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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 H>O-
CO, mixtures at T<800 C and P=100 to 620 kPa, were investigated. Surface areas >500
m’/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
m®/g captured Hg from an argon stream at temperatures up to 150 C. 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
temperature for sulphur impregnation was 500°C; this sample strongly adsorbed Hg at

temperature up to 250°C.



ACKNOWLEDGEMENTS

I would like to express my deep gratitude to my supervisor Dr. Sieg E. Wanke for
his guidance and financial support throughout this research. His patience and
encouragement were essential for the accomplishment of this work. It was a privilege to

work with him.

I would also like to thank to Dr. Long Wu who assisted me throughout my

research. His advices and suggestions were a great help.

I extend my appreciation to the Advanced Coal Cleaning and Combustion
Technology research group for facilitating the use of their equipment for the mercury

adsorption experiments.

Finally I would like to thank the AERI/ASRA Industrial Research Chair for the
financial support that made this thesis project possible. Scholarship support was also

received from Chemical and Materials Engineering Department.



TABLE OF CONTENTS

CHAPTER 1 INTRODUCTION ...ccoviiiiieirienienienieieetenriesteesieseesise st esstesresnessesanees 1
CHAPTER 2. LITERATURE REVIEW ..c..oioiiiiiiiiiiecntceie sttt eveoneeiees 4
2.1. Activated carbon - properties and production .......c..c..cccceevervierienerennenenrenennens 4
2.1.1. Properties of activated carbon. .........cocveveeiiiiiiiiinie et 4

2.1.2. Production of activated carbon .............cccooo i 5

2.2. Syncrude fluid coke from Athabasca oil sands bitumen ..............................8

2.2.1. Production of Syncrude fluid coke.........cooveviiiiriiniiiiiiiiiiiaiinnnes 8

2.2.2. Properties of Syncrude fluid coke........ooeviiiiiiiiiiiiiiiniiiiinn, 9

2.2.3. Applications of Syncrude fluid coke ..........c..oooeiiiiiiiiiiiiiiiiinan.. 11

2.3. Activated carbon from petroleum coKe............cooiiiiiiiiiiiiiiiiiieie 11
2.4. Activated carbon for Hg control emissions..........oceevveeieiiiiiviierannennnennnns 14
CHAPTER 3. MATERIALS, EQUIPMENT AND PROCEDURES...........cccooo... 19
K O 1 1 o 1 19
3.2. Treatment of fluid COKE.......ovvvuiniiitinii e e e 19
3.2.1. Classification of fluid COKe........oevuvuiiirriiiiiiiiiiiiii e 19

3.2.2. Equipment and procedure for thermal treatment of fluid coke............. 20

3.3. Equipment and procedure used for mercury capture by fluid coke.................25

3.4. Equipment and procedure used for sulfur impregnation of activated coke

....... 32

3.5. Characterization methods. .. ..ot e 33
3.5.1. Particle size distribution analysis...........c.coceeeeiiiiiiiiiiiieerenieenenenn, 33
3.5.2. Surface area, micropore volume and mesopore size distribution ......... 34

3.5.3. SEM and EDX analyses. ......ccevitiiuiiiiiieaieeeiiieieienieeeeeeneaninne 34



3.54. XPS analysis........ovuiuiiiiiii 35
3.5.5. Gas chromatography analysis..............c.ooooiiiiiiiiii 35

3.5.6. Sulphur analysis. .....oueiuinieiniie et 36

CHAPTER 4. RESULTS OF FLUID COKE CHARACTERIZATION AND

ACTIVATION. ...t e e 37
4.1. Properties of untreated fluid COKe. . ....cooveriviriiiriiniiriee et 37
4.2. Effect of treatment time on surface area, porosity and mass 10ss................... 49
4.3. Effect of treatment temperature on surface area, porosity and mass loss ......... 55

4.4. Effect of treatment gas composition on surface area, porosity and mass loss ....62

4.4.1. Activation of fluid coke with COy/H,O mixture.........ccovvvvvieenneeenn .. 62
4.4.2. Activation of fluid coke with No/H,O mixture............ooovvviiiienn..n, 66
4.4.3. Activation of fluid coke with mixtures containing Oz........................ 68
4.5. Effect of particle size on surface area, porosity and mass 10ss...................... 69
4.6. Effluent gas COMPOSIHION. . ....uuiuiitiieniie it eee et eaetet et eienenaeeninenanenes 70
4.6.1. Effluent gas composition as a function of treatment temperature.......... 71

4.6.2. Effluent gas composition as a function of treatment gas composition...........75

CHAPTER 5. MERCURY ADSORPTION BY ACTIVATED FLUID COKE............. 78
5.1. Mercury adsorption as a function of surface area...............c..c.covveiiiiin.. 79
5.2. Mercury adsorption as a function of sorption temperature .......................... 82
5.3. Mercury adsorption on Hy—treated samples..........cccccoviiiiiiniiiiiiinniininnenn.. 87
5.4. Mercury adsorption on sulphur impregnated samples.............cooeiiiiiininninnnn, 88

CHAPTER 6. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS............ 96

S 151 (= o [ T 100



APPENDIX A

.....................................................................................



