increases in treatment temperatures from 
o 

600 to 800 C and the effect of increasing temperatures is more pronounced for 

H2O containing treatment gases than for treatment with pure CO2. 

3. The dependence of pore volume on treatment temperature at treatment 

temperatures of 600 to 800 C is very similar to the dependence of surface area on 

treatment temperature. 

4. The average pore size (e.g. radius) is independent of treatment temperature and 

surface area. This leads to the conclusion that increases in surface areas occur by 
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the lengthening of pores and/or the formation of pores with similar sizes with 

increasing treatment temperatures. 

5. The correlation between mass loss and surface area is not as good as the 

correlation between pore volume and surface area. 

4.4. Effect of treatment gas composition on surface area, porosity and mass loss 

The effect of treatment gas composition on the surface area and porosity of the 

activated coke was studied. Activation was carried out at temperature of 800°C, 4 h 

treatment time and different treatment gas compositions. The starting material for all 

treatments was Coke 104, the 100-125 urn size fraction of Coke 1. Results of treatment in 

pure CO2 were ineffective in increasing surface area (see Sections 4.2 and 4.3); hence, 

discussion for treatment in pure CO2 will not be included in this section. The effects of 

different CO2/H2O ratios, N2/H2O treatment gas and treatment in O2 containing streams 

will be discussed. 

4.4.1 Activation of fluid coke with CO/H2O mixture 

Activation of fluid coke in H2O/CO2 mixture was done at temperature of 800 C, 4 

h treatment time and pressure of 345 kPa. The CO2 flow rate was maintained constant at 

188 ml/min while H2O flow rate was varied from 2.3 to 18 mL/h. The effect of H2O flow 

rate on the surface area and mass loss is shown in Figure 4-27, and the effect of H2O flow 

rate on the porosity of activated coke is shown in Figure 4-28. Figure 4-29 shows the 

relationship between the pore volume and surface area of the activated coke, at the 

treatment conditions mentioned above. 

The surface area and mass loss increased linearly with increasing water 

concentration, and the same trend is observed for the pore volume (Figures 4-27 and 

4-28). This results in a linear relationship between pore volume of activated coke and 

BET surface area when pore volume is plotted versus BET surface area (Figure 4-29). 

These relationships again show, even at higher treatment pressures, that surface area 

development occurs by the gasification of the carbon with water which creates new 

and/or longer pores with an average radius which is constant. The average radius of these 

pores from the slope of Vp, total pore volume versus area line in Figure 4-29 is 0.96 nm. 
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This average radius is about the same as the average radii of about 0.86 and 0.90 nm 

obtained with treatments at lower concentrations of water, i.e. treatment at atmospheric 

pressure (Sections 4.2. and 4.3). 
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Figure 4-27. Effect of H 20 flow rate on the BET surface area and mass loss (treatment 
conditions: 800°C, 345 kPa). 

The main gasification reaction of carbon in the H2O/CO2 mixture is the reaction 

of H2O with carbon to form CO and CO2 (Reactions 2-1 and 2-2). Secondary reactions of 

H2, formed during the above reactions, with carbon to form CH4 (Reaction 2-4), and with 

sulphur, to form H2S also contribute to the mass loss and area generation. Gas 

chromatographic (GC) analyses show the presence of CH4 and H2S in the effluent gases 

from the activation reactor. 
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Figure 4-28. Effect of H2O flow rate on the pore volumes (treatment conditions: 800 C, 
pressure: 345 kPa). 
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Figure 4-29. Relationship between the pore volume and BET surface area (treatment 
conditions: 800°C, pressure:345 kPa, H20 flow rate from 2.3 to 18 mL/h) 



The effect of water feed rate, for the 4 h treatments at 800 C and 345 kPa, on the 

relative amounts of CH4, CO and H2S are shown in Figures 4-30 and 4-31. The GC areas 

for CH4, CO and H2S are directly related to the amount of these components in the 

effluent mixtures because the response factors for these three compounds do not differ 

greatly. The average ratios of COrCH^BbS for the results shown in Figures 4-30 and 

4-31 are about 1:0.1:0.04. The trend in the concentrations of CO, CH4 and H2S, with 

increasing H2O concentrations, shown in these figures is as expected, i.e. increasing H2O 

concentrations would result in increased conversion of CO to CO2 and H2 according to 

the water gas shift reaction (Reaction 2-5) and increased H2 concentrations would result 

in increased formation of CH4 (Reaction 2-4) and H2S. More detailed effluent 

composition results are presented in Section 4.6. 
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Figure 4-30. Effect of H2O flow rate on the CO concentration (treatment conditions: 
800°C, 345 kPa). 
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conditions: 800 C, pressure:345 kPa). 

4.4.2 Activation of fluid coke with N2/H2O mixture 

Activation of fluid coke with N2/H2O mixture was done at temperature of about 

800°C and close to atmospheric pressure with 4 h treatment time, and different H2O 

concentrations. The results of these treatments are summarized in Table 4-6 and plotted 

in Figures 4-32 and 4-33. 

Table 4-6. Results of activation with N2/H2O mixture 

Run# 

IC10466 
SSI0427 
IC 10464 
MB 10465 
SS10425 
MB 10458 

Treatment conditions 

Temp, 
°C 

788 
803 
782 
767 
787 
825 

Feed Composition, 
mol % 

N2 

48 
47 
32 
19 
18 
29 

H20 

52 
53 
68 
81 
82 
71 

H20 
Rate, 
mL/h 

2.3 
2.3 
4.5 
9.0 
9.0 
9.0 

BET 
Surface 
Area, 
m2/g 

161.9 
203.4 
211 

342.7 
425.5 
385.9 

Pore Volume 

Micro
pores, 
cm /g 

0.06186 
0.07790 
0.08029 
0.13170 
0.16470 
0.14290 

Meso-
pores, 
cm /g 

0.00744 
0.01376 
0.00983 
0.02844 
0.03342 
0.04504 

Mass 
Loss, 

% 

18 
19.2 
19.3 
28.3 
27 

38.6 
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Figure 4-32. Comparison of the effects of N2/H2O and CO2/H2O mixtures on the surface 
area of activated fluid coke. 
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The surface areas and pore volumes shown in Figures 4-32 and 4-33 are higher 

for the CO2/H2O mixtures compared to the N2/H20 at low H20 concentrations, but at 

high H20 concentrations the difference between the two gas mixtures is small. The feed 

rate of water at the low H20 concentration was only 2.3 mL and the gasification reactions 

may have been limited due to water availability. Under these conditions, the presence of 

additional C02 may have resulted in the generation of additional surface area, either by 

direct participations in the gasification (Reaction 2-3) or the production of additional 

water by the water gas shift reaction (Reaction 2-5). However, in the case when excess 

water was available, the substitution of C02 with N2 did not significantly affect surface 

areas and pore volumes. 

4.4.3 Activation of fluid coke with mixtures containing O2 

Activation of fluid coke in nitrogen/air mixture was carried out at 800°C, 4 h 

treatment time, and different air flow rate, from 3 to 99 mL/min. The purpose of 0 2 

activation was to see if it would result in increased pore sizes. Unfortunately, this did not 

occur. Treatment in O2/N2 did not result in any activation, i.e. the specific surface area 

did not increase (see Table 4-7) even though significant mass losses occurred. The loss of 

mass without any change in the specific surface area means the oxygen was burning the 

carbon on the external surface of the coke particles. The presence of ash in the final 

product confirmed this. 

When water was added to the nitrogen/air mixture, a considerable increase in 

surface area and porosity was achieved, as illustrated in Table 4-7. The increases in areas 

were similar to those obtained with H20/N2 and H20/C02 mixtures. However, the mass 

losses were higher for the cases where oxygen was present, but the pore size were not 

different from those obtained without the presence of oxygen. It can be concluded that 

the addition of oxygen only burned carbon off the exterior surface of the fluid coke 

particles since the addition of 0 2 to H2O/CO2 mixtures increased neither the surface areas 

nor the average pore sizes. Hence, the presence of oxygen in the flue gas should be 

minimized unless the combustion of the coke is used to provide some of the energy 

required for the gasification if direct fired activation is being used. However, careful 
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control of the oxygen concentration would be required to avoid the total combustion of 

especially the small fluid coke particles. 

Table 4-7. Results of activation with N2/O2/H2O mixture 

Run# 

MB 1043 8 

MB 10439 

MB 10444 

MB 10445 

MB 10446 

IC10470 

MB 10447 

MB 10449 

MB 10448 

IC 10471 

Treatment Conditions 

Temp, 
°C 

797 

799 

799 

798 

792 

738 

784 

795 

794 

710* 

Feed Composition, 
mol % 

N2 

79 

88 

87 

29 

44 

29 

29 

25 

15 

10 

o2 

21 

12 

13 

1.4 

4.0 

2.6 

2.6 

6.6 

3.9 

2.6 

C02 

19 

H20 

70 

52 

69 

69 

69 

82 

69 

H20 
Feed 
Rate, 

mL/min 

4.5 

4.5 

9.0 

9.0 

9.0 

9.0 

9.0 

BET 
Surface 
Area, 
m2/g 

22 

20 

22 

236 

242 

285 

321 

286 

349 

306 

Pore Volume 

Micro
pores, 
cm3/g 

0.0077 

0.00733 

0.00775 

0.0900 

0.0925 

0.1099 

0.1232 

0.1085 

0.1318 

0.1183 

Meso-
pores, 
cm3/g 

0.0030 

0.0032 

0.0029 

0.0273 

0.0273 

0.0209 

0.0356 

0.0358 

0.0412 

0.0202 

Pore 
Radius, 

nm 

0.98 

1.03 

0.97 

0.99 

0.99 

0.92 

0.99 

1.01 

0.99 

0.91 

Mass 
Loss, 

% 

16.1 

23.3 

24.3 

24.2 

33.0 

45.3 

41.5 

65.2 

42.5 

46.6 

* Median temperature was 765°C 

4.5 Effect of particle size on surface area, porosity and mass loss 

Activation of different particle size fractions of Coke 2 was carried out at a 

treatment temperature of about 800°C and treatment time of 4 h. The total feed rate of 

treatment gas was 12.1 mmol/min and the composition of treatment gas was: 69 mol % 

H2O, 28 mol % N2 and 3 mol % O2. The results are summarized in Table 4-8. Surface 

areas were larger and mass losses were more pronounced for small fluid coke particles 

compared to larger fluid coke particles. There are two probable causes for this observed 

behaviour. One, the initial surface area and porosity of the large fluid coke particles were 

lower than those of the smaller particles. The initial porosity has an effect on the creation 

of surface area during the activation (see Section 2.1.2 on the importance pore structure 

after carbonization), and two, the effect of particle size on mass transfer rates. It is more 



difficult for the activating gases to penetrate into the interior of large particles compared 

to small particles. It is also more difficult for the products of the coke gasification to 

leave the interior of large particles. Hence, small fluid coke particles are better 

candidates for producing high-surface area fluid coke particles. 

Table 4-8. Surface Area and Pore Volume of different size fractions of Coke 2 before and 
after activation. 

Size 
Fraction, 

jxm 

80-100 

100-125 

125-180 

180-250 

>250 

Sample 
ID 

203 

204 

205 

206 

207 

Before Activation 

BET 
Surface 
Area, 
m2/g 

19.1 

20.8 

12.6 

7 

4.2 

Micro
pore 

Volume, 
cm /g 

0.007 

~ 

0.004 

0.002 

0.001 

Meso-
pore 

Volume, 
cm3/g 

0.006 

0.003 

0.004 

0.004 

0.004 

After Activation 

BET 
Surface 
Area, 
m2/g 

292.5 

274.1 

251.7 

179.1 

159.8 

Micro
pore 

Volume, 
cm /g 

0.1086 

0.1017 

0.0932 

0.0662 

0.0577 

Meso-
pore 

Volume, 
cm3/g 

0.0290 

0.0261 

0.0253 

0.0179 

0.0169 

Mass 
Loss, 

% 

55.4 

41.3 

36.5 

33.9 

31.4 

4.6. Effluent gas composition 

The effluent gases from the activation reactor were analyzed by gas 

chromatography. The procedure is described in Section 3.5.5. The column and conditions 

used allowed for the detection of H2, O2/N2, CO, CH4, CO2 and H2S. Hydrogen was 

separated and could be detected, but could not be quantified because the hydrogen 

concentrations were such that both positive and negative peaks occurred. This is due to 

the odd behaviour of the thermal conductivity of H2/He mixtures, i.e. the thermal 

conductivity of H2/He mixtures decreases with increasing H2 concentrations at low H2 

concentration and then increases (Shahkov et al., 1973). This makes it impossible to use a 

thermal conductivity detector for quantitative detection of hydrogen over a wide range of 

hydrogen concentrations when helium is used as the carrier gas. This problem does not 

occur if argon is used as the carrier gas, but the sensitivity for all compounds other than 

hydrogen is low if argon is used as the carrier gas. The 02/N2 eluted as a single peak, 
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neither nitrogen nor oxygen is a reaction product; hence this is not a serious deficiency in 

the analysis. 

Unfortunately, water could not be analyzed; it is usually difficult to obtain well-

resolved peaks for water if several compounds which are chemically very different from 

water, e.g. non-polar, are to be separated by the column. Most of the water in the effluent 

stream was condensed in the cold trap which was kept at 0°C. Hence, the GC analyses in 

the current work focused on CO, CH4, CO2 and H2S, and the results will be reported as 

mol % on a H2, O2/N2 and H20-free basis. The GC areas were converted to mol % using 

the relative response factors reported in the literature, i.e. the response factors for CO, 

CH4, C02, and H2S are 42, 35.7,48 and 38, respectively (Dietz, 1967), and Equation 4.5. 

y> = rf
l/Ri xioo (4.5) 

EAj/Rj 
j=i 

Where Aj is the area under the GC peak for component i and Rj is the response factor for 

component i; j is summed from 1 to 4 for the four components under consideration, i.e. 

CO, CH4, C02 , and H2S. 

4.6.1 Effluent gas composition as a function of treatment temperature 

Typical results of effluent compositions as a function of activation temperature 

are shown in Figures 4-34 to 4-37; these figures show the variation in CO, C02 , CH4 and 

H2S content in the effluent stream as a function of activation time and temperature. These 

results are for 4 runs with activation temperatures of 509 to 770°C, all at a pressure of 

about 345 kPa, a water feed rate of 4.5 mL/h and a CO2 feed rate of 188 mL/min (i.e. a 

feed composition of 63 mol% CO2 and 37 mol% H20). The trends in the composition 

variations with treatment time obtained for these 4 runs are similar to those obtained in 

other runs. 
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Figure 4-34. Variations in CO concentration in effluent gas as a function of treatment 
temperature (composition on a H2 and H^O-free basis). 
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Figure 4-35. Variations in CO2 concentration in effluent gas as a function of treatment 
temperature (composition on a H2 and F^O-free basis). 
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Figure 4-36. Variations in CH4 concentration in effluent gas as a function of treatment 
temperature (composition on a H2 and HaO-free basis). 
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Figure 4-37. Variations in H2S concentration in effluent gas as a function of treatment 
temperature (composition on a H2 and H20-free basis). 
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The treatment conditions for Runs IC10469 and IC10489 were very similar, the 

average treatment temperature was only 4°C different for the two runs and the treatment 

feed gas had the same composition. However, the results for Run IC 10489 were rather 

scattered and the trend at low activation times was different from that of most other runs. 