LIST OF TABLES

Table 2-1. Properties of Syncrude coke from stockpiles. .........ccccevreivinieniinnciencnnnens 9
Table 3-1. Identification designations for various fluid coke samples.........cccevercenee. 20
Table 4-1. Particle size distribution from sieve analysis for Coke 1 and Coke 2...........37

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

i 2o T0) o 1 S U 48
Table 4-3. Properties of activated fluid coke as a function of treatment time ............... 49
Table 4-4. Properties of activated fluid coke as a function of treatment temperature.....55

Table 4-5. Equilibrium constants for main overall reactions during activation of

(0] (= 58
Table 4-6. Results of activation with No/HoO mixture......ooovvvvvviiniviiiiiiiiiiiinninn....66
Table 4-7. Results of activation with No/Oo/HoO mixture. ...ooveveee e, 69

Table 4-8. Surface area and pore volume of different size fractions of Coke 2 before and

After aCtiVAtION. .. ..ot 70
Table 5-1. Activation conditions and properties of activated carbons.......................83

Table 5-2. The influence of heat treatment in argon of activated carbon on mercury

AASOTPLION ..ottt ettt ettt be st e st e b e st srsa s et e sanssaenbensaneans 84

Table 5-3. XPS results for various activated and cross-sectioned fluid coke

101 0] 1T U 86

Table 5-4. Mercury adsorption results of activated and H,-treated activated coke



Table 5-5. Molar composition of saturated sulphur vapour at various

LEIMPEIAtUIES.....ooiuiiiiiiiiiciic e e bbb en 94



LIST OF FIGURES

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

Figure 3-2. Pressure and temperature profiles for Run IC10494 showing typical various

in pressure and temperature with treatment time. . .........coeceeieirvicerinieneneneneee 23

Figure 3-3. Pressure and temperature profiles for Run MB10465 showing above average

variations in pressure and temperature with treatment time.............c.c.ccoviiennnn 24

Figure 3-4. Pressure and temperature profiles for Run IC10473 showing pressure and

temperature spikes during treatment...............occoiiiiiiiiiieinennnn.. PO 24

Figure 3-5. Schematic diagram of the apparatus used for mercury capture by fluid

Figure 3-6a Expanded output of the Hg detector for activated coke IC10481 (BET SA=
A89 MNP/ .er ettt 27

Figure 3-7. Output of the Hg detector for activated coke IC10490 (BET SA = 22.4



Figure 3-10. Calibration curves of mercury detector done on Jan 09/06 and Jan

Figure 3-11. Schematic diagram of the apparatus used for sulphur impregnation of

activated fluid COKe ......oornii i 32
Figure 4-1. Particle size distribution for smaller size fractions of Coke 1..................38
Figure 4-2. Particle size distribution for larger size fractions of Coke 1....................38
Figure 4-3. Particle size distribution for smaller size fractions of Coke 2................. 39
Figure 4-4. Particle size distribution for larger size fractions of Coke 2...................39
Figure 4-5. Scanning electron microscope images of Coke 101 (<53um fraction)...... 41

Figure 4-6. Scanning electron microscope images of Coke 101 (100-125um fraction)

Figure 4-7. Scanning electron microscope images of Coke 105 (100-125pm

Fraction).... ..o 42

Figure 4-8. Scanning electron microscope images of Coke 105 (100-125pum

;1014 Te) 1) SO PP 42

Figure 4-9. Scanning electron microscope image of Coke 101 (<53um fraction) and

EDX line scan of sulphur concentration............covuvveiiiuiraerrneiininnieeaeisieennenns 43

Figure 4-10. Scanning electron microscope image of Coke 104 (100-125um fraction)

and EDX line scan of sulphur concentration............cc.ooveeeiieiiiiiiiiic e 43

Figure 4-11. Scanning electron microscope image of Coke 105 (125-180um fraction)

and EDX line scan of sulphur concentration.................ooooiiiiiiiiiiiiiiinn e, 44

Figure 4-12. Scanning electron microscope image of Coke 107 (>250um fraction) and

EDX line scan of sulphur concentration...........cccoeeeuiiuiiiiiiiiiiiiiiiiieeee e 44



Figure 4-13. Sulphur content as a function of coke particle size for Coke 1 and Coke

Figure 4-17. Effect of treatment time on surface area at different treatment times in CO,

(flow rate: 100 MI/MIN).....o.oiniiiii e e e 50

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

Figure 4-19. Effect of treatment time on pore volume...............ccceeeiiiiiiieninnnne 52

Figure 4-20. Relationship between total pore volume and surface area for Coke 104

activated fOr Various tIMES. ... ..veveein ettt et ce e e e e eere e e e e 53
Figure 4-21. Relationship between mass loss and surface area ............................. 54

Figure 4-22. Effect of treatment temperature on the surface area (treatment time was 4h

unless indicated OtheTWISE). .. ..viuiini ittt e e e e eaeereane 56

Figure 4-23. Effect of treatment temperature on the pore volume (micro and meso)

(treatment time was 4h unless indicated otherwise)...........cooviiiiiiiiiiiiiiiiinnn... 58

Figure 4-24. Effect of treatment temperature on the mass loss (treatment time was 4h

unless indicated OtherWISE)......cuuiuintiiit i 59

Figure 4-25. Relationship between pore volume (micro and meso) and surface area

(treatment time was 4h unless indicated otherwise)..............c.cccveeeeiiniiinieneneen.. .60



Figure 4-26. Relationship between mass loss and surface area (treatment time was 4 h

unless indicated OtherWisSe)........o.iiuiiitiiniit et et e e e e 61

Figure 4-27. Effect of H,O flow rate on the surface area and mass loss (treatment

conditions: 800°C, 345 KPa)........ceeeetoe e, 63

Figure 4-28. Effect of H,O flow rate on the pore volumes (treatment conditions: 800°C,

Figure 4-29. Relationship between the pore volume and surface area (treatment

conditions: 800°C, 345 kPa, flow rate from 2.3to 18 ml/h)..........ovieeiiiiiiiii, 64

Figure 4-30. Effect of H,O flow rate on the CO concentration (treatment conditions:

800°C, 345 KPA). ..., 65

Figure 4-31. Effect of H,O flow rate on the CH4 and H,S concentrations (treatment
conditions: 800°C, 345 KPa). ... .. eeeeeee et 66

Figure 4-32. Comparison of the effects of No/H,O and CO,/H,0 mixtures on the surface

area of activated fIUId COKE. ...oinnnte it e e e, 67

Figure 4-33. Comparison of the effects of No/H,O and CO,/H,O mixtures on the pore

volume of activated fluld COKE. . ... ooiree e e e e e 67

Figure 4-34. Variations in CO concentration in effluent gas as a function of treatment

temperature (composition on a H; and HyO-free basis)......ooovvveeiiiiiiiiiiiinninn. ... 72

Figure 4-35. Variations in CO; concentration in effluent gas as a function of treatment

temperature (composition on a Hy and HyO-free basis)........oevviiiiniiiiiinnninnene.. 72

Figure 4-36. Variations in CH,4 concentration in effluent gas as a function of treatment

temperature (composition on a H, and H,O-free basis)........coooeiiiiiiiviiiiiiiinin.n. 73

Figure 4-37. Variations in H,S concentration in effluent gas as a function of treatment

temperature (composition on a H, and HyO-free basis)..........ooooiiviiiiiiiiininianinnnnn. 73



Figure 4-38. Average effluent composition (on H, and H,O-free basis) as a function of

water feed rate (T=760°C, P=345 kPa, and CO; feed rate=188 ml/min) .................. 76

Figure 4-39. Average effluent gas composition (on H; and H;O-free basis) as a function

of water feed rate without any CO, in the feed (T=760°C, P=345 kPa and N, feed rate

2.5 ML/MIN).co e e e 77
Figure 5-1. Effect of surface area on mercury adsorption by activated fluid coke........79
Figure 5-2. Results of repeat mercury capture eXperiments. ......co.eevvneroeerneniennnnne 81

Figure 5-3. Variation of mercury adsorption capacity at 140°C as a function of surface

115 001 01<) ¢ 1411 O 83
Figure 5-5. XPS spectrum of oxygen 1s line for Sample SS10421..............o.ooi 87
Figure 5-6. XPS spectrum of oxygen 1s line for Sample SS10421...................c..l 87

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 (IC10474)......curiiiieiiiiiiiiiiiiiies e, 89
Figure 5-8. Variation of sulphur vapour pressure with temperature ........................90

Figure 5-9. Effect of sulphur addition on Hg capture as a function of sorption
temperature (for samples ICT0474-SXXX). . ouviuririniniteiiriiiateieiteeeeieereeanene e 91

Figure 5-10. Mercury adsorption capacities as a function of adsorption temperature for

sulphur-treated samples of activated fluid coke IC10474............cociiiiiiiiiiininnnn. 92



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 pg/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



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 SO, 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.
CO,, steam, O;) in order to develop an adequate porous structure. Chemical activation
involves the impregnation of the precursor with a chemical agent (i.e. alkaline
hydroxides, ZnCl,, H;PQ,) 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



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.