The results for Run IC 10489 were included to illustrate that for some of the runs large 

fluctuation occurred in the effluent gas composition. Although there was scatter in the 

compositional data for some of the runs, some general trends in the composition of the 

effluent were easily discernible. The general observations include: 

1. CO concentration increased with increasing temperature and decreased with 

increasing treatment time. 

2. C02 concentration decreased slightly with increasing treatment temperature and 

increasing treatment time. 

3. CH4 concentration increased with increasing treatment temperature and decreased 

with decreasing treatment time. 

4. No significant H2S was formed at treatment temperatures <700°C and at higher 

temperatures the concentration of H2S increased with increasing temperatures and 

remained relatively constant or decreased slightly with treatment time. 

The above trends are mainly due to kinetic and mass transfer effects rather then 

thermodynamic factors. The concentration of CH4 should be highest at low temperatures 

according to the thermodynamics (see Equation 2-4 and Table 4-5); similarly, CO 

formation over CO2 formation is favoured at high temperature. The H2S formation is also 

limited by chemical kinetics because it only forms at the higher temperatures. The 

decreases in CO and CH4 amounts with time on stream are probably due to the increasing 

mass transfer limitations with increasing treatment time because with increasing 

treatment time the H2O has to diffuse further and further into the porous fluid coke 

particles. 
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4.6.2 Effluent gas composition as a function of treatment gas composition 

The effluent gas composition changed with activation time, but variations were 

not large and at temperatures of 750 to 800°C, especially for CO, CO2 and H2S (see 

Figures 4-34 to 4-37). Hence, the effect of treatment gas composition on effluent gas 

composition for treatment temperatures of about 760°C is examined in terms of the 

average effluent gas composition for 4 h treatment times at CO2 feed rates of 188 

mL/min, pressure of 345 kPa and water feed rates of 2.3 to 18 mL/h. The feed treatment 

gas consisted only of CO2 and H2O, and the variations in water feed rates results in 

variations in water content of the feed gas from 23 to 70 mol%. The runs for these 

conditions are IC10469, IC10479, IC10480, IC10481, IC10482, IC10483, IC10489 and 

IC104102. The average composition of the exit flue gases for theses runs, on a H2O and 

H2 free basis, are shown in Figure 4-38. 

The logarithmic scale smoothes some of the scatter, but the trends in relative 

concentrations of the four components are evident. The CO2 concentration decreased 

with increasing water feed rate due to production of CO and to a lesser degree CH4 and 

H2S. The amount of CO increased from about 10 to 15 mol% with increasing water flow 

rate; however, the CH4 and H2S concentrations increased by about a factor of 10 when the 

water feed rate was increased from 2.3 to 18 mL/h. This significant increase in the 

concentration of these two components must be related to an increase in the hydrogen 

concentration with increasing water feed rate. The GC hydrogen signals did indicate 

significantly higher H2 concentrations at the higher water feed rates, but the increase 

cannot be quantified for previously stated reasons. 

75 



• co2 

• CO 
• ChL 

4 

0 5 10 15 20 

Water Feed Rate, ml_/h 

Figure 4-38. Average effluent gas composition (on H20 and H2 free basis) as a function 
of water feed rate (T=760°C, P=345 kPa and C02 feed rate = 188 mL/min). 

A few experiments were done without C02 in the feed. In these runs, the 

treatment feed gas consisted of N2 and H20. The average effluent gas compositions as a 

function of water feed rate at a constant N2 feed rate of 42.5 mL/min, an average 

temperature of about 780°C and a pressure of about 120 kPa, are shown in Figure 4-39. 

The runs on which this figure is based are IC10464, MB10465, IC10466 and IC10467. 

As expected, all the products of coke gasification increased with increasing water feed 

rate. The unexpected observation was that no carbon monoxide was detected in any of 

these runs. It appears that for low C02 concentration CO production does not occur. This 

is surprising because the water gas shift reaction (Equation 2-5) should produce CO at 

high temperatures and high H20 concentrations. The H20 content of the feed treatment 

gas varied from 52 to 81 mol %. Additional experiments are needed to determine whether 

the lack of CO production at these conditions is real or whether analysis or other 

problems are the cause of this unusual observation. It is also worth noting that the H2S 

concentrations for all the results in Figure 4-39 are higher than the CH4 concentrations. 

This was not the case when C02 was present in the feed gas (see Figure 4-38). It is not 
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known whether the presence of high concentration of CO2 affects H2S and CH4 

formation. This is another area which requires further study. 
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Figure 4-39. Average effluent gas composition (on H20 and H2 free basis) as a function 
of water feed rate without any C02 in the feed (T=760°C, P=345 kPa and N2 feed rate = 
42.5 mL/min). 
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Chapter 5. Mercury adsorption by activated fluid coke 

Selected fluid coke samples, which had been activated by steam treatment, were 

tested for their ability to capture mercury from gas streams at various temperatures. The 

equipment described in Chapter 3 (see Figure 3-5) was used for these measurements. 

The ability of a fluid coke sample to capture mercury was determined by the removal of 

mercury from mercury-saturated air pulses injected into the argon stream. The amount of 

mercury in each injected pulse which was not removed was measured by the mercury 

detector. Similar mercury-containing air pulses were injected into the argon stream after 

the fluid coke bed as calibration pulses before each mercury sorption measurement. 

It should be pointed out that incomplete capture of an injected pulse does not 

necessarily mean that the coke sample was saturated with mercury because by-passing or 

channelling could occur with the small quantities of coke (40 to 50 mg) and the relatively 

high flow rates of argon (1.5 mmol/min). All the mercury capture experiments were done 

at pressure of about 0.1 MPa and most of the capture experiments were done at 140 C. At 

these conditions, the average residence time of the mercury pulse in the fluid coke bed is 

<0.1 s. Repeat experiments showed that for some of the experiments early mercury 

breakthrough occurred, e.g. breakthrough in the first injected pulse; this, in some cases, 

was probably due to by-passing because repeat experiments, with new loadings of fluid 

coke in the sample tube, showed complete capture of the first pulse. For other 

experiments, especially those with activated fluid coke having low surface areas, 

breakthrough always occurred during the first pulse. 

Breakthrough is defined as the detection of mercury by the detector after mercury 

has been injected into the argon in front of the fluid coke bed, i.e. breakthrough after 

Injection 1 indicates that not all the mercury in the first pulse was adsorbed by the fluid 

coke bed. Breakthrough after Injection n means that all the mercury injected in Pulses 1 

to (n-1) was captured, but not all the mercury in Pulse n was captured. 

The effects of activated fluid coke surface area, sorption temperature, hydrogen 

treatment of fluid coke, and elemental sulphur addition to fluid coke on mercury sorption 

are presented in the following sections. 
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5.1. Mercury adsorption as a function of surface area 

The effect of surface area of activated fluid coke on Hg adsorption was measured. 

The experimental procedure for Hg adsorption experiments was described previously in 

Section 3.3. Samples of 40 to 50 mg activated coke were used in the experiments. All the 

samples were tested at 140°C by injecting 50 uL pulses of air saturated with Hg at room 

temperature. The amount of Hg injected was calculated from the mercury vapour 

pressure at the temperature of the gas and the size of the injected gas pulses. The amount 

of Hg adsorbed was calculated by subtracting the amount of Hg eluted from the amount 

of Hg injected. The results of Hg adsorption experiments for 75 different samples having 

surface area between 20 and 533 m2/g, are shown in Figure 5-1. Two successive pulses, 

5-10 min apart, were injected for all of the samples. The percentage of the injected 

mercury which was adsorbed by the fluid coke for each pulse is shown in Figure 5-1. 

T 1 1 1 1 1 1 1 r 

£ " 0 110 220 330 440 550 

Surface Area, m2 /g 

Figure 5-1. Effect of surface area on mercury adsorption by activated fluid coke at 140 C 

sorption temperature. 
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There is a strong correlation between mercury sorption and surface area of 

activated coke. Activated fluid coke samples with surface areas <100 m /g did not 

capture mercury well; breakthrough of mercury occurred after Injection 1 for all samples 

with areas <100 m /g. Most samples with areas >200 m /g adsorbed all the mercury in 

the first pulse and all or most of the mercury in the second pulse. Some samples adsorbed 

all the mercury injected in 5 or 6 consecutive pulses. These results indicated that the 

steam-activated fluid coke samples are capable of adsorbing mercury in the temperature 

range found in the flue gases from coal fired electric power plants. 

It can be seen in Figure 5-1 that samples with similar surface areas showed 

differences in mercury adsorption capacity. This might be due to the Hg injected/coke 

ratio, which varied among experiments from 12 to 21xl0"9. The same volume of 

mercury-saturated air was used for all the experiments, but the amount of Hg in each 

pulse varied because the temperature of the mercury reservoir varied from day to day. 

Another factor which might have influenced the results is the amount of coke loaded into 

sample holder; this quantity varied from 40 to 50 mg. The measured value of the mass 

was accurate to within ±0.5 mg, but it was very difficult to always load the same amount 

because the sample was very small. 

Another possible error is the possibility of channelling or by-passing which would 

give the appearance of breakthrough. Repeat experiments were done to determine the 

reproducibility of results. The results of repeat measurements on 20 activated fluid 

samples are shown in Figure 5-2. One to four repeat measurements were done; a fresh 

coke sample was used for each repeat measurement. It is evident that there are major 

differences in the amount of mercury captured in 6 of the 53 experiments. The most 

likely case of the low mercury capture for these runs is that some by-passing occurred in 

these experiments. Another interesting observation from these runs is that repeat runs 

showed essentially complete adsorption of the first pulse for all samples with surface 

areas >200 m2/g. 
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Surface Area, m2/g 

Figure 5-2. Results of repeat mercury capture experiments. 

Figure 5-3 shows a comparison of the Hg adsorption capacities of samples with 

surface area higher than 200 m2/g. For many of these samples more than two pulses of 

Hg were injected before breakthrough occurred (the average amount of Hg in one pulse is 

about 800 pg, depending on the Hg reservoir temperature). The total amount adsorbed 

was calculated as the difference between the amount of mercury injected in all the pulses 

minus the amount of mercury eluted. Figure 5-3 shows that the amount of mercury 

adsorbed increases with increasing fluid coke surface area, as expected. However, the 

scatter is very large in these data. The correlation is poor because other factors, besides 

surface area, influence the mercury capture ability. As pointed out earlier, the differences 

between the samples with similar surface areas might be due to different Hg/carbon ratio. 

However, the activation conditions, activation temperature, H2O/CO2 ratio during 

activation and H20 partial pressure, might play an important role in Hg capture because 



these factors can result in activated coke with different surface properties. The pulse 

method is not a very reliable method for measuring adsorption capacities because 

adsorbed material (Hg) can desorb between the pulse additions. Further experiments in 

which Hg capture is a continuous mode must be done to obtain true adsorption capacities 

and to evaluate the most suitable activated cokes for Hg capture. 

125 

350 400 450 500 

Surface Area, m2/g 

Figure 5-3. Variation of Hg adsorption capacity at 140°C as a function of surface area. 

5.2. Mercury adsorption as a function of sorption temperature 

Hg adsorption capacity of three activated carbons: SSI 0424, IC10474 and 

IC10482 were studied as a function of adsorption temperature. The activation conditions 

of raw coke and the properties of the resultant activated carbons are shown in Table 5-1. 

Hg adsorption was carried out at temperatures from 50 to 200°C. The experimental 

procedure for Hg adsorption experiments were described in Section 3.3. The results of 

the Hg adsorption experiments are shown in Figure 5-4. 
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Table 5-1. Activation treatment conditions and properties of activated carbons. 

Sample 
I.D. 

SSI0424 

IC10474 

IC10482 

Treatment 
Temp., 

°C 

782 

754 

754 

Pressure, 
kPa 

100 

616 

344 

Treatment 
Length, 

h 

4 

4 

4 

Treat Gas 
Composition, 

mole, % 

co2 

30.6 

74.5 

34.6 

H 2 0 

69.4 

25.5 

63.6 

Treatment 
Gas Feed 

Rate, 
mmol/min 

10.2 

16.3 

19.6 

Surface 
Area, 
m/g 

415 

420 

490 

Pore Volume, 
cm3/g 

micro 

0.159 

0.160 

0.182 

meso 

0.042 

0.054 

0.080 
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Figure 5-4. Mercury adsorption from first injected pulse as a function of adsorption 
temperature. 

Mercury adsorption decreases significantly for adsorption temperatures above 140 

to 150 C for all three samples even though surface areas varied among the samples and 

mesopores volumes varied by about a factor of 2. Similar behaviour was reported in a 

study done by Krishnan et al. (1994); they studied the Hg adsorption capacity of two 
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thermally activated carbons FGD and PC 100 at 23 and 140 C. The samples showed lower 

adsorption capacity with increasing temperature. 

A small number of steam-activated carbon samples were heat treated in argon 

atmosphere at 200 C prior to Hg adsorption experiments. Measured amounts of samples 

were placed in sample U-tube and heated to 200°C in the oven under argon flow at 40 

mL/min flow rate for approximately 15 h. After this, the oven temperature was decreased 

to 140C and Hg adsorption experiments were performed, following the procedure 

described in Section 3.3. The results are showed in Table 5-2. A 75-88% reduction in Hg 

adsorption was observed, when compared with the Hg sorption capacity before heat 

treatment in argon. The highest decrease in Hg capture was recorded for IC10482, which 

was obtained by steam activation, using the highest H2O flow rate during activation 

process. 

Table 5-2.The influence of heat treatment in argon of activated carbon on Hg adsorption 
capacity 

Sample 
I.D. 

IC 10473 

IC 10480 

IC 10482 

IC 10486 

IC 10499 

Activation 
Temp., 

°C 

764 

760 

754 

752 

697 

Activation 
Pressure, 

ka 

472 

345 

344 

626 

625 

H20 
flow 
rate, 
ml/h 

4.5 

2.3 

13.5 

8.1 

8.1 

Surface 
Area, 
m2/g 

437 

300 

491 

452 

121 

Hg 
adsorbed 

before heat 
treatment, 

pg/mg AC 

50.8 

56.8 

102.6 

59 

52 

Hg 
adsorbed 
after heat 
treatment, 
pg/mg AC 

11.8 

12.9 

12.3 

14.8 

12.7 

Hgads 
Decrease, 

% 

76.8 

77.3 

88.0 

74.9 

75.6 

A similar phenomenon was also reported by Krishnan et al. (1994) in their study 

on the adsorptive capacities of heat-treated activated carbons. They observed that the Hg 
o 

adsorption capacities of activated carbons decreased if they were treated at 140 C in a N2 

atmosphere. They suggested that the reduction of Hg capture ability was probably caused 

by the removal of moisture from the carbon surfaces during the nitrogen treatment at 

140 C. Y. Li et al. (2002), in their study on the effect of adsorbed water on Hg adsorption 

by activated carbons, found as 75 to 85% reduction in the Hg adsorption after heat 

treatment at 110°C. 
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This behaviour of activated carbons, unheated and heat treated, towards Hg 

capture raise questions regarding the mechanism of Hg adsorption. The decrease of Hg 

adsorption with the increasing temperature may be associated with a physical adsorption. 

Physical adsorption involves intermolecular forces (e.g. van der Waals forces) and the 

change in electronic state of adsorbent and adsorbate is minimal. During physical 

adsorption, equilibrium is established between the adsorbate and the fluid phase. In 

solid/gas systems the extent of physical adsorption increases with increases in gas 

pressure and decrease with increasing temperature. 

However, chemisorption, which involves making of chemical bonds show similar 

adsorption behaviour, i.e. a decreases of adsorption uptakes with increasing adsorption 

temperature. The probable sites for chemisorption on activated carbons are carbon-

oxygen surface complexes. According to Bansal et al. (1988), carbon-oxygen surface 

complexes are by far the most important structures influencing the surface characteristics 

and adsorption properties of activated carbons. It is believed that oxygenated functional 

groups are formed on the active sites when the carbon material, after being prepared at 

high temperatures, is placed in an atmosphere at lower temperature (Lahaye, 1998). 

Oxygen complexes formed on the carbon surfaces may play an important role for 

Hg° adsorption. Krishnan et al. (1994) suggested that the alteration or depletion of these 

oxygen-surface complexes with increasing temperature might be one of the factors 

responsible for the lowering of sorptive capacity of these activated carbons. Li et al. 

(2002) suggested that the oxygen-complexes on the carbon surfaces form primary 

adsorption centres which bind H2O molecules by means of hydrogen bonding. Adsorbed 

water molecules then become secondary adsorption centres for Hg capture. The removal 

of the H2O from the carbon surface by heat-treatment reduces the number of active sites 

that can chemically bond Hg or eliminates the reactive surface conditions that favour Hg 

adsorption. In a later study, Li et al. (2003) found that oxygen surface complexes, 

possibly lactone and carbonyl groups are the active sites for Hg capture; they suggested 

that phenol groups may inhibit Hg adsorption. 

X-ray photoelectron spectroscopy, XPS, showed that the activated fluid coke 

surfaces contained both carbon-oxygen complexes as well as carbon-sulphur compounds. 

XPS spectra were obtained for seven samples. These samples were embedded in epoxy, 
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sectioned and then argon sputtered before recording the XPS spectra. A summary of the 

results is given in Table 5.3 and samples plots of the O l s and S 2p spectra for Sample 

SS10421 are shown in Figures 5-5 and 5-6. The binding energies were referenced to the 

binding energy of carbon Is which was set at 284.6 eV (Niemantsverdriet, 2000). 

Table 5-3. XPS results for various activated and cross-sectioned fluid coke samples. 

Sample 
SS10415 
SSI0420 
SS10521 
SSI0423 
SSI0424 
SSI0425 
SSI0429 
Average 

Binding Energies, eV 
S, 2p line 

Maxima 
163.50 
163.36 
163.62 
163.02 
163.10 
163.64 
163.34 
163.37 

0,1s line 

Maxima 
532.6 
531.9 
532.4 
532.2 
532.1 
532.4 
532.8 
532.3 

Prior Activation Conditions 
Temp 

°C 
800 
800 
800 
600 
800 
800 
800 

Time 

hr 
6 
8 
4 
8 
4 
4 
4 

H20 

mL/h 
2.3 
4.5 
4.5 
4.5 
9.0 
9.0 
12.0 

co2, 
mol % 

64.0 
31.3 
31.3 
31.3 
18.5 
0b 

14.6 

Surface 
Area, 
m2/g 
234 
471 
273 
36 

416 
425 
444 

18.5% N2, the remainder is H20 

Binding energies (B.E.) for oxygen Is for water and hydroxides are typically in 

the 531 to 532 eV range, and for metal oxides the B.E, are <531 eV (Moulder et al., 

1992; Dupin et al., 2000). B.E. of 532 to 533 eV for the O Is line are typical of organic 

oxygen such as C-O-C, C-OOR, C O and COOH (Xie et al, 1991). Hence, the detected 

oxygen in the samples indicates that the oxygen is complexed with carbon. The oxygen 

signal was strong, indicating that most of the surface is oxygenated (XPS is a surface 

sensitive technique). 

A binding energy of < 164 eV for sulphur indicates a negatively charged sulphur. 

Metal sulphides have binding energies of about 161 to 162 eV (Duan, 2006). Binding 

energies for S 2p of about 163 eV are attributed to aliphatic organic sulphides and a 

binding energy of about 164 can be attributed to thiophenic (aromatic) sulphur (George, 

1991). The S 2p binding energies measured for the activated coke indicates that most of 

the detected sulphur is organic sulphur. 
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It is not know whether both the oxygen and the sulphur containing species interact 

with the Hg° species. However, both chemisorption and physical adsorption are probably 

involved in the capturing of mercury by the activated fluid coke. 
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Figure 5-5. XPS spectrum of oxygen Is 
2p line for Sample SSI0421. 

400 

100 
168 166 164 162 160 

Binding Energy, eV 

158 

Figure 5-6. XPS spectrum of sulphur 
line for Sample SSI0421. 

5.3. Hg adsorption on H2-treated samples 

Two activated coke samples, SSI0432 and IC10489 were treated in H2 

atmosphere and the Hg adsorption capacities of the treated samples were tested. About 2 

g of each sample was placed in the reactor used for activation of fluid coke followed by 

treatment in pure hydrogen. The treatment temperature was 400°C, treatment time was 1 

h and H2 flow rate was 10 mL/min. The treatment for both samples was done at two 

different pressures: 100 kPa and 345 kPa. The samples were exposed to the atmosphere 

after the hydrogen treatment. 

The purpose of this treatment was to determine whether reduction in hydrogen 

permanently removed oxygen species from the coke. The effect of the hydrogen 

treatment on the mercury capturing ability is shown in Table 5-4. The results in Table 5-4 

show that the hydrogen treatment resulting in a decrease in mercury capturing ability, but 
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the decrease was much less than the treatment in argon at 200 C discussed above; the 

average decrease in the amount of Hg captured as a result of the hydrogen treatment was 

about 30% while the average decrease resulting from the argon treatment was 79% (see 

Table 5-2). 

Table 5-4. Hg adsorption results of activated and E^-treated activated coke samples. 

Sample 
ID. 

10432 

10432 

10432 

10489 

10489 

10489 

Hydrogen 
Treatment 
Pressure, 

kPa 

-

100 

345 

-

100 

345 

Hg Adsorbed 
Before 

Hydrogen 
Treatment, 

pg/mg ofAC 

18.5 

-

-

17.8 

-

-

Hg adsorbed 
After 

Hydrogen 
Treatment, 

pg/mg of AC 

-

12.14 

9.08 

-

13.5 

15.2 

Decrease in Hg 
Captured as a Result of 
Hydrogen Treatment, 

% 

-

34.4 

50.9 

-

24.2 

14.6 

The treatment in hydrogen at 400 C should have removed more of the oxygen 

containing species from the surface of the fluid coke compared to the 200 C treatment in 

argon, but the argon-treated samples were not exposed to the atmosphere after the argon 

treatment while the hydrogen treated samples were exposed to the atmosphere after 

hydrogen treatment. The exposure to air of the hydrogen-treated samples must have 

restored some of the adsorbed (complexed) oxygen as well as resulted in adsorption of 

water. These results show the exposure of 'reduced' activated fluid coke to the 

atmosphere reactivated the coke. If oxygenated species are partially responsible for the 

Hg capture, then treatments of activated fluid coke in oxidizing atmospheres, e.g. air, at 

temperatures below the combustion temperature may improve the mercury capture ability 

of the activated fluid cokes. 

5.4. Hg adsorption on sulphur impregnated activated coke 

The addition of elemental sulphur to the surface of activated fluid coke should 

improve the mercury capturing ability of the fluid coke since it is well know that 
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elemental sulphur reacts with mercury. Activated fluid coke sample IC10474 was used as 

the starting material for vapour-phase sulphur impregnation. Sample IC 10474 was 

obtained by activation of Coke 104, under the following treatment conditions: T=755 C; 

treatment time = 4 h; pressure = 614 kPa; total feed rate of treatment gas = 16.7 

mmoles/min; feed gas composition: 24.9 mole % H2O, 72.9 mole % CO2, 2.2 mole % 

N2). The properties of this activated fluid coke are: BET surface area: 420 m7g, 

micropore volume = 0.160 mL/g, mesopore volume = 0.0545 mL/g, average pore radius 

= 1.02 nm, sulphur content = 4.40 mass %. 

Sulphur impregnation was carried out at 100°C, 200°C, 300°C, 400°C, 500°C and 

600 C. High purity elemental sulphur powder was used for the impregnation of activated 

coke (treatment procedure described in Section 3.4). Figure 5-7 shows the sulphur 

concentration of sulphur-impregnated samples at different impregnation temperatures. 

The sulphur content increased with increasing sulphur treatment temperatures up to 
o o 

400 C, followed by a decrease at temperatures above 400 C. 
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Figure 5-7. Sulphur content of sulphur-impregnated activated fluid coke (IC10474-Sxxx 
as a function of impregnation temperature compared to sulphur content of unactivated 
(Coke 104) and activated fluid coke (IC 10474). 
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The increase in sulphur content with increasing impregnation temperature for 

temperatures up to 400C is largely due to the increase in sulphur vapour pressure with 

increasing temperature (see Figure 5-8). The reduction in amount of sulphur with 

impregnation temperatures above 400 C was due to the decrease in equilibrium 

adsorption capacity with increasing temperature, i.e. typical temperature dependence of 

adsorption. 
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Figure 5-8. Variation of sulphur vapour pressure with temperature (Hampel, 1968). 

The effect of sulphur addition on Hg capture of impregnated samples was 

evaluated as a function of sorption temperature and impregnation temperature. Sulphur 

impregnated samples, except the sample for which sulphur was added at 100 C, were 

tested for Hg capture following the same pulse adsorption procedure used for the 

activated coke. Sample IC10474-S100 was not tested because very little sulphur was 

added during the 100°C treatment (see Figure 5-7). The mercury sorption ability of the 

other sulphur treated samples was measured at temperatures of 100 to 250 C. Figure 5-9 
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shows the percentage of mercury adsorbed on sulphur treated samples after the first pulse 

injection, at different sorption temperatures. More than one mercury-containing pulse was 

injected for most of the sulphur treated samples. The total amount of Hg adsorbed for 

these multiple injections are shown in Figure 5-10. The maximum number of pulses 

injected was 6 and for some of the samples no Hg breakthrough had occurred. No 

breakthrough was observed for all the data points in Figure 5-10 for which the Hg uptake 

was above 50 pg/mg of activated fluid coke. 

T 1 1 1 r 

100 150 200 250 
Hg Sorption Temperature, °C 

Figure 5-9. Effect of sulphur addition on Hg capture as a function of sorption temperature 
(for samples IC10474-Sxxx*). 

*xxx- represents sulfur impregnation temperature 
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Figure 5-10. Mercury adsorption capacities as a function adsorption temperature for 
sulphur-treated samples of activated fluid coke IC10474. 

The results in Figure 5-9 clearly show that the Hg sorption is a strong function of 

the temperature at which sulphur was added to the activated fluid coke. At sulphur 

addition temperatures of 200 and 300°C (IC10474-S200 and IC10474-S300), the mercury 

capture was less than without sulphur addition even though some sulphur was added at 

these temperatures. Sulphur addition at 400°C (IC10474-S400) increased Hg capture 

ability. Increasing the sulphur addition temperature to 500°C (IC10474-S500) resulted in 

a further increase in Hg capture even though the sulphur content of the fluid coke after 

the 500°C addition was considerably less than after the 400°C addition (see Figure 5-7). 

A further increase in the sulphur addition temperature to 600°C (IC10474-S600) resulted 

in a decrease in sulphur contend as well as a decrease in Hg capture ability 

The variation in the concentrations of sulphur allotropes with temperature along 

with the strong temperature dependence of the sulphur vapour pressure with temperature 

are probably the main factors responsible for effects of sulphur impregnation temperature 

on subsequent mercury adsorption capacity. Sulphur exists in several allotropes, 

including Sx (S8 rings), SK (Sg chains) and Ŝ  (chains of variable length). At impregnation 
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temperatures up to 400°C, sulphur molecules will condense mainly in the form of Sg and 

S6 and form voluminous rings or long linear chains. The S(JS$ molar ratio increases with 

the increasing temperature, as illustrated in Table 5-4 (Tuller, W. N., 1954). With 

increasing temperature, the concentration of small sulphur molecules increase and this 

has a significant effect on the structure of the sulphur-impregnated activated fluid coke. 

Hence, the effect of sulphur impregnation temperature on the mercury capture properties 

of the sulphur impregnated activated fluid coke samples is explained as follows: 

1. At low sulphur impregnation temperatures (<300°C) the amount of sulphur added to 

the activated fluid coke was small (low sulphur vapour pressure) and the type of 

sulphur added was almost all Sg and S^ and these molecules condense in even larger 

aggregates. At low temperature these sulphur species can easily block the micropores 

in the activated coke (average micropore diameter is <2 nm). This blocking of the 

pores is probably the reason for the low Hg sorption ability of IC10474-S200 and 

IC10474-S300 compared to the sample without sulphur treatment. 

2. After sulphur impregnation temperature of 400 C, the sulphur content is the highest, 

but the mercury capture ability is not the highest. The high sulphur loading after the 

400°C sulphur treatment is due to a combination of the higher vapour pressure and 

the high sorption capacity of the fluid coke at 400 C, but most of the sulphur is still 

present in large molecules. This means that many of the micropores are probably 

blocked. The somewhat improved Hg capture ability of IC10474-S400 compared to 

IC10474-S300 is due to the large amount of sulphur in IC10474-S400; it is well know 

that Hg is captured by elemental sulphur. 

3. After sulphur impregnation temperature of 500 C (IC10474-S500) the sulphur content 

is less and the mercury capture ability is higher than that after sulphur impregnation at 

400 C. This lower sulphur content is due to the lower equilibrium sulphur uptake by 

the activated fluid coke at the higher temperature and the higher sulphur capture 

ability is probably due to the presence of higher concentration of smaller sulphur 

molecules, such as S2 (see Table 5-4) and less pore blockage. These smaller sulphur 

molecules can penetrate into the micropores and bind relatively strongly to the 

surface of the activated coke where they can subsequently capture mercury. 
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4. After sulphur impregnation temperature of 600°C (IC10474-S600) the sulphur content 

is less than sulfur content of the sample impregnated at 500 Cand the mercury capture 

ability is also lower than that of the sample impregnated at 500°C. The lower sulphur 

content is again due to the decrease in equilibrium adsorption uptakes with increasing 

temperature and the decrease in mercury capture ability is probably associated with 

the decrease in the amount of sulphur on the surface of the pores after the 600 C 

impregnation. 

Table 5-4. Molar composition of saturated sulphur vapour at various temperatures 
(Tuller, 1954) 

Temperature, 

C 

148.9 

204.4 

260 

315.6 

371.1 

398.9 

426.7 

444.6 

454.4 

482.2 

510 

537.8 

565.6 

593.3 

648.9 

Sulphur allotropes, mole % 

s8 

82.8 

76.0 

68.9 

60.9 

52.6 

48.7 

44.9 

42.5 

41.3 

37.8 

34.6 

31.4 

28.3 

25.4 

20.0 

s6 

17.2 

24.0 

31.0 

38.6 

46.1 

49.4 

52.4 

54.0 

54.7 

56.6 

58.0 

58.8 

59.3 

59.1 

57.0 

s2 

0.01 

0.04 

0.15 

0.5 

1.3 

1.9 

2.7 

3.5 

4.0 

5.6 

7.4 

9.8 

12.4 

15.5 

23.0 

Based on these preliminary results, it can be concluded that the efficiency of 

mercury removal of sulphur-impregnated activated coke depends not on the total sulphur 

content, but rather on the nature of sulphur forms present in the coke matrix as well as on 
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the uniform distribution of sulphur in the coke matrix. These two factors are controlled 

by the impregnation temperature. These results further support the fact that materials with 

sufficient amounts of active adsorption sites (e.g. sulphur) and sufficient microporous 

structure are needed to achieve large mercury adsorption capacities. Additional work to 

optimize the sulphur impregnation conditions (time and temperature) is required. 