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
m?/g and often exceeds this value significantly reaching 1000-2500 m*/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



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: H,S, CS; or SO,. 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



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
cxternal 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).



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 H,O, CO,,
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 CO;, (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 H; (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+H,0 SCO+H, (2-1)
C+2H,0 5CO,+H, (2-2)
C+CO; S5 2CO (2-3)
C+2H, S CH;, (2-4)
CO+HO 5 CO; +H; (2-5)

Activation with CO, is more endothermic than with steam and therefore requires a

higher temperature. In actual industrial processes, the activating agent used is generally



flue gas to which a certain amount of steam is added so that a combined activation with

steam and CO, 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 ZnCl,, H;PO4 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



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

22 m%/g, with decreasing particle size, reaching the maximum at a particle diameter of 69



um (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 particies 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) S5(85/95)
Proximate Analyses
Moisture 0.44 0.60 0.50 0.69 0.25
Ash 5.40 7.21 5.18 7.52 4.83
Volatiles 4.85 5.11 6.23 6.10 4.99
Fixed carbon 89.31 87.08 88.09 85.69 89.95
Ultimate Analyses
Carbon 82.73 80.73 81.80 80.94 83.74
Hydrogen 1.72 1.63 1.66 1.56 1.77
H/C 0.25 0.24 0.24 0.23 0.25
Nitrogen 1.75 1.70 1.98 1.73 2.03
Sulphur 6.78 6.63 6.84 6.15 6.52
Oxygen 1.18 1.50 2.04 1.41 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 CaCOs;, Ca(OH),, CaO, NaHCOs, 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 m*/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 400-500°C, for dehydrating purpose. The product
was next pyrolysed at 800-900°C, 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 m%/g were obtained during activation with KOH, in
comparison with 1350 m%/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 m”/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 m*/g), while the lowest
surface area was obtained from the petroleum coke carbonized at 1200°C (12 m*/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 ZnCl, 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 m%/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 m”/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 850 C
(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, (Hg*") such as HgCl, 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 1s 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 Hg*", by reacting with HCI, Cl,, NO,
or O, present in flue gas. Oxidation of mercury to chloro-mercury compounds will occur
to a substantial degree in the presence of high concentrations of HCI and Cl, (Hall et al,

1991). Many forms of Hg*" are highly soluble in water (e.g. HgCl; : 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
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 (6x107 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 H,S by O,
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 CS; solution followed by evaporating the solvent in
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 m%/ g, at a sulphur content of 11.8 wt. %, while the decrease in
surface area was only from 1250 to 710 m?/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 pg/m’, at a N, 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; (Ss rings), Sy (Sg chains), and S, (chains of
variable length) with Sg rings being the only form at room temperature. At high
temperature, sulphur gas possesses a significant fraction of S and S;, which are smaller
and more reactive than Sg 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 2 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 H,S, at 150°C 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 H,S 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: CO, (bone dry), air (extra dry), N,
(UHP), He (PP), H, (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 pm (Tyler mesh sizes from 270 to 60). The sieving
procedure consisted of placing 200 g of coke on the 250 pm 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 pm 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 e
Identification Sample Description
The fluid coke sample (20 L) obtained from Syncrude on April
Coke 1
14, 2005
The fluid coke sample (10 L) obtained from Syncrude on July
Coke2 98,2005

Coke 101 The <53 pum fraction of Coke 1

Coke 102 | The 53 — 80 pm fraction of Coke 1
Coke 103 The 80 — 100 um fraction of Coke 1
Coke 104 | The 100 - 125 um fraction of Coke 1
Coke 105 The 125 - 180 pm fraction of Coke 1
Coke 106 | The 180 — 250 um fraction of Coke 1
Coke 107 | The >250 um fraction of Coke 1
Coke 201 The <53 um fraction of Coke 2

Coke 202 | The 53 — 80 um fraction of Coke 2
Coke 203 | The 80 — 100 um fraction of Coke 2
Coke 204 | The 100 - 125 pum fraction of Coke 2
Coke 205 | The 125 - 180 pum fraction of Coke 2
Coke 206 | The 180 — 250 um fraction of Coke 2
Coke 207 | The >250 pm 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 T1 which was inserted in the reactor such that its tip was just above the

sample. The output from T1 was logged by the data acquisition system.