Additional characterization of the sulphur-treated activated cokes is required to 

determine the homogeneity of sulphur concentration throughout the activated coke 

particles; EDX, in the same fashion as used to get the sulphur concentration in the 

activated coke particles (Section 4.1), can be used to obtain this information. Surface area 

measurements of the sulphur-impregnated fluid cokes should be done to determine 

whether the hypothesis that pore blocking is the main cause of the low mercury 

adsorption capacities after sulphur impregnation at 200 and 300°C. 
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Chapter 6. Summary, Conclusions and Recommendations 
This study showed that Syncrude fluid coke can be converted into high surface 

area activated carbon (surface areas in the 300 to 500 m2/g) by treatment in H2O/CO2 at 

temperatures of 700 to 800°C. These activated fluid coke particles adsorb mercury from 

gas steams at temperatures up to 150°C. The mercury sorption capabilities are improved 

significantly if the activated fluid coke is impregnated with elemental sulphur at about 

500 C. A detailed summary of the treatment conditions and observation on which the 

above general statements are based is given below. Some recommendations for future 

work are also made. 

Physical activation of fluid coke was employed to increase the surface area. The 

conditions used for these activations were: 

Size of sample used for each activation: 10 g 

Size of fluid coke particles: 100 to 125 urn for most experiments 

Temperature: 200 to 800°C 

Pressure: 0.1 top 0.6 MPa 

Length of treatments: 1 to 8 h 

H20 feed rate: 0 to 70 mmol/min (0 to 18 mL/h) 

CO2 feed rate: 0 to 12.2 mmol/min 

N2 feed rate: 0 to 3.6 mmol/min 

O2 feed rate: 0 to 0.8 mmol/min 

Most of the treatments were carried out in mixtures of H20 and C02. A few runs with 

nitrogen in the feed treatment gas were done to determine whether the CO2 played a 

significant role in the activation. Oxygen was added to the feed treatment gas in a few 

runs to determine whether the presence of oxygen would affect the pore structure. 

The properties of the virgin fluid cokes as well as activated cokes were obtained 

by the following techniques: 

• Laser light scattering for particle size determination (Malververn Mastersizer 2000); 

• Nitrogen adsorption and desorption at liquid nitrogen temperatures for surface area 

and pore size distribution (Omnisorb 360); 

• Scanning electron microscopy on whole and sectioned particles for determination of 

exterior and internal particle morphology (Hitachi S-2700); 



• Energy dispersive x-ray analysis for the determination of sulphur distribution in 

particles (Princeton Gamma Tech Prism IG); 

• X-ray photoelectron spectroscopy for the determination of oxidation states of sulphur 

and oxygen on the pore surfaces of activated fluid coke (Kratos Axis 165); 

• Total sulphur analyses of particles (Horiba EMIA 320 and an Antek 9000NS). 

A HP 5890 gas chromatograph was used to analyze the effluent gases. 

The following observations and conclusions were made from the activation and 

characterization experiments: 

1. Virgin fluid coke particles were roughly spherical in shape and the sphericity of the 

particles increased with increasing particle size; 

2. The particle shapes did not change with activation and the size distribution did not 

change markedly with activation except when oxygen was present in the treatment 

gas; 

3. Increases in surface areas were insignificant for treatment temperatures <600 C for 

all feed gas compositions examined; 

4. Treatments at temperatures of 600 to 800 C resulted in increases in surface area, and 

the increases were very dependent on the composition of the treatment gas; 

5. The maximum surface area obtained with pure CO2 as the treatment gas was 60 m2/g 

after treatment for 8 h at 789°C; 

6. Surface areas after treatments in a H2O/CO2 mixtures at 750 to 800°C and treatment 

times of 4 h were in the 400 to 500 m /g range, with one experiment resulting in a 

surface area of 533 m2/g (IC10486); 

7. Replacement of CO2 with N2 in H2O/CO2 mixtures did not result is significantly 

different surface areas; this leads to the conclusion that CO2 does not play a major 

role in the fluid coke activation in the temperature range studied, and the H2O is the 

major activating agent; 

8. The amount of H2O fed and the partial pressure of H2O affected the surface area; 

higher H2O feed rates and higher H2O partial pressures usually resulted in higher 

surface areas; 

9. Using N2/O2 mixtures as the treatment gas did not result in increases in surface area; 

the oxygen only causes combustion of carbon on the external surface of the particles; 
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10. Adding O2 to H2O/CO2 mixtures did not result in increases in surface area compared 

to treatment in H2O/CO2 mixtures, but it did result in an increase in mass loss. The 

added O2 did not result in an increase in pore size; 

11. The average pore size in all activated fluid coke particles was about the same. The 

average pore radius was 1.0 (±0.1) nm for all fluid coke samples with surface areas 

above 50 m2/g. 

12. The sulphur content of the fresh coke was about 6 to 7 mass % and activation 

resulted in decreases in sulphur content to about 4 to 6 mass %. 

13. The sulphur in the virgin fluid coke particles was distributed evenly throughout the 

particles as measured by EDX, while in activated fluid coke particles the sulphur 

concentration increased towards the interior of the particles; 

14. XPS results lead to the conclusion that most of the sulphur in the fluid coke, virgin 

and activated, is present as organic sulphur; 

15. XPS results also showed that there is a high concentration of oxygen on the surface 

of the activated coke and that the O Is binding energies are in the range of oxygen in 

organic compounds. 

The activated fluid coke samples as well as sulphur impregnated activated fluid coke 

samples were tested for their ability to remove mercury from an argon stream at various 

temperatures. A pulse adsorption apparatus was used for these studies. The following 

observations and conclusions are based on these measurements: 

1. Activated fluid coke particles, with surface areas above 200 m /g, adsorb mercury 

from a gas stream at temperatures up to about 150 C. 

2. Surface oxygen groups, and possibly strongly adsorbed water are responsible for the 

mercury capture ability of the activated fluid coke particles as shown by in situ 
o 

treatment at 200 C in flowing argon prior to Hg capture measurement; 

3. The removal of surface oxygen and water is at least partially reversible as shown by 

ex situ treatment in hydrogen; 

4. Impregnation of activated fluid coke with elemental sulphur at temperatures of 400 

to 600 C increased the mercury capture ability significantly; 
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5. The optimum sulphur impregnation temperature is about 500 C. The sample 
o o 

impregnated with sulphur at 500 C adsorbed mercury at temperatures up to 250 C. 

The above results have demonstrated that the sulphur-treated activated fluid coke 

is capable of removing mercury from gas stream at temperatures encountered in flue 

gases of coal-fired power plants. However, additional work is required to ensure that the 

sulphur-treated activated fluid coke is suitable for flue gas treatment. The following 

additional work is required: 

1. The sulphur-impregnation conditions must be optimized (time of exposure and fine-

tuning of the temperature) along with the determination of whether pore blocking is 

the cause for low Hg capture for sulphur impregnation temperatures <400 C. 

2. The total mercury adsorption capacity of the sulphur-treated activated fluid coke 

must be determined. The pulse method does not yield good estimates of mercury 

sorption capacity and continuous mercury adsorption from a gas stream must be 

done; 

3. The adsorption of mercury from actual flue gases should be measured to determine 

whether any components in the flue gas interfere, or possibly enhance, the mercury 

removal by sulphur-treated activated fluid coke. These studies require in-plant tests. 

4. An economic analysis for the manufacturing of sulphur-treated activated fluid coke 

should be done to determine whether the use of sulphur-treated activated fluid coke 

is economically viable compared to alternate methods of mercury removal for flue 

gases of coal-fired power plants. 

If the results of the above future work show that sulphur-treated activated fluid 

coke is economic for removal of mercury from flue gases than a use of a currently useless 

by-product of bitumen upgrading will have been found. The possibility of using 

activated fluid coke for other applications, such as water treatment, should also be 

explored. 
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APPENDIX A 

This appendix contains summaries of the results of the fluid coke activation 

experiments (Table A-l) and of the mercury pulse adsorption experiments (Table A-2). 

105 



T
ab

le
 A

-l
. S

um
m

ar
y 

of
 a

ct
iv

at
io

n 
ex

pe
rim

en
ts

. 

R
un

a 

S
S

10
40

1 
S

S
10

40
2 

S
S

10
40

3 
S

S
10

40
4 

S
S

10
40

5 
S

S
10

40
6 

S
S

10
40

7 
S

S
10

40
8 

S
S

10
40

9 
S

S
10

41
0 

S
S

10
41

1 
S

S
10

41
2 

S
S

10
41

3 
S

S
10

41
4 

S
S

10
41

5 
S

S
10

41
6 

S
S

10
41

7 
S

S
10

41
8 

S
S

10
41

9 
S

S
10

42
0 

S
S

10
42

1 
S

S
10

42
2 

S
S

10
42

3 
S

S
10

42
4 

S
S

10
42

5 
S

S
10

42
6 

S
S

10
42

7 
S

S
10

42
8 

S
S

10
42

9 
S

S
10

43
0 

T
re

at
m

en
t C

on
di

tio
ns

 
Te

m
 

S
et

 
60

0 
60

0 
60

0 
80

0 
80

0 
20

0 
40

0 
40

0 
60

0 
80

0 
40

0 
20

0 
80

0 
80

0 
80

0 
40

0 
60

0 
60

0 
60

0 
80

0 
80

0 
40

0 
60

0 
80

0 
80

0 
70

0 
80

0 
80

0 
80

0 
70

0 

pe
ra

tu
re

0, °
C

 
A

ct
ua

l 
60

3 
(0

.7
) 

5
9

7
(1

.1
) 

61
1 

(1
.0

) 
7

8
7

(1
.5

) 
79

3 
(3

.8
) 

20
2 

(0
.4

) 
4

1
7

(0
.9

) 
42

2 
(0

.8
) 

6
0

2
(1

.2
) 

7
8

9
(1

.9
) 

42
6 

(0
.8

) 
21

7 
(3

.4
) 

7
8

5
(1

.9
) 

79
2 

(2
3.

7)
 

77
3 

(9
6)

 
4

5
8

(2
1

.2
) 

61
1 

(1
8.

5)
 

6
1

7
(6

.6
) 

62
1 

(3
.4

) 
7

9
5

(1
.5

) 
79

1 
(1

.0
) 

44
1 

(0
.8

) 
62

3 
(3

.0
) 

78
2 

(2
.8

) 
78

6(
4.

2)
 

70
6 

(2
7.

6)
 

80
3 

(3
.9

) 
7

9
4

(1
.0

) 
7

9
6

(1
.3

) 
70

4 
(3

.3
) 

P
re

s.
c 

kP
a 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

Le
ng

th
 

h 4 2 8 6 4 6 4 6 6 8 8 8 8 6 6 6 6 4 8 8 4 8 8 4 4 4 4 5 4 4 

T
re

at
m

en
t G

as
 C

om
po

si
tio

n,
 

m
ol

e 
%

 
C

0
2 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

64
.0

 
64

.0
 

64
.0

 
64

.0
 

64
.0

 
31

.3
 

47
.6

 
30

.4
 

30
.4

 
30

.6
 

30
.6

 
18

.5
 

31
.3

 

47
.1

 
14

.6
 

31
.3

 

H
2
0 

36
.0

 
36

.0
 

36
.0

 
36

.0
 

36
.0

 
68

.7
 

52
.4

 
69

.6
 

69
.6

 
69

.4
 

69
.4

 
81

.5
 

81
.5

 
68

.7
 

52
.9

 
52

.9
 

85
.4

 
68

.7
 

N
2 

18
.5

 

47
.1

 

0
2 

T
re

at
. 

G
as

 
F

ee
d 

R
at

e,
 

m
m

ol
/m

in
 

3.
8 

3.
8 

3.
8 

3.
8 

3.
8 

3.
8 

3.
8 

3.
8 

3.
8 

3.
8 

3.
8 

3.
8 

5.
9 

5.
9 

5.
9 

5.
9 

5.
9 

12
.1

 
8.

0 
6.

0 
6.

0 
6.

0 
6.

0 
10

.2
 

10
.3

 
6.

0 
4.

1 
4.

0 
12

.9
 

6.
0 

M
as

s 
Lo

ss
c,%

 

1.
6 

2.
6 

0.
8 

9.
8 

8.
1 

0.
1 

0.
1 1 2.
6 

11
.8

 
0.

3 
0.

1 
41

.9
 

31
.9

 
11

 
0 0.
5 

-2
.6

 
-0

.3
 

36
.9

 
21

.5
 

n.
a.

 
1.

2 
31

.1
 

27
 

8.
7 

19
.2

 
21

.4
 

40
.1

 
9.

5 

S
ur

fa
ce

 
A

re
a,

 
m

2/g
 

25
.7

 
24

.7
 

23
.9

 
49

.4
 

37
.2

 
21

.0
 

21
.9

 
21

.8
 

25
.0

 
64

.3
 

22
 

20
.7

 

23
3.

5 
20

.6
 

27
.5

 
26

.4
 

25
.9

 
47

1.
4 

27
3.

1 

36
.4

 
41

5.
8 

42
4.

5 
59

.1
 

20
3.

4 
31

9.
3 

44
3.

9 
79

.7
 

P
or

e 
V

ol
um

e,
 

cm
3/g

 
m

ic
ro

 
0.

00
91

 
0.

00
91

 
0.

00
9 

0.
01

8 
0.

01
3 

0.
00

86
 

0.
00

87
 

0.
00

81
 

0.
00

92
 

0.
02

1 
0.

00
8 

0.
00

77
 

0.
09

0 
0.

00
8 

0.
01

0 
0.

01
0 

0.
01

0 
0.

17
7 

0.
10

5 

0.
01

4 
0.

15
9 

0.
16

5 
0.

01
9 

0.
07

8 
0.

12
4 

0.
16

9 
0.

02
8 

m
es

o 
0.

00
31

 
0.

00
32

 
0.

00
4 

0.
00

44
 

0.
00

42
 

0.
00

33
 

0.
00

29
 

0.
00

25
 

0.
00

23
 

0.
00

8 
0.

00
4 

0.
00

27
 

0.
01

9 
0.

00
4 

0.
00

2 
0.

00
4 

0.
00

3 
0.

05
5 

0.
02

0 

0.
00

2 
0.

04
2 

0.
03

3 
0.

03
9 

0.
01

4 
0.

03
0 

0.
05

2 
0.

01
3 



R
un

a 

S
S

10
43

1 
S

S
10

43
2 

M
B

10
43

3 
M

B
10

43
4 

M
B

10
43

5 
M

B
10

43
6 

M
B

10
43

7 
M

B
10

43
8 

M
B

10
43

9 
M

B
10

44
0 

M
B

10
44

2 
M

B
10

44
3 

M
B

10
44

4 
M

B
 1

04
45

 
M

B
10

44
6 

M
B

10
44

7 
M

B
10

44
8 

M
B

10
44

9 
M

B
10

45
0 

M
B

10
45

1 
M

B
10

45
2 

M
B

 1
04

53
 

M
B

10
45

4 
M

B
10

45
5 

M
B

10
45

6 
M

B
10

45
7 

M
B

10
45

8 
M

B
10

45
9 

M
B

10
46

0 
M

B
10

46
1 

M
B

10
46

2 
M

B
10

46
3 

T
re

at
m

en
t 

C
on

di
tio

ns
 

Te
rn

 
S

et
 

70
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

75
0 

70
0 

60
0 

40
0 

20
0 

60
0 

40
0 

20
0 

85
0 

80
0 

80
0 

70
0 

50
0 

75
0 

oe
ra

tu
re

D
, °

C
 

A
ct

ua
l 

70
1 

(1
.6

) 
7

9
6

(1
.2

) 
80

1 
(2

.2
) 

8
0

0
(1

.1
) 

7
9

5
(1

.0
) 

7
9

7
(2

.1
) 

79
6 

(4
.9

) 
7

9
7

(1
.4

) 
79

9 
(2

.0
) 

80
0 

(2
) 

79
7 

(2
.7

) 
7

9
5

(1
.4

) 
7

9
9

(1
.3

) 
79

8 
(3

.5
 

79
2 

(2
2.

4)
 

78
5 

(2
5.

5)
 

7
9

5
(4

.1
) 

79
5 

(3
.3

) 
75

6 
(4

.7
) 

7
1

0
(1

.7
) 

6
1

6
(1

.0
) 

4
3

5
(1

.1
) 

21
3 

(0
.7

) 
62

2 
(8

.3
) 

4
3

5
(1

5
.6

) 
20

9 
(3

.4
) 

8
2

3
(1

7
.6

) 
78

9 
(3

.8
) 

79
2 

(2
.2

) 
70

2 
(0

.8
) 

54
3 

(3
.9

) 
7

5
4

(4
.1

) 

P
re

s.
c 

kP
a 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

Le
ng

th
 

h 4 4 4 4 4 4 4 4 5 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

T
re

at
m

en
t 

G
as

 C
om

po
si

tio
n,

 
m

ol
e 

%
 

C
0

2 

18
.5

 
47

.1
 

10
0 

62
.4

 
62

.4
 

62
.4

 
62

.4
 

H
2
0 

81
.5

 
52

.9
 

70
.9

 
52

.4
 

68
.7

 
81

.5
 

68
.7

 

68
.7

 
68

.7
 

68
.7

 
79

.1
 

37
.6

 
37

.6
 

37
.6

 
37

.6
 

N
2 

97
.7

 
95

.3
 

90
.7

 
87

.4
 

85
.3

 
79

.0
 

87
.8

 
91

.6
 

98
.1

 
79

 
87

.4
 

27
.7

 
43

.6
 

28
.6

 
14

.6
 

24
.7

 
91

.6
 

91
.6

 
91

.6
 

91
.6

 
91

.6
 

28
.6

 
28

.6
 

28
.6

 
28

.9
 

o 2
 

2.
3 

4.
7 

9.
3 

12
.6

 
14

.7
 

21
.0

 
12

.2
 

8.
4 

1.
9 

21
 

12
.6

 
1.

4 
4.

0 
2.

6 
3.

9 
6.

6 
8.

4 
8.

4 
8.

4 
8.

4 
8.

4 
2.

7 
2.

7 
2.

7 

T
re

at
. 

G
as

 
F

ee
d 

R
at

e,
 

m
m

ol
/m

in
 

10
.2

 
4.

0 
1.

7 
1.

7 
1.

7 
1.

9 
1.

9 
1.

9 
3.

6 
3.

8 
4.

2 
1.

9 
3.

8 
5.

9 
8.

0 
12

.1
 

10
.2

 
12

.1
 

3.
8 

3.
8 

3.
8 

3.
8 

3.
8 

12
.1

 
12

.1
 

12
.1

 
10

.6
 

3.
8 

3.
9 

3.
9 

3.
9 

3.
9 

M
as

s 
Lo

ss
c,%

 

11
.7

 
22

.9
 

7.
7 

11
 

15
 

14
.3

 
11

.5
 

16
.1

 
23

.3
 

15
.3

 
9.

3 
20

.8
 

24
.3

 
24

.2
 

33
 

41
.5

 
42

.5
 

65
.2

 
15

.4
 

13
.5

 
11

.1
 

9.
1 

0.
5 

14
.9

 
11

.6
 

-1
.4

 
38

.6
 

9.
8 

17
.8

 
7.

9 
2.

4 
12

.7
 

S
ur

fa
ce

 
A

re
a,

 
m

2/g
 

13
4.

4 
27

5.
9 

20
.0

 
20

.4
 

17
.3

 

19
.1

 
21

.8
 

23
5.

7 
24

2.
3 

32
0.

9 
34

9.
1 

28
6.

2 
12

.7
 

12
.1

 
22

.3
 

30
.8

 

31
.9

 
31

.4
 

22
.4

 
38

5.
9 

44
.3

 
16

5.
2 

44
.0

 
26

.8
 

10
4.

2 

P
or

e 
V

ol
um

e,
 

cm
3/g

 
m

ic
ro

 
0.

05
1 

0.
10

7 

0.
00

68
 

0.
00

73
 

0.
00

62
 

0.
00

65
 

0.
00

78
 

0.
09

00
 

0.
09

25
 

0.
12

32
 

0.
13

18
 

0.
10

15
 

0.
00

48
 

0.
00

43
 

0.
00

83
 

0.
01

14
 

0.
01

26
 

0.
01

14
 

0.
00

81
 

0.
14

29
 

0.
01

68
 

0.
06

32
 

0.
01

61
 

0.
01

06
 

0.
03

94
 

m
es

o 
0.

01
3 

0.
02

7 

0.
00

30
 

0.
00

32
 

0.
00

27
 

0.
00

35
 

0.
00

29
 

0.
02

73
 

0.
02

73
 

0.
03

56
 

0.
04

12
 

0.
03

58
 

0.
00

24
 

0.
00

23
 

0.
00

21
 

0.
00

45
 

0.
00

49
 

0.
00

26
 

0.
00

27
 

0.
04

50
 

0.
00

25
 

0.
00

92
 

0.
00

07
 

0.
00

20
 

0.
00

26
 



R
un

3 

M
B

10
30

1 
M

B
10

60
1 

M
B

10
70

1 
M

B
10

10
1 

M
B

10
50

1 
M

B
10

50
2 

M
B

10
20

1 
M

B
20

70
1 

M
B

20
60

1 
M

B
20

50
1 

M
B

20
40

1 
M

B
20

30
1 

M
B

20
20

1 
M

B
10

46
4 

M
B

 1
04

65
 

IC
10

46
6 

IC
10

46
7 

IC
10

46
8 

IC
10

46
9 

IC
10

47
0 

IC
10

47
1 

IC
10

47
2 

IC
10

47
3 

IC
10

47
4 

IC
10

47
5 

IC
10

47
6 

IC
10

47
7 

IC
10

47
8 

1C
10

47
9 

IC
10

48
0 

IC
10

48
1 

IC
10

48
2 

T
re

at
m

en
t 

C
on

di
tio

ns
 

Te
rn

 
S

et
 

80
0 

80
0 

80
0 

80
0 

60
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

60
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

pe
ra

tu
re

",
 °

C
 

A
ct

ua
l 

76
7 

(2
5.

5)
 

78
9 

(0
.9

) 
79

4 
(0

.9
) 

7
9

4
(1

.0
) 

—
 

7
9

5
(1

.4
) 

79
2 

(0
.8

) 
79

2 
(7

.8
) 

79
1 

(2
.3

) 
7

9
4

(2
.1

) 
7

9
2

(1
.8

) 
7

8
8

(1
.6

) 
78

7 
(4

.5
) 

78
1 

(5
.4

) 
76

7 
(2

.9
) 

78
8(

11
.7

) 
7

8
4

(7
.1

) 
78

4 
(6

.5
) 

76
6 

(3
8.

6)
 

73
8(

51
.4

) 
71

0(
14

6.
4)

 
68

4 
(5

6.
9)

 
76

4 
(5

9.
1)

 
75

4 
(2

8.
6)

 
75

3 
(6

0.
8)

 
60

8 
(3

.6
) 

72
5 

(9
.9

) 
50

9 
(2

3.
5)

 
75

2 
(3

9.
1)

 
7

6
4

(1
1

) 
76

0 
(1

6.
4)

 
75

4 
(4

) 

P
re

s.
c 

kP
a 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

10
0 

11
8(

19
) 

13
7(

17
) 

11
3(

8)
 

12
5(

14
) 

12
0(

15
) 

3
2

7
(1

7
) 

17
7(

21
) 

19
3(

36
) 

34
1 

(1
4)

 
47

2 
(6

) 
61

6 
(6

) 
20

6 
(7

) 
3

4
3

(1
2

) 
34

4 
(7

) 
34

5 
(8

) 
34

8 
(7

) 
34

5 
(3

) 
34

8 
(8

) 
3

4
4

(6
1

) 

Le
ng

th
 

h 4 4 4 4 5 4 4 4 4 4 4 4 1 4 4 4 3 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

T
re

at
m

en
t 

G
as

 C
om

po
si

tio
n,

 
m

o 
C

0
2 

30
.6

 
63

.2
 

0 
18

.8
 

63
.2

 
70

 
74

.5
 

51
.7

 
63

.2
 

63
.2

 
63

.2
 

46
.2

 
77

 
30

 
36

.4
 

H
2
0 

69
.2

 
69

.2
 

69
.2

 
69

.2
 

69
.2

 
69

.2
 

68
.1

 
81

 
52

.2
 

68
.1

 
69

.4
 

36
.8

 
69

.1
 

68
 

36
.8

 
30

 
25

.5
 

48
.3

 
36

.8
 

36
.8

 
36

.8
 

53
.8

 
23

 
70

 
63

.6
 

e
%

 N
2 

91
.9

 
91

.9
 

91
.9

 
91

.9
 

91
.9

 
91

.9
 

91
.9

 
28

.3
 

28
.3

 
28

.3
 

28
.3

 
28

.3
 

28
.3

 
31

.9
 

19
 

47
.8

 
31

.9
 

28
.2

 
10

.4
 

o ?
 

8.
1 

8.
1 

8.
1 

8.
1 

8.
1 

8.
1 

8.
1 

2.
5 

2.
5 

2.
5 

2.
5 

2.
5 

2.
5 

2.
7 

2.
8 

T
re

at
. 

G
as

 
F

ee
d 

R
at

e,
 

m
m

ol
/m

in
 

4.
0 

4.
0 

4.
0 

4.
0 

4.
0 

4.
0 

4.
0 12
 

12
 

12
 

12
 

12
 

12
 

6.
1 

10
.3

 
4.

1 
6.

1 6 
11

.3
 

12
.1

 
12

.3
 

11
.3

 
13

.9
 

16
.3

 
8.

6 
11

.3
 

11
.3

 
11

.3
 

15
.5

 
9.

3 
23

.8
 

19
.6

 

M
as

s 
Lo

ss
c,%

 

16
.2

 
14

.9
 

14
.3

 
22

.8
 

12
.1

 
16

.1
 

19
.4

 
31

.4
 

33
.9

 
36

.5
 

41
.3

 
55

.4
 

19
.8

 
19

.3
 

28
.3

 
18

 
18

.2
 

23
.6

 
24

.6
 

45
.3

 
46

.6
 

12
.5

 
29

.8
 

30
.2

 
23

.4
 

4.
7 

17
.9

 
2.

4 
32

.7
 

19
.9

 
39

.4
 

38
.2

 

S
ur

fa
ce

 
A

re
a,

 
m

2/g
 

12
.9

 
9.

3 
8.

2 
30

.5
 

15
.2

 

23
.1

 
15

9.
8 

17
9.

1 
25

1.
7 

27
4.

1 
29

2.
5 

89
.4

 
21

1 
34

2.
7 

16
1.

9 
18

4.
1 

26
8.

9 
35

9 
28

5.
8 

30
5.

9 
14

9.
7 

43
6.

8 
42

1 
32

1 
36

.7
 

25
7.

1 
26

.8
 

44
3.

4 
29

9.
6 

48
9.

3 
49

1.
1 

P
or

e 
V

ol
um

e,
 

cm
3/g

 
m

ic
ro

 
0.

00
46

 
0.

00
28

 
0.

00
24

 
0.

01
17

 
0.

00
56

 

0.
00

85
 

0.
05

77
 

0.
06

62
 

0.
09

32
 

0.
10

17
 

0.
10

86
 

0.
03

25
 

0.
08

03
 

0.
13

17
 

0.
06

19
 

0.
06

97
 

0.
10

40
 

0.
13

96
 

0.
10

99
 

0.
11

83
 

0.
05

64
 

0.
16

80
 

0.
16

01
 

0.
12

39
 

0.
01

37
 

0.
09

98
 

0.
01

04
 

0.
17

10
 

0.
11

60
 

0.
18

61
 

0.
18

18
 

m
es

o 
0.

00
33

 
0.

00
23

 
0.

00
26

 
0.

00
39

 
0.

00
29

 

0.
00

34
 

0.
01

69
 

0.
01

79
 

0.
02

53
 

0.
02

61
 

0.
02

90
 

0.
00

56
 

0.
00

98
 

0.
02

84
 

0.
00

74
 

0.
00

93
 

0.
01

72
 

0.
02

19
 

0.
02

09
 

0.
02

02
 

0.
00

24
 

0.
03

36
 

0.
05

45
 

0.
02

02
 

0.
00

12
 

0.
00

86
 

0.
00

26
 

0.
03

83
 

0.
01

73
 

0.
05

10
 

0.
08

01
 



R
un

a 

IC
10

48
3 

IC
10

48
4 

IC
10

48
5 

IC
10

48
6 

IC
10

48
7 

IC
10

48
8 

IC
10

48
9 

IC
10

49
0 

IC
10

49
1 

IC
10

49
2 

IC
10

49
3 

IC
10

49
4 

IC
10

49
5 

IC
10

49
6 

IC
10

49
7 

IC
10

49
8 

IC
10

49
9 

IC
10

41
00

 
IC

10
41

01
 

IC
10

41
02

 
IC

10
41

03
 

IC
10

41
04

 
IC

10
41

05
 

IC
10

41
06

 
IC

20
40

1 
IC

20
40

2 
IC

20
40

3 
IC

20
40

4 
IC

20
40

5 
IC

20
40

7 
IC

20
40

8 
IC

20
41

0 

T
re

at
m

en
t 

C
on

di
tio

ns
 

Te
rn

 
S

et
 

80
0 

80
0 

70
0 

80
0 

60
0 

75
0 

80
0 

60
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

70
0 

80
0 

75
0 

80
0 

75
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

oe
ra

tu
re

",
 °

C
 

A
ct

ua
l 

74
0 

(5
6.

9)
 

6
6

7
(3

1
) 

4
7

6
(5

.1
) 

75
2 

(9
.3

) 
57

8 
(9

.9
) 

7
1

5
(6

) 
7

7
0

(5
.1

) 
6

0
8

(1
.4

) 
7

7
3

(1
.5

) 
75

6 
(2

2.
9)

 
76

6 
(2

.4
) 

77
1 

(1
.5

) 
76

6 
(2

3.
2)

 
76

1 
(3

8.
3)

 
77

0(
18

.1
) 

76
4 

(4
0.

2)
 

69
7 

(6
.2

) 
77

1 
(5

.5
) 

73
8 

(3
.4

) 
76

7(
12

.6
) 

73
4 

(2
0.

8)
 

76
2 

(6
6.

3)
 

76
6(

17
.1

) 
76

7 
(3

7.
7)

 
7

8
9

(1
.9

) 
77

6 
(2

9.
9)

 
80

2(
1.