N

Air

CO, Quartz wool

Furnace

RM: Rotameter Coke particles

PM: Pressure
Quartz wool

PP: Positive
Displacement pump

T#: Thermocouple

X : Two-way valve

& : Three-way valve
M: Needle valve

CT: Cold trap
GC: Gas chromatograph NaOH solution

GC To fumehood

CT

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

The flow rates of treatment gases (CO, Air, N») 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 MB10464, 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 (N;). 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 1n 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-1; variations in temperatures and

pressures are indicated by the standard deviations of the measured values.
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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 1s 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 Hg Injection
Port 1 Port 2

~—p Waste

Hg Data
Detecto > Acquisition
System

Mass
Flow

Quang\

Coke
Bed =

07

_’
Quartz wool
)
Sample
U-tube
V/Oven
Ar | carrier Gas Purge Flow

Restrictor

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 puL). 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 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 IC10490, with BET
surface area of 22.4 m%/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.

29



1000
For Dector Response <400000
900 | ¥ = -4-0570E-26x5 + 3.9274E-20x4 - 1.2797E-14x3 + 4.0849E-00x2 +
1.5185E-04x
R2 = 9.9435E-01
800 -
700 | AAA
=]
e 600 o
®
“.:’: 500 - O Sept 20/06, RT=18.60C
o a
= 400 A A Oct 24/06, RT=21.20C
u o
[}
300 - =
200 - . 1
A For Detector Response >400000
100 N o y = -3.1975E-15x° + 4.3811E-09x° - 4.1090E-05x
o R? = 9.9306E-01
0 f-ﬂ : ‘ ‘
0 200000 400000 600000 800000

Dector Response ( u.a.)

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 1012 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

N: [ RM —@—D

|~ Coke particles

|_-Quartz wool

|- Sulphur

— Quartz wool
RM: Rotameter
T#: Thermocouple

X : Two-way valve To fumehood

® : Three-way valve

NaOH solution \
o743

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 PID controller (Omega Series 920) using
Thermocouple T2 (a 4™ 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 T1 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 O, free atmosphere in the reactor and to drive the sulphur vapours toward
the coke bed. Flow rate of N, 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/Pg from 0.000 to 0.999 (Py 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 1s (Ols) electrons. A binding
energy of 284.6 eV for the carbons 1s 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
0.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 cm®. The carrier gas was helium, with a flow rate of 20 cm’ /min. The
detector temperature was set up at 140 C. Pure components CO, CO,, CH, and N, and
mixtures (air, CO,/air, and H,S/H;) were used to determine retention times (R.T.) for the
components at vartous 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 140°C and constant temperature of 140°C for the rest of the analysis. H,S

35



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 O, stream and the spectroscopic measurement
of SO, 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 O,. 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 SO,.

When Antek 9000NS was used, a weighed sample (~6 mg) was placed in a quartz
boat and then combusted in a furnace, at llOOOC, in an O, stream. The combustion
products were then analyzed by a ultraviolet (UV) detector, for quantification of SO,.

The sulphur content was calculated based on the amount of SO, 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 Fraction of Mass in Each Size Range
Range, pm Coke 1 Coke 2

<53 0.010 0.034
53-80 0.088 0.092
80— 100 0.052 0.044
100 — 125 0.210 0.203
125 -180 0.344 0.349
180 - 250 0.206 0.171
>250 0.091 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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Figure 4-3. Particle size distribution for smaller size fractions of Coke 2.
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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 um (identified as Coke 101), about
60% of the particle volume was present in particles >53 pm, 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 pm size fraction, identified as Coke 104, about 20%
of the particle volume has sizes < 100 pm, and about 40% of the particle volume has
sizes > 125 pm.

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
pm to roughly spherical shape for particle sizes > 250 pm. 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 um fraction).
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Figure 4-7. Scanning electron microscope Figure 4-8. Scanning electron microscope
images of Coke 105 (125-180 um 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 (< 53pum 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 pm fraction)
and EDX line scan of sulphur concentration.

Figure 4-12. Scanning electron microscope image of Coke 107 (>250 um 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.
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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 0.01g 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 CO,
and SO, 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 O to 1 mass %
sulphur. Another reason for the low sulphur and carbon contents for the larger samples
sizes is that the CO, and SO, 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 BET Surface Area, | Micropore Volume, Mesopore Volume,
Range, mz/g cm’/g cm’/g

[Thos! Coke 1 | Coke 2 Coke 1 Coke 2 Coke 1 Coke 2
<53 38.0 32.0 0.015 0.013 0.004 0.004
53-80 30.6 22.9 0.012 0.009 0.003 0.005
80100 23.6 19.2 0.008 0.007 0.003 0.006
100125 | 20.2 20.8 0.007 |not meas. 0.005 0.004
125-180 | 15.8 12.6 0.006 0.004 0.003 0.004
180 -250 7.9 7.0 0.003 0.002 0.005 0.004
>250 7.7 4.2 0.002 0.001 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/P, were used to calculate the specific surface area.
First, a P/P, 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/P, 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/P,range of 0.02 to 0.10. All surfaces area reported in this
thesis are based on a P/P, 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, r.y,, Was calculated from the total pore volume assuming cylindrical pores,
Tavg = 2000 Vp/S nm 4-1)

where Vp is the micro plus meso pore volume in cm*g and S is the surface area in m%g.