4)
 

78
3(

13
.2

) 
76

7(
24

.1
) 

78
9(

1.
9)

 
7

8
7

(1
.8

) 
77

8 
(0

.8
) 

P
re

s.
c 

kP
a 

35
0 

(8
) 

62
4 

(8
) 

62
4 

(8
) 

62
6 

(7
) 

62
5 

(8
) 

62
7 

(9
) 

34
5 

(7
) 

34
7 

(4
) 

34
6 

(5
) 

34
4 

(3
) 

34
7 

(1
0)

 
34

6 
(4

) 
34

6 
(5

) 
34

8 
(7

) 
34

6 
(3

) 
34

8 
(6

) 
62

5 
(8

) 
62

5 
(8

) 
62

4 
(7

) 
35

1 
(8

) 
34

8 
(8

) 
34

8 
(4

) 
24

3 
(6

) 
62

5 
(9

) 
1

0
8

(6
) 

20
9 

(5
) 

34
8 

(3
) 

48
5 

(3
) 

4
9

7
(1

8
6

) 
20

8 
(3

) 
34

6 
(3

) 
62

3 
(4

) 

Le
ng

th
 

h 4 4 4 4 4 4 4 4 4 4 1.
7 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 

T
re

at
m

en
t 

G
as

 C
om

po
si

tio
n,

 
m

ol
e 

%
 

C
0

2 

30
 

61
.9

 
61

.9
 

61
.9

 
61

.9
 

61
.9

 
63

.2
 

63
.2

 
77

 
63

.2
 

63
.2

 
63

.2
 

63
.2

 
63

.2
 

63
.2

 
63

.2
 

61
.9

 
61

.9
 

61
.9

 
36

.4
 

63
.2

 
68

.7
 

68
.9

 
69

.1
 

27
.7

 
56

.9
 

68
.0

 
73

.9
 

78
.2

 
18

.5
 

57
.7

 
75

.4
 

H
2
0 

70
 

38
.1

 
38

.1
 

38
.1

 
38

.1
 

38
.1

 
36

.8
 

36
.8

 
23

 
36

.8
 

36
.8

 
36

.8
 

36
.8

 
36

.8
 

36
.8

 
36

.8
 

38
.1

 
38

.1
 

38
.1

 
63

.6
 

36
.8

 
31

.3
 

31
.1

 
30

.9
 

72
.3

 
43

.1
 

32
.0

 
26

.1
 

21
.8

 
81

.5
 

42
.3

 
26

.5
 

N
2 

o 2
 

T
re

at
. 

G
as

 
F

ee
d 

R
at

e,
 

m
m

ol
/m

in
 

23
.8

 
19

.7
 

19
.7

 
19

.7
 

19
.7

 
19

.7
 

11
.3

 
11

.3
 

9.
3 

11
.3

 
11

.3
 

11
.3

 
11

.3
 

11
.3

 
11

.3
 

11
.3

 
19

.7
 

19
.7

 
19

.7
 

19
.6

 
11

.3
 

13
.3

 
13

.4
 

13
.5

 
5.

8 
18

.7
 

28
.7

 
26

.2
 

14
.8

 
20

.8
 

24
.7

 
19

.1
 

M
as

s 
Lo

ss
c,%

 

43
.5

 
28

.3
 

0.
6 

32
.7

 
2.

6 
22

.2
 

25
.2

 
3 

17
.6

 
-2

.5
 

41
.6

 
34

.5
 

28
 

29
.3

 
22

.8
 

26
.6

 
15

.1
 

34
.5

 
22

.3
 

37
.4

 
17

 
25

 
22

.2
 

26
.5

 
18

.0
 

18
.7

 
28

.7
 

26
.2

 
14

.8
 

20
.8

 
24

.7
 

19
.1

 

S
ur

fa
ce

 
A

re
a,

 
m

2/g
 

53
2.

9 
24

1.
3 

25
.5

 
45

2.
2 

39
.4

 
37

6.
8 

34
6.

4 
33

.4
 

31
0.

2 
22

1.
8 

23
4.

5 
35

3.
4 

35
5 

36
3.

4 
43

7.
1 

17
8.

1 
12

0.
7 

42
8.

9 
37

0.
3 

46
8.

4 
28

5.
2 

36
6.

6 
28

7.
2 

31
0.

9 
22

2.
9 

23
4.

0 
29

5.
6 

30
4.

2 
97

.5
 

18
8.

8 
25

5.
2 

25
5.

5 

P
or

e 
V

ol
um

e,
 

cm
3/g

 
m

ic
ro

 
0.

19
80

 
0.

09
28

 
0.

00
97

 
0.

17
44

 
0.

01
43

 
0.

14
76

 
0.

13
39

 
0.

01
22

 
0.

11
97

 
0.

08
59

 
0.

08
83

 
0.

13
76

 
0.

13
61

 
0.

14
06

 
0.

13
50

 
0.

06
88

 
0.

04
72

 
0.

16
36

 
0.

14
48

 
0.

17
70

 
0.

11
09

 
0.

14
23

 
0.

11
13

 
0.

12
04

 
0.

08
41

 
0.

08
78

 
0.

11
16

 
0.

11
54

 
0.

03
61

 
0.

06
95

 
0.

09
65

 
0.

09
74

 

m
es

o 
0.

06
88

 
0.

00
58

 
0.

00
25

 
0.

04
08

 
0.

00
11

 
0.

01
98

 
0.

02
51

 
0.

00
15

 
0.

01
77

 
0.

01
33

 
0.

03
43

 
0.

02
78

 
0.

02
67

 
0.

02
77

 
0.

02
66

 
0.

01
39

 
0.

00
45

 
0.

04
34

 
0.

01
86

 
0.

04
89

 
0.

01
24

 
0.

02
74

 
0.

01
89

 
0.

02
03

 
0.

01
59

 
0.

02
10

 
0.

02
44

 
0.

02
50

 
0.

00
58

 
0.

01
54

 
0.

01
87

 
0.

01
29

2 



R
un

a 

IC
20

41
1 

IC
20

41
2 

LW
10

41
14

 
LW

10
41

15
 

LW
10

41
16

 
LW

10
41

17
 

LW
10

41
18

 
LW

10
41

19
 

LW
10

41
20

 
LW

10
41

21
 

LW
10

41
22

 
LW

10
41

23
 

T
re

at
m

en
t 

C
on

di
tio

ns
 

Te
rn

 
S

et
 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

80
0 

D
er

at
ur

e0, °
C

 
A

ct
ua

l 
72

0(
13

0.
8)

 
77

6 
(3

.4
) 

77
7 

(1
.7

) 
77

6 
(1

.3
) 

77
3 

(1
.4

) 
77

3 
(0

.9
) 

77
4 

(0
.9

) 
77

7 
(1

.5
) 

77
7 

(1
.0

) 
77

8 
(1

.6
) 

77
9 

(1
.6

) 
77

4 
(1

.4
) 

P
re

s.
c 

kP
a 

13
2(

11
) 

2
1

0
(5

) 
14

3(
21

) 
14

1 
(8

) 
14

7(
12

) 
13

7(
24

) 
13

8(
7)

 
14

1 
(1

5)
 

14
0(

14
) 

14
3(

16
) 

13
7(

12
) 

14
1 

(2
7)

 

Le
ng

th
 

h 4 4 4 2 0.
5 8 1 2 1 4 8 0.
5 

T
re

at
m

en
t 

G
as

 C
om

po
si

tio
n,

 
m

o 
C

0
2 

2.
9 

13
.2

 
13

.2
 

13
.2

 
13

.2
 

13
.2

 
13

.2
 

H
2
0 

97
.1

 
86

.8
 

86
.8

 
86

.8
 

86
.8

 
86

.8
 

86
.8

 
86

.8
 

86
.8

 
86

.8
 

86
.8

 
86

.8
 

e
%

 N
2 

13
.2

 
13

.2
 

13
.2

 
13

.2
 

13
.2

 

o 2
 

T
re

at
. 

G
as

 
F

ee
d 

R
at

e,
 

m
m

ol
/m

in
 

29
.2

 
24

.5
 

14
.4

 
14

.4
 

14
.4

 
14

.4
 

14
.4

 
14

.4
 

14
.4

 
14

.4
 

14
.4

 
14

.4
 

M
as

s 
Lo

ss
c,%

 

29
.2

 
24

.5
 

22
.0

 
14

.5
 

7.
7 

36
.6

 
10

.4
 

14
.6

 
10

.5
 

23
.2

 
35

.5
 

7.
7 

S
ur

fa
ce

 
A

re
a,

 
m

2/g
 

34
0.

8 
39

0.
2 

27
5.

0 
16

9.
4 

54
.9

 
43

3.
7 

10
0.

1 
17

6.
8 

10
4.

9 
30

6.
2 

41
1.

8 
46

.3
 

P
or

e 
V

ol
um

e,
 

cm
3/g

 
m

ic
ro

 
0.

12
86

 
0.

14
64

 
0.

10
63

 
0.

06
55

 
0.

02
05

 
0.

16
40

 
0.

03
79

 
0.

06
40

 
0.

03
77

 
0.

11
83

 
0.

15
70

 
0.

01
72

 

m
es

o 
0.

03
57

 
0.

04
41

 
0.

01
36

 
0.

00
48

 
0.

00
13

 
0.

03
95

 
0.

00
23

 
0.

00
47

 
0.

00
22

 
0.

01
63

 
0.

03
39

 
0.

00
13

 
a T

he
 fo

rm
at

 o
f t

he
 R

un
 N

um
be

rs
 is

 X
X

Y
Y

Y
Z

Z
, w

he
re

 X
X

 a
re

 th
e 

in
iti

al
s 

of
 t

he
 p

er
so

n 
w

ho
 d

id
 th

e,
 Y

Y
Y

 i
de

nt
ifi

es
 t

he
 s

ta
rt

in
g 

co
ke

 
sa

m
pl

es
, 

i.e
. 

10
4 

re
fe

rs
 to

 C
ok

e1
04

, a
nd

 Z
Z

 o
r 

Z
Z

Z
 is

 th
e 

se
qu

en
tia

l 
ru

n 
nu

m
be

r;
 t

he
 r

un
s 

ar
e 

lis
te

d 
in

 c
hr

on
ol

og
ic

al
 o

rd
er

. 
b T

he
 S

et
 te

m
pe

ra
tu

re
 is

 th
e 

te
m

pe
ra

tu
re

 s
et

 o
n 

th
e 

co
nt

ro
lle

r 
an

d 
th

e 
A

ct
u

al
 te

m
pe

ra
tu

re
 i

s 
th

e 
av

er
ag

e 
of

 th
e 

te
m

pe
ra

tu
re

 a
cq

ui
re

d,
 a

t 
in

te
rv

al
s 

of
 1

 m
in

 o
r 

le
ss

, f
ro

m
 th

e 
th

er
m

oc
ou

pl
e 

lo
ca

te
d 

on
 to

p 
of

 th
e 

co
ke

 p
ar

tic
le

s;
 th

e 
va

lu
es

 in
 b

ra
ck

et
s 

ar
e 

th
e 

st
an

da
rd

 d
ev

ia
tio

n 
of

 
th

es
e 

te
m

pe
ra

tu
re

s.
 

c T
he

 p
re

ss
ur

e 
is

 th
e 

av
er

ag
e 

in
le

t p
re

ss
ur

e;
 fo

r 
ru

ns
 M

B
20

20
1 

an
d 

pr
io

r,
 w

as
 n

ot
 m

on
ito

re
d 

an
d 

th
e 

lis
te

d 
in

le
t 

pr
es

su
re

 o
f 

ab
ou

t 
10

0 
kP

a 
co

rr
es

po
nd

s 
to

 a
n 

ex
it 

pr
es

su
re

 o
f 

at
m

os
ph

er
ic

 p
re

ss
ur

e;
 f

or
 s

ub
se

qu
en

t 
ru

ns
 th

e 
in

le
t 

pr
es

su
re

 w
as

 r
ec

or
de

d 
by

 th
e 

da
ta

 a
cq

ui
si

tio
n 

sy
st

em
 a

t 
1 

m
in

ut
e 

or
 s

ho
rt

er
 in

te
rv

al
s.

 T
he

 v
al

ue
s 

lis
te

d 
fo

r 
th

es
e 

ru
ns

 a
re

 th
e 

av
er

ag
e 

va
lu

es
 a

nd
 th

e 
va

lu
es

 i
n 

br
ac

ke
ts

 a
re

 t
he

 
st

an
da

rd
 d

ev
ia

tio
n 

of
 th

es
e 

pr
es

su
re

s.
 

d
T

h
e 

in
iti

al
 m

as
s 

fo
r 

al
l t

he
 t

re
at

m
en

ts
 w

as
 a

bo
ut

 1
0 

g.
 



T
ab

le
 A

-2
. S

um
m

ar
y 

of
 p

ul
se

 m
er

cu
ry

 a
ds

or
pt

io
n 

re
su

lts
. 

Sa
m

pl
e 

ID
 

S
S

I0
42

4 
S

S
I0

42
4 

S
S

I0
42

4 
SS

10
41

0 
SS

10
41

0 
SS

10
41

0 
SS

10
41

0 
IC

10
48

2 
IC

10
48

2 
IC

10
48

2 
IC

10
48

2 
IC

10
48

2 
S

S
I0

42
4 

S
S

I0
42

4 
S

S
I0

42
4 

IC
 1

04
82

 
IC

 1
04

70
 

IC
 1

04
71

 
SS

10
40

3 
SS

10
41

6 
SS

10
41

9 
S

S
I0

42
8 

Sa
m

pl
e 

Si
ze

, 
m

g 

43
 

43
.1

 
48

.3
 

42
.2

 
46

.6
 

45
.3

 
42

.3
 

42
.1

 
41

.8
 

46
.2

 
46

.4
 

41
 

44
.6

 
44

 
41

.7
 

45
.5

 
45

.2
 

41
.5

 
44

.8
 

42
.8

 
45

.2
 

40
.7

 

So
rp

tio
n 

T
em

p,
 

°C
 

12
5 

12
0 

14
0 

50
 

75
 

10
0 

15
0 

15
0 

14
0 

13
0 

17
5 

20
0 

15
0 

17
5 

20
0 

15
0 

15
0 

15
0 

14
0 

14
0 

14
0 

14
0 

A
vg

. H
g 

in
je

ct
ed

 
th

ro
ug

h 
de

te
ct

or
, 

Pg
 

82
1.

9 
89

8.
4 

89
8.

4 
81

0.
1 

82
0.

2 
83

7.
1 

81
2.

3 
83

3.
7 

84
6.

3 
80

6.
8 

84
8.

6 
89

9.
6 

86
3.

7 
80

5.
7 

61
9.

6 
67

3.
6 

66
0.

6 
71

0 
83

0.
5 

85
7.

9 
89

3.
5 

79
6.

1 

A
vg

. A
re

a 
of

 
C

al
ib

ra
tio

n 
In

je
ct

io
ns

, 
a.

u.
 

75
53

14
.3

 
80

78
72

.7
 

84
66

15
 

72
75

25
 

76
23

13
 

79
41

88
.3

 
65

44
85

.7
 

69
10

03
.3

 
74

43
24

 
70

16
59

 
71

62
53

.3
 

74
97

02
.7

 
72

13
31

.5
 

67
96

55
.3

 
48

72
88

 
53

81
13

.3
 

57
37

33
.3

 
59

27
94

.7
 

62
48

45
.3

 
67

20
43

.3
 

70
73

64
.3

 
62

96
19

.5
 

A
ve

ra
ge

 
St

an
da

rd
 

R
es

po
ns

e 

82
1.