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

Treatment Conditions Pore Volume
Activation SfrI;:‘a](‘;e ) A;erige Mass
Run# | Time, | Temp,| Agent Area, hﬁ;:;:' I;/f)erse(;- Radius, LSSS,
h °C mole % mz/g 3/ ’ 3/ ' nm %
cm’/g | cm’/g
CO, |H,O
SS10401 4 602 {100 O 25.7 10.00976 [0.00304 | 0.996 1.6
SS10402 2 597 [100| O 247 10.00869 {0.00200 | 0.897 2.6
SS10403 8 611 [ 100{ O 23.9 10.00919 }0.00296 | 0.981 0.8
SS10404 6 787 {100} O 49.4 10.01846 |0.00443 | 0.927 9.8
SS10405 4 793 1100| O 37.2 10.01342 [0.00424 | 0.950 8.1
SS10406 6 203 {100] O 21.0 [0.00860 [0.00334 | 1.137 0.1
SS10407 4 417 1100| O 21.9 [0.00877 {0.00291 | 1.067 0.1
SS10408 6 422 |100| O 21.8 0.00808 10.00245 | 0.996 1.0
SS10409 6 602 {100 O 24.0 |0.00874 {0.00397 | 1.059 2.6
SS10410 8 789 [100| O 61.0 (0.02220 {0.00594 | 0.923 11.8
SS10411 8 426 [100| O 22.0 (0.00898 [0.00317 | 1.104 0.3
SS10412 8 217 [100| O 20.7 10.00766 {0.00267 | 0.998 0.1
SS10416 6 458 | 64 | 36 20.6 ]0.00763 [0.00427 | 1.154 0
SS10417 6 612 | 64 | 36 27.5 10.01028 {0.00226 | 0.911 0.5
SS10418 4 617 | 31 | 69 26.4 10.01035 {0.00367 | 1.062 0
SS10419 8 621 | 48 | 52 25.9 ]0.01009 {0.00307 | 1.015 0
SS10423 8 624 [30.4169.6] 36.4 0.01413 |0.00227 | 0.900 1.2
LW104116 | 0.5 773 | 13 | 87 54.9 10.02052 {0.00130 | 0.795 7.0
LW104118 1 774 | 13 | 87 100 0.03787 {0.00225 | 0.802 10.4
LW104115 2 776 | 13 | 87 169 10.06546 {0.00483 | 0.831 14.5
LW104114 4 777 | 13 | 87 275 [0.1063 |0.01358 | 0.872 22.0
LW104117 8 773 | 13 | 87 434 10.1460 |0.03946 | 0.855 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 m*/g (surface area of
Coke 104) to about 25 m?%g for treatment in pure carbon dioxide and to a maximum of
36.4 m%/ g for treatment in CO,/H,0O mixture. For treatment at 790°C in pure CO;, the
areas increased with increasing treatment time (see Figure 4-17), but even after 8 h the

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

in CO; (flow rate:100 mL/min).

When water was added to the CO; 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 800°C, 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 CO,, the surface areas
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increased linearly with treatment time. For treatment in CO»/H,O 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.
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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 = (tavg/2000)S cm’/g (4-2)

with the average pore radius, I.yg, in nm, and the surface area, S, in mz/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™* cm?/m?

corresponds to an average pore radius of 0.86 nm.

52



0-20 ' 4 ' T T T T 1 T

- @ COZIHZO T
2
€ 015 A Coz .
3]
) X ]
£
=
o - -
S 0.10
o
5 i 4
a.
0.05 N
I V,=4.3x10* S cm’g |
0.00 1 1 1 1 1 i 1 1 1

0 100 200 300 400 500

Surface Area, m?/g

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 CO, than with CO,/H,O mixtures to obtain the
same surface area. For treatments in the CO,/H,0O mixture, the mass loss varies
approximately linearly with surface area at surface areas abovel00 m?%/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 surfacé area.

The following conclusions and observations are made from the effects of
treatment time on properties of the treated fluid coke:

1. COy»/H,0O mixtures are much more effective in increasing the surface area of fluid

coke than pure COs,.
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2. Surface area of fluid coke increases linearly with treatment times during treatment
i COy,/Hy0 or CO; at ~800 C for surface areas up to about 100 mz/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
pm 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.