9 
89

8.
4 

90
0.

8 
89

8.
1 

92
9.

5 
94

8.
7 

80
5.

7 
82

8.
9 

87
9.

6 
86

9.
7 

84
4.

8 
83

3.
4 

86
8.

4 
80

5.
7 

61
9.

6 
79

8.
9 

86
8.

5 
83

4.
9 

75
2.

4 
78

3.
4 

79
1.

7 
79

0.
9 

N
o 

of
 

H
g 

pu
ls

es
 

in
je

ct
ed

 

10
 

10
 

10
 

5 5 5 4 5 5 5 5 3 5 3 3 6 5 5 1 1 1 2 

H
g 

B
.T

. 
af

te
r 

pu
ls

e 
no

. 

2 2 1 0 3 0 0 0 

T
ot

al
 H

g 
in

je
ct

ed
, 

Pg
 

16
63

.9
 

18
01

.6
 

90
8.

2 
40

67
.2

 
24

90
.8

 
83

0.
3 

81
6.

8 
83

7.
1 

42
89

.3
 

41
04

 
85

7.
9 

90
8.

2 
87

9.
1 

80
3.

5 
63

1.
9 

41
38

.1
 

67
5.

5 
71

0 
83

0.
3 

85
7.

9 
88

6.
3 

80
3.

5 

A
re

a 
of

 
fi

rs
t 

B
T

 
pu

ls
e,

 
a.

u.
 

64
93

 
61

11
 

14
00

31
 

0 
16

71
 

17
46

9 
10

73
99

 
10

50
1 

0 0 
16

26
39

 
44

09
69

 
29

89
0 

21
32

37
 

35
42

00
 

0 
17

14
09

 
82

54
7 

55
41

58
 

61
40

96
 

56
39

32
 

31
41

7 

F
ra

ct
io

n 
of

 F
ir

st
 

P
ul

se
 

ad
so

rb
ed

 

1.
00

 
1.

00
 

0.
83

 
1.

00
 

1.
00

 
0.

98
 

0.
84

 
0.

98
 

1.
00

 
1.

00
 

0.
78

 
0.

42
 

0.
96

 
0.

67
 

0.
10

 
1.

00
 

0.
71

 
0.

86
 

0.
11

 
0.

09
 

0.
20

 
0.

95
 

H
g 

ad
so

rb
ed

, 
Pg

 
H

g/
m

g 
A

C
 

38
.7

 
41

.8
 

17
.2

 
96

.4
 

53
.4

 
18

.2
 

18
.1

 
19

.8
 

10
2.

6 
88

.8
 

16
.3

 
8.

5 
19

.5
 

14
.7

 
5.

9 
90

.9
 

12
.5

 
16

.3
 

1.
2 

-0
.7

 
2 19
.5

 



H
g 

ad
so

rb
ed

, 
Pg

 
H

g/
m

g 
A

C
 

Fr
ac

tio
n 

of
 F

ir
st

 
Pu

ls
e 

ad
so

rb
ed

 

A
re

a 
of

 
fi

rs
t 

B
T

 
pu

ls
e,

 
a.

u.
 

T
ot

al
 H

g 
in

je
ct

ed
, 

Pg
 

m m % a « 

N
o 

of
 

H
g 

pu
ls

es
 

in
je

ct
ed

 

A
ve

ra
ge

 
St

an
da

rd
 

R
es

po
ns

e 

A
vg

. 
A

re
a 

of
 

C
al

ib
ra

tio
n 

In
je

ct
io

ns
, 

a.
u.

 

A
vg

. H
g 

in
je

ct
ed

 
th

ro
ug

h 
de

te
ct

or
, 

Pg
 

So
rp

tio
n 

T
em

p,
 

°C
 

Sa
m

pl
e 

S
iz

e,
 

m
g 

Sa
m

pl
e 

ID
 

15
.1

 
0.

69
 

19
84

31
 

82
3.

5 

-

<N 

77
7.

9 
63

70
48

.7
 

81
8.

9 

o 

45
.4

 
SS

10
43

0 
82

.3
 

1.
00

 
© 

34
13

.9
 

o 

•<t 

79
3.

5 
67

43
06

.3
 

84
9.

8 

o 

41
.5

 
SS

10
41

5 

i — i 

1.
00

 
37

18
 

17
01

.7
 

CN 

T 

78
5.

5 
67

45
63

.3
 

85
8.

7 

o 

41
.5

 
S

S
I0

42
0 

4.
3 

0.
26

 
47

42
91

 
80

6.
8 

i — i 

<N 

79
2.

6 
63

42
06

.7
 

80
0.

2 

o 

42
.6

 
SS

10
42

3 

00 

0.
93

 
50

52
7 

78
7.

2 

i — i 

CN 

85
9 

67
43

15
.7

 
78

5 

o 

42
.7

 
S

S
I0

43
2 

72
.2

 
1.

00
 

o 

30
75

.1
 

o 

• < * • 

85
9.

1 
66

24
45

 
77

1.
1 

o 

42
.6

 
S

S
I0

42
9 

i> 

0.
93

 
46

05
0 

77
1.

2 
-

<N 

85
1.

7 
65

67
88

.3
 

77
1.

1 

o 

44
.5

 
S

S
I0

42
1 

35
.8

 
1.

00
 

29
96

 
15

20
.2

 
CN 

(N 

84
1.

3 
64

34
44

.7
 

76
4.

8 

o 

42
.5

 
S

S
I0

42
4 

0.
99

 
21

46
3 

23
38

 

CO 

CO 

82
1.

8 
63

89
80

.3
 

77
7.

5 

© 

40
.9

 
M

B
 1

04
58

 
15

.3
 

0.
76

 
15

76
70

 
80

6.
8 

-

CN 
80

0 
64

19
34

.3
 

80
2.

4 

o 

46
.4

 
M

B
 1

04
60

 
0.

5 
0.

08
 

56
72

15
 

82
6.

9 

-

CN 

74
8.

8 
62

51
48

.3
 

83
4.

8 

o 

46
.6

 
IC

10
47

8 
18

.8
 

1.
00

 
19

81
 

85
7.

9 

-

CN 

75
5 

64
76

67
.3

 
85

7.
9 

o 

45
.6

 
IC

10
47

7 

OS 
en 

0.
20

 
51

80
80

 
88

9.
9 

-

CN 

73
0.

2 
64

88
70

 
88

8.
7 

o 

46
.5

 
IC

 1
04

76
 

9.
9 

0.
43

 
34

54
02

 
79

3.
7 

-

-

76
5.

2 
59

62
78

.8
 

77
9.

2 

o 

42
.8

 
IC

 1
04

72
 

17
.9

 
0.

98
 

11
29

8 
80

3.
5 

r-H 

CN 

77
9.

6 
62

46
77

 
80

1.
3 

o 

44
.8

 
IC

 1
04

68
 

15
.5

 
0.

68
 

19
79

25
 

79
6.

9 

-

CN 

78
6.

1 
63

07
68

.3
 

80
2.

4 

o 

42
.4

 
IC

 1
04

67
 

45
.5

 
0.

99
 

24
84

1 
20

66
.2

 

CO 

• * 

84
0.

8 
57

90
35

.7
 

68
8.

7 

© 

45
.3

 
M

B
 1

04
65

 
14

.7
 

0.
97

 
16

32
3 

72
7.

9 

r H 

CO 

76
4.

4 
55

49
17

 
72

6 

© 

49
.2

 
IC

 1
04

66
 

15
.5

 
0.

97
 

15
99

4 
75

2.
3 

i — t 

CO 

76
0.

6 
56

75
29

 
74

6.
2 

o 

48
.2

 
IC

 1
04

64
 

16
.7

 
0.

85
 

79
35

2 
79

3.
6 

-

CN 

66
4.

9 
52

83
86

 
79

4.
7 

o 

45
.7

 
M

B
 1

04
63

 
5.

3 
0.

27
 

38
49

30
 

68
6.

8 

-

CN 

77
0.

3 
52

82
99

 
68

5.
9 

o 

44
.8

 
M

B
 1

04
62

 
0.

24
 

40
24

14
 

69
5.

4 

-

CN 

76
1.

5 
52

88
45

.3
 

69
4.

5 

o 

42
.6

 
M

B
 1

04
61

 
16

.3
 

0.
99

 
49

29
 

74
1.

1 

* — i 

CN 

74
1.

1 
44

40
22

.7
 

59
9.

2 
o 

45
.5

 
IC

 1
04

69
 

112 



H
g 

ad
so

rb
ed

, 
Pg

 
H

g/
m

g 
A

C
 

Fr
ac

tio
n 

of
 F

ir
st

 
Pu

ls
e 

ad
so

rb
ed

 

A
re

a 
of

 
fi

rs
t B

T
 

pu
ls

e,
 

a.
u.

 

T
ot

al
 H

g 
in

je
ct

ed
, 

Pg
 

GDH <u <g o 
* o *s a * 

N
o 

of
 

H
g 

pu
ls

es
 

in
je

ct
ed

 

A
ve

ra
ge

 
St

an
da

rd
 

R
es

po
ns

e 

A
vg

. A
re

a 
of

 
C

al
ib

ra
tio

n 
In

je
ct

io
ns

, 
a.

u.
 

A
vg

. H
g 

in
je

ct
ed

 
th

ro
ug

h 
de

te
ct

or
, 

Pg
 

So
rp

tio
n 

T
em

p,
 

°C
 

Sa
m

pl
e 

Si
ze

, 
m

g 

Sa
m

pl
e 

ID
 

56
.8

 
0.

99
 

10
47

8 
24

05
.9

 

"3-

T I -

75
3.

3 
45

39
15

.7
 

60
2.

6 

© 

42
.3

 
IC

10
48

0 
12

.9
 

0.
81

 
86

95
9 

57
8.

5 

-

CN 

78
4.

6 
45

38
85

.3
 

57
8.

5 

o 
"=t 

41
.8

 
IC

 1
04

80
 

27
.1

 
1.

00
 

26
27

 
11

69
.3

 

CN 

^ t 

73
6.

4 
42

84
13

 
58

1.
8 

o 

43
.2

 
IC

 1
04

81
 

50
.8

 
1.

00
 

o 

23
41

 

o 

^t-

75
1.

7 
44

34
52

.7
 

59
0 

o 

46
.1

 
IC

 1
04

73
 

11
.8

 
0.

65
 

14
05

59
 

57
8.

5 

i—i 

CN 

70
1.

3 
40

61
42

.5
 

57
9.

1 

o 

42
.4

 
IC

 1
04

73
 

12
.9

 
0.

96
 

19
22

9 
59

0.
8 

i—i 

CN 

74
8.

1 
44

26
42

.3
 

59
1.

7 

o 
•*t 

45
.4

 
IC

 1
04

82
 

CN 
IT) 

1.
00

 

© 

24
23

.6
 

© 

• * 

74
5.

8 
45

00
04

.7
 

60
3.

4 

© 
^t 

46
.6

 
IC

 1
04

99
 

12
.9

 
0.

95
 

24
08

1 
59

5.
8 

-

• * t 

80
7 

48
23

38
.3

 
59

7.
7 

© 
^t 

45
.8

 
IC

 1
04

99
 

I T ) 

1.
00

 

© 

24
44

 

© 

• * 

78
0.

8 
47

40
98

.5
 

60
7.

2 

© 
^t 

41
.4

 
IC

10
48

6 
14

.9
 

0.
95

 
24

54
7 

65
8.

8 

*—i 

<N 
71

8.
5 

47
13

72
.7

 
65

6.
1 

© 

43
.8

 
IC

10
48

6 
15

.7
 

0.
99

 
40

23
 

66
9.

9 

r—i 

•* 
73

8 
49

58
17

 
67

1.
8 

© 

42
.6

 
IC

10
48

8 
15

.2
 

0.
93

 
32

35
8 

62
9.

2 

<N 

-3-

72
8.

3 
45

73
55

 

839 

© 

40
.7

 
IC

10
48

8 
13

.8
 

0.
81

 
10

15
24

 
67

2.
7 

T—H 

CN 

77
7 

52
20

33
.3

 
67

1.
8 

© 

45
.2

 
IC

10
48

7 

CN 

0.
27

 
39

01
87

 
68

1.
1 

T — < 

CN 

78
8.

7 
53

64
44

 
68

0.
2 

© 
-=t 

42
.4

 
IC

10
48

5 
49

.9
 

1.
00

 

© 

20
29

.3
 

o 

m 

78
0.

4 
52

85
89

.3
 

67
7.

4 

© 

40
.7

 
S

S
I0

42
4 

45
.3

 
1.

00
 

© 

18
92

.9
 

© 

m 

73
2.

2 
45

94
36

.3
 

62
7.

5 

© 
"St 

41
.8

 
IC

 1
04

79
 

14
.7

 
0.

99
 

46
88

 
64

5.
2 

-

• * 

74
8.

1 
48

19
45

 
64

4.
3 

© 
"=t 

43
.7

 
IC

 1
04

94
 

47
.8

 
1.

00
 

© 

20
06

.9
 

© 

m 

72
8 

48
43

40
 

66
5.

3 

© 
-3-

CN 

IC
 1

04
95

 

14
.8

 
0.

98
 

96
64

 
66

9.
9 

1—1 

• > * 

79
3.

5 
53

15
50

.7
 

66
9.

9 

© 

45
.2

 
IC

10
47

4_
S_

60
O

 

15
.2

 
0.

99
 

56
41

 
69

2.
6 

-

CO 

76
6.

7 
52

87
77

.7
 

68
9.

7 

© 

45
.4

 
IC

 1
04

96
 

33
.5

 
1.

00
 

24
58

 
14

23
 

CN 

c-> 

68
9.

6 
48

69
16

 
70

6.
1 

© 

42
.5

 
IC

 1
04

97
 

34
.6

 
1.

00
 

52
90

 
14

74
 

CN 

• * 

73
4.

9 
53

77
93

.3
 

73
1.

8 

© 
T t 

42
.6

 
IC

10
41

06
 

73
.8

 
1.

00
 

© 

30
34

.2
 

© 

r t 

75
7 

53
52

90
.5

 
70

7.
2 

© 
41

.1
 

IC
10

41
05

 

113 



H
g 

ad
so

rb
ed

, 
Pg

 
H

g/
m

g 
A

C
 

F
ra

ct
io

n 
of

 F
ir

st
 

P
ul

se
 

ad
so

rb
ed

 

A
re

a 
of

 
fi

rs
t 

B
T

 
pu

ls
e,

 
a.

u.
 

T
ot

al
 H

g 
in

je
ct

ed
, 

Pg
 

K m <£ g, a 

N
o 

of
 

H
g 

pu
ls

es
 

in
je

ct
ed

 

A
ve

ra
ge

 
St

an
da

rd
 

R
es

po
ns

e 

A
vg

. A
re

a 
of

 
C

al
ib

ra
tio

n 
In

je
ct

io
ns

, 
a.

u.
 

A
vg

. H
g 

in
je

ct
ed

 
th

ro
ug

h 
de

te
ct

or
, 

Pg
 

So
rp

tio
n 

T
em

p,
 

°C
 

Sa
m

pl
e 

Si
ze

, 
m

g 

Sa
m

pl
e 

ID
 

56
.9

 
1.