Treatment Conditions
Treatment Gas Surface | Pore Volumes | Mass
Run Rates P, | Time, | Temp.| Area, Loss,
CO,, | H,0, |kPa| h °C | m%g | Micro, | Meso, | %
mL/min| g/h cm’/g | em’/g
SS10412 100 0 103 8 217 20.7 | 0.0077 | 0.0027 { 0.0
SS10411 426 22.0 | 0.0090 | 0.0032 | 0.3
SS10403 611 24.8 | 0.0092 | 0.0030 | 0.8
SS10410 789 60.4 | 0.0224 | 0.0059 | 11.8
MB01462 67 1.5 1103 4 542 26.8 | 0.0107 | 0.0020 | 2.4
MB10461 702 44.0 | 0.0161 | 0.0007 | 7.9
MB10463 754 104 0.0394 | 0.0026 | 12.7
MB10460 792 165 0.0632 | 0.0092 | 17.8
1C10478 188 4.5 |345 4 509 26.8 | 0.0104 | 0.0026 | 2.4
1C10490 600 334 | 0.0122 | 0.0015 | 3.0
IC10476 608 36.7 | 0.0137 | 0.0012 | 4.7
I1C10472 685 150 0.0564 | 0.0024 | 12.5
1C10477 725 257 0.0998 | 0.0086 | 17.9
1C104103 734 285 0.1109 | 0.0124 | 17.0
IC104104 762 365 0.1415 | 0.0114 | 25.0
IC10469 766 381 0.1480 | 0.0212 | 24.6
IC10489 770 346 0.1339 | 0.0114 | 25.2
1C10485 231 8.1 627 4 475 25.4 | 0.0025 | 0.0025 | 0.6
1C10487 578 394 | 0.0143 | 0.0011 | 2.6
1C10484 667 241 0.0928 | 0.0058 | 28.3
1C10488 715 377 0.1476 | 0.0198 | 22.2
1C104101 738 370 0.1448 | 0.0186 | 22.3
1C10486 752 452 0.1744 | 0.0408 | 32.7
I1C104100 767 429 0.1636 | 0.0435 | 34.7
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Figure 4-22 shows the effect of temperature on surface area. Activation carried out at
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 m*/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 m*/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 H,O, and an additional 1.5 g of H,O is
consumed per gram of carbon if the CO formed 1s converted to CO, by reaction with
H,0 (Equation 2-2). If 3.0 g of water are consumed per g of carbon reacted, then the
maximum mass loss for Runs MB10460 to MB10463 (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 CO; and H,O 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

logio Kpi =aj +by/T 4-3)

Values of a; and b; for the five main overall reactions in coke activation, along
with Kp; values at 600 and 800°C, are listed in Table 4-5. All reactions of carbon with
H,0 and CO; are endothermic; hence values of Kp; 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 CO, was much lower than the rate of reaction with H,O. The lower rates of
reaction of carbon with CO, compared to H,O are probably due to a higher activation
energy for the CO, 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 Equation | Constantsin Eq. 3.1 | Kp at 600 and 800°C
Number ai b 600°C 800°C
C+H,05CO+H, (2-1) 7.5 -7000 0.30 9.5
C+2H,05C0O,+2H; (2-2) 5.8 -5200 0.70 9.0
C+C0O,52C0 (2-3) 9.1 -8800 0.11 7.9
C+2H, S CHy (2-4) -5.8 4700 0.38 0.04
CO+H,05 CO,+H, (2.5) -1.7 1800 2.3 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, 1.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 nm; 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 CO/H,0 or CO; 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
600 to 800°C and the effect of increasing temperatures is more pronounced for
H;O containing treatment gases than for treatment with pure CO,.

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 pum size fraction of Coke 1. Results of treatment in
pure CO, were ineffective in increasing surface area (see Sections 4.2 and 4.3); hence,
discussion for treatment in pure CO, will not be included in this section. The effects of
different CO,/H,0 ratios, No/H,O treatment gas and treatment in O, containing streams

will be discussed.

4.4.1 Activation of fluid coke with COyH>0 mixture

Activation of fluid coke in HyO/CQO, mixture was done at temperature of 800°C, 4
h treatment time and pressure of 345 kPa. The CO, flow rate was maintained constant at
188 ml/min while H,O flow rate was varied from 2.3 to 18 mL/h. The effect of H,O flow
rate on the surface area and mass loss is shown in Figure 4-27, and the effect of H,O 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 V,,, 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.c. treatment at atmospheric

pressure (Sections 4.2. and 4.3).
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Figure 4-27. Effect of H,O flow rate on the BET surface area and mass loss (treatment
conditions: 800 C, 345 kPa).