00
 

o 
25

67
.4

 

o 

Tt-

63
9.

1 
42

16
55

 
65

9.
8 

14
0 

45
.1

 
IC

10
47

4 
54

.7
 

1.
00

 
o 

26
57

.2
 

o 

• * 

66
4.

3 
46

32
70

 
69

7.
4 

14
0 

48
.6

 
IC

10
41

04
 

58
.3

 
1.

00
 

o 

26
40

.7
 

o 

• * 

66
0.

6 
46

28
94

.7
 

70
0.

7 
14

0 
45

.3
 

IC
 1

04
89

 
28

.1
 

1.
00

 
14

53
 

12
77

 

<N 

<* 

63
8.

1 
44

35
04

.7
 

69
5.

1 
14

0 
45

.4
 

IC
 1

04
98

 

57
.2

 
1.

00
 

o 

26
65

.6
 

o 

TJ-

71
1.

7 
47

41
05

.7
 

66
6.

2 

o 

46
.6

 
IC

10
47

4_
S

_6
00

 

31
.8

 
1.

00
 

12
69

 
13

51
 

CN 

rj-

67
3.

6 
45

40
11

.3
 

67
4 

o 

42
.5

 
IC

 1
04

10
6 

00 

1.
00

 

o 

24
28

.7
 

o 

• * 

60
5.

8 
44

47
71

.3
 

73
4.

2 
14

0 
41

.9
 

IC
 1

04
88

 

13
.8

 
1.

00
 

59
29

5 
63

7.
2 

-

(N 
71

5.
4 

45
83

82
.7

 
64

0.
7 

20
0 

44
.8

 
IC

10
47

4_
S_

60
0 

28
.7

 
1.

00
 

o 

13
06

.7
 

(N 

VO 

73
3.

1 
49

07
39

.7
 

66
9.

4 
45

.5
 

IC
10

47
4_

S_
60

0 

73
.7

 

© 
i—1 

o 

30
59

.2
 

• * 

VO 

70
5.

4 
53

83
67

.5
 

76
3.

2 

o 
1—H 

41
.5

 
IC

10
47

4_
S_

60
0 

71
.1

 
1.

00
 

o 

30
59

.2
 

o 

<3-

76
4.

8 
53

95
26

.3
 

70
5.

5 

o 

CO 

IC
10

41
00

 
97

.7
 

1.
00

 

o 

44
15

.6
 

o 

VO 

73
3.

9 
51

90
46

.7
 

70
7.

3 

o 

45
.2

 
IC

10
41

01
 

15
.6

 
0.

95
 

24
67

0 
73

3.
9 

(N 

73
3.

9 
51

87
27

.3
 

70
6.

8 
14

0 
46

.6
 

M
B

 1
04

50
 

16
.6

 
0.

92
 

44
22

3 
73

3.
9 

(N 

73
3.

9 
52

89
19

.3
 

72
0.

7 
14

0 
43

.5
 

M
B

 1
04

51
 

12
.3

 
0.

52
 

25
34

44
 

72
7.

9 
72

9.
9 

53
63

56
.3

 
73

4.
9 

14
0 

42
.1

 
M

B
 1

04
52

 
13

.2
 

0.
60

 
20

93
35

 
72

4.
9 

72
4.

8 
53

13
40

.7
 

en 
m r-

14
0 

43
.3

 
M

B
10

45
3 

-0
.2

 
0.

01
 

53
85

44
 

74
0 

73
5.

9 
51

07
57

.3
 

69
4 

o 

46
.3

 
M

B
 1

04
54

 
-0

.7
 

0.
02

 
56

12
59

 
75

8.
6 

75
6.

5 
51

04
80

 
67

4.
8 

o 

47
.1

 
M

B
 1

04
40

 
14

.9
 

0.
80

 
10

76
54

 
73

7 
73

2 
51

54
63

 
70

4.
1 

o 

45
.9

 
M

B
 1

04
50

 
70

.4
 

1.
00

 

o 

29
69

.2
 

o 

• * 

73
9 

54
74

46
.7

 
69

7.
5 

o 
42

.2
 

IC
10

41
02

 

114 



H
g 

ad
so

rb
ed

, 
Pg

 
H

g/
m

g 
A

C
 

Fr
ac

tio
n 

of
 F

ir
st

 
Pu

ls
e 

ad
so

rb
ed

 

A
re

a 
of

 
fi

rs
t 

B
T

 
pu

ls
e,

 
a.

u.
 

T
ot

al
 H

g 
in

je
ct

ed
, 

Pg
 

• S-i <D 

N
o 

of
 

H
g 

pu
ls

es
 

in
je

ct
ed

 

A
ve

ra
ge

 
St

an
da

rd
 

R
es

po
ns

e 

A
vg

. A
re

a 
of

 
C

al
ib

ra
tio

n 
In

je
ct

io
ns

, 
a.

u.
 

A
vg

. H
g 

in
je

ct
ed

 
th

ro
ug

h 
de

te
ct

or
, 

Pg
 

So
rp

tio
n 

T
em

p,
 

°C
 

Sa
m

pl
e 

Si
ze

, 
m

g 

Sa
m

pl
e 

ID
 

in 
T — < 

0.
90

 
53

89
7 

72
7.

9 

* — i 

CN 

72
6.

2 
48

32
49

 
75

3.
8 

o 

47
.4

 
IC

10
41

03
 

10
.7

 
0.

48
 

25
91

00
 

i — t 

i—i 

i — i 

70
3.

2 
48

58
86

.3
 

68
7.

2 

o 

IC
10

49
0 

10
0.

2 
1.

00
 

o 

42
86

.6
 

o 

VO 

71
2 

53
24

83
.3

 
68

2.
4 

o 

42
.8

 
IC

10
49

1 
66

.2
 

1.
00

 

o 

28
57

.7
 

o 

•sr 

71
7.

9 
45

21
42

.3
 

74
1.

7 

o 

43
.2

 
IC

 1
04

69
 

-0
.9

 
-0

.1
4 

54
37

26
 

T-H 

-

67
0.

8 
49

20
73

 
67

4 

o 

IC
 1

04
87

 
99

.3
 

1.
00

 

o 

41
49

.6
 

o 

'O 

71
7.

4 
47

36
61

.3
 

68
5.

9 

o 

41
.8

 
IC

 1
04

83
 

94
.4

 
1.

00
 

o 

41
52

.4
 

o 

MD 

68
5.

9 
44

85
58

.8
 

69
0.

6 

o 

IC
 1

04
81

 
31

.6
 

0.
99

 
10

20
0 

13
96

.6
 

~ 

<N 

64
7.

7 
45

93
17

 
69

2.
5 

o 

44
.1

 
IC

 1
04

69
 

15
.3

 
0.

96
 

17
72

8 
72

1.
9 

i — i 

CN 

63
4.

6 
49

04
68

.3
 

72
3.

8 

o 

46
.9

 
IC

 1
04

89
 

17
.8

 
0.

90
 

48
26

4 
74

0 

* — i 

CN 
65

9.
2 

50
08

68
 

74
4.

1 

o 

40
.8

 
IC

 1
04

77
 

14
.9

 
0.

75
 

12
56

11
 

73
3.

9 

-

CN 

68
2.

5 
49

71
46

.7
 

73
3.

9 

o 
-a-

44
.7

 
IC

 1
04

72
 

vd 

0.
22

 
38

54
85

 
73

3.
9 

* — < 

CN 

67
6.

5 
48

02
86

.7
 

73
4.

9 

o 

46
.1

 
IC

 1
04

76
 

82
.9

 
1.

00
 

o 

36
87

.8
 

o 

m 

65
4.

1 
35

17
06

 
73

4.
2 

o 

44
.5

 
IC

 1
04

86
 

88
.3

 
1.

00
 

o 

37
09

.2
 

o 

in 

48
7.

3 
49

52
19

.3
 

72
1.

7 

© 

CN 

IC
10

41
00

 
16

.2
 

0.
99

 
55

66
 

74
6.

2 

T—1 

CN 

66
4.

6 
50

44
77

 
74

5.
1 

o 

45
.9

 
IC

 1
04

88
 

76
.1

 
1.

00
 

o 

37
27

.7
 

o 

m 

67
5.

2 
46

88
28

 
74

7.
2 

o 

IC
10

41
01

 
15

.5
 

0.
97

 
15

94
6 

72
1.

9 

* — < 

CN 

65
3.

1 
47

62
27

.7
 

71
7.

9 

o 

46
.5

 
IC

 1
04

99
 

o 

0.
35

 
30

78
99

 
72

4.
9 

-

-

65
7.

9 
49

89
84

 
72

3.
8 

o 

47
.3

 
IC

10
48

7 
16

.7
 

0.
94

 
28

96
8 

72
7.

9 

T-H 

CN 

68
7.

4 
45

59
37

.7
 

72
5.

9 

o 

43
.1

 
IC

 1
04

88
 

74
.9

 
1.

00
 

o 

34
51

.3
 

o 

«n 

66
3.

9 
46

35
93

 
68

6.
8 

o 

46
.1

 
IC

 1
04

91
 

63
.2

 
1.

00
 

o 

27
93

.2
 

© 

r̂ 

66
5.

7 
52

29
71

.3
 

69
6.

4 

© 

44
.2

 
IC

10
41

02
 

90
.1

 
1.

00
 

o 

38
38

.9
 

o 

*sO 

68
7.

6 
43

87
05

.7
 

63
8 

ir> 
t--

42
.6

 
IC

10
47

4_
S_

40
0 

115 



Sa
m

pl
e 

ID
 

IC
10

47
4_

S_
40

0 

IC
10

47
4_

S_
40

0 

IC
10

47
4_

S_
20

0 

IC
10

47
4_

S_
20

0 

IC
10

47
4_

S_
40

0 

IC
10

47
4_

S_
60

0 

IC
10

47
4_

S_
20

0 

IC
10

47
4 

IC
10

47
4 

IC
 1

04
74

 
IC

 1
04

80
 

IC
 1

04
83

 
IC

 1
04

90
 

IC
 1

04
98

 
IC

10
41

03
 

IC
10

41
05

 
IC

10
41

04
 

IC
 1

04
84

 

Sa
m

pl
e 

Si
ze

, 
m

g 

41
.8

 

42
 

41
.2

 

40
.6

 

40
 

46
.4

 

42
.1

 

43
.4

 
43

.4
 

43
.7

 
47

.4
 

41
 

47
.6

 
47

.3
 

42
.4

 
47

.3
 

43
.9

 
44

.7
 

So
rp

tio
n 

T
em

p,
 

°C
 

20
0 

25
0 

20
0 

14
0 

14
0 

14
0 

17
5 

14
0 

17
5 

20
0 

14
0 

14
0 

14
0 

14
0 

14
0 

14
0 

14
0 

14
0 

A
vg

. H
g 

in
je

ct
ed

 
th

ro
ug

h 
de

te
ct

or
, 

Pg
 

61
8.

7 

61
4.

4 

59
9.

2 

57
6.

9 

57
7.

7 

63
4 

69
3.

5 

64
0.

6 
64

2.
5 

64
7 

74
6.

1 
82

1.
3 

83
0.

3 
81

7.
9 

82
3.

5 
82

9.
1 

81
9 

78
7.

2 

A
vg

. A
re

a 
of

 
C

al
ib

ra
tio

n 
In

je
ct

io
ns

, 
a.

u.
 

43
33

81
.3

 

47
98

32
 

47
86

21
.7

 

52
21

06
 

52
11

85
.7

 

57
70

34
 

53
79

06
.7

 

62
35

95
.3

 
59

33
44

 
58

16
38

.3
 

58
96

30
 

73
38

89
.3

 
71

04
87

.3
 

69
64

06
.3

 
70

83
09

 
69

75
77

 
71

58
66

 
68

70
33

 

A
ve

ra
ge

 
St

an
da

rd
 

R
es

po
ns

e 

70
0.

5 

78
0.

9 

79
8.

8 

90
5.

1 

90
2.

2 

91
0.

1 

77
5.

6 

97
3.

5 
92

3.
5 

89
9 

79
0.

2 
89

3.
6 

85
5.

8 
85

1.
5 

86
0.

1 
84

1.
4 

87
4.

1 
87

2.
7 

N
o 

of
 

H
g 

pu
ls

es
 

in
je

ct
ed

 

2 1 1 1 7 6 1 6 1 1 2 3 1 4 1 3 3 3 

H
g 

B
.T

. 
af

te
r 

pu
ls

e 
no

. 1 1 1 1 0 2 1 2 1 1 1 1 1 0 1 2 0 1 

T
ot

al
 H

g 
in

je
ct

ed
, 

Pg
 

61
8.

8 

61
6.

2 

60
0.

9 

57
6.

1 

40
49

.5
 

12
77

 

69
8.

3 

12
87

.7
 

64
2.

5 
65

3.
4 

74
6.

2 
82

0.
2 

83
0.

3 
32

77
.2

 
82

3.
5 

16
53

.7
 

24
60

.5
 

79
0.

4 

A
re

a 
of

 
fi

rs
t 

B
T

 
pu

ls
e,

 
a.

u.
 

25
96

1 

14
62

75
 

56
91

77
 

16
19

96
 

0 

21
39

 

48
67

23
 

44
75

 
90

88
8 

43
98

54
 

71
77

 
42

23
 

53
41

69
 

0 
19

49
39

 
76

94
 

0 
79

96
 

F
ra

ct
io

n 
of

 F
ir

st
 

P
ul

se
 

ad
so

rb
ed

 

0.
94

 

0.
70

 

-0
.1

9 

0.
69

 

1.
00

 

1.
00

 

0.
10

 

1.
00

 
0.

85
 

0.
25

 
0.

99
 

0.
99

 
0.

25
 

1.
00

 
0.

72
 

0.
99

 
1.

00
 

0.
99

 

H
g 

ad
so

rb
ed

, 
Pg

 
H

g/
m

g 
A

C
 

14
.6

 

12
.9

 

0.
4 

12
.1

 

10
1.

2 

27
.5

 

5.
9 

29
.6

 
13

.9
 

6.
3 

15
.7

 
20

 
6.

4 
69

.3
 

16
.8

 
34

.9
 

56
 

17
.6

 



H
g 

ad
so

rb
ed

, 
Pg

 
H

g/
m

g 
A

C
 

F
ra

ct
io

n 
of

 F
ir

st
 

Pu
ls

e 
ad

so
rb

ed
 

A
re

a 
of

 
fi

rs
t 

B
T

 
pu

ls
e,

 
a.

u.
 

T
ot

al
 H

g 
in

je
ct

ed
, 

Pg
 

« ffl <§ g, « 

N
o 

of
 

H
g 

pu
ls

es
 

in
je

ct
ed

 

A
ve

ra
ge

 
St

an
da

rd
 

R
es

po
ns

e 

A
vg

. A
re

a 
of

 
C

al
ib

ra
tio

n 
In

je
ct

io
ns

, 
a.

u.
 

A
vg

. H
g 

in
je

ct
ed

 
th

ro
ug

h 
de

te
ct

or
, 

Pg
 

So
rp

tio
n 

T
em

p,
 

°C
 

Sa
m

pl
e 

Si
ze

, 
m

g 

Sa
m

pl
e 

ID
 

17
.8

 
0.

99
 

96
52

 
79

3.
7 

i — I 

CO 

84
8.

1 
67

31
19

.7
 

79
3.

7 

o 

44
.5

 
IC

10
47

7 
10

8.
6 

1.
00

 
91

05
 

52
50

.7
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