The main gasification reaction of carbon in the H,O/CO, mixture is the reaction
of H,O with carbon to form CO and CO, (Reactions 2-1 and 2-2). Secondary reactions of
H,, formed during the above reactions, with carbon to form CH, (Reaction 2-4), and with
sulphur, to form H,S also contribute to the mass loss and area generation. Gas
chromatographic (GC) analyses show the presence of CH, and H,S in the effluent gases

from the activation reactor.
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Figure 4-28. Effect of H,O flow rate on the pore volumes (treatment conditions: 800°C,
pressure: 345 kPa).
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The effect of water feed rate, for the 4 h treatments at 800°C and 345 kPa, on the
relative amounts of CHy4, CO and H,S are shown in Figures 4-30 and 4-31. The GC areas
for CHy, CO and H,S 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 CO:CH4:H,S 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, CH, and H,S, with
increasing H,O concentrations, shown in these figures is as expected, 1.e. increasing H,O
concentrations would result in increased conversion of CO to CO; and H; according to
the water gas shift reaction (Reaction 2-5) and increased H; concentrations would result
in increased formation of CHy (Reaction 2-4) and H>S. More detailed effluent

composition results are presented in Section 4.6.
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Figure 4-30. Effect of H,O flow rate on the CO concentration (treatment conditions:
800°C, 345 kPa).
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Figure 4-31. Effect of H,O flow rate on the CH4 and H,S concentration (treatment
conditions: 800 C, pressure:345 kPa).

4.4.2 Activation of fluid coke with NyH,0 mixture

Activation of fluid coke with N,/H,O mixture was done at temperature of about

800°C and close to atmospheric pressure with 4 h treatment time, and different H,0

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 N,/H,O mixture

Treatment conditions

BET Pore Volume
— Mass
Feed Composition, | 1,0 | Surface | Micro- | Meso-
Run# |Temp o 2 Loss,
e ) mol % Rate, Arzea, pores, | pores, o,
N, H,0O mL/h m'/g cm3/g cm3/g
IC10466 | 788 48 52 23 161.9 |0.06186|0.00744 18
SS10427 | 803 47 53 2.3 203.4 |0.07790,0.01376| 19.2
1C10464 782 32 68 4.5 211 0.0802910.00983| 19.3
MB10465| 767 19 81 9.0 3427 [0.13170(0.02844 | 28.3
SS10425 | 787 18 82 9.0 425.5 10.16470|0.03342| 27
MB10458 825 29 71 9.0 3859 10.14290(0.04504| 38.6

66



500 T - T g T T T
¢  N/H,0-51mL/minN, v
o ¥  CO,H,0-48 mL/min CO, o
‘E 400 .
o
g .
<
8 i
k 300 v
5 \ 4
(7]
b *
m 200 | ¢ .
] ¢
100 ' : ' : ' ' ! '
50 60 70 80 90
H,0, mol %

Figure 4-32. Comparison of the effects of N,/H,O and CO,/H,O mixtures on the surface
area of activated fluid coke.
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Figure 4-33. Comparison of the effects of No/H,O and CO,/H,0O mixtures on the pore
volumes 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 CO,/H,O mixtures compared to the N,/H,O at low H,O concentrations, but at
high H,O concentrations the difference between the two gas mixtures is small. The feed
rate of water at the low H,O 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 CO, 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 CO, with N, did not significantly affect surface

areas and pore volumes.

4.4.3 Activation of fluid coke with mixtures containing O;

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 O,
activation was to see if it would result in increased pore sizes. Unfortunately, this did not
occur. Treatment in O»/N; 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 H,Q/N, and H,O/CO, 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 O, to H,O/CO, 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 N,/O,/H,O mixture

Treatment Cor?d'itions BET Pore Volume pore | Mass
Run # Temp, Fecd (ir(:(r)rllpo/(:smon, II:ICZC% Slli;t;ce Micro- | Meso- |Radius, | Loss,
oC Rate, | m/ * | POTES, | POTES, | nm %

N, | O, [CO,| B,O il /min g | cm’/g | ecm’/g
MB10438| 797 |79|21 22 | 0.0077 {0.0030| 0.98 | 16.1
MB10439| 799 (88112 20 10.00733,0.0032| 1.03 | 23.3
MB10444| 799 |87|13 22 10.00775(0.0029| 0.97 | 24.3
MB10445| 798 (29|1.4 70 4.5 236 | 0.0900 | 0.0273| 0.99 | 24.2
MB10446| 792 [(444.0 52 4.5 242 | 0.0925 [0.0273| 0.99 | 33.0
IC10470 | 738 |29|2.6 69 9.0 285 | 0.1099 {0.0209| 0.92 | 45.3
MB10447| 784 (29|2.6 69 9.0 321 | 0.1232 }10.0356| 0.99 | 41.5
MB10449| 795 {25|6.6 69 9.0 286 | 0.1085 {0.0358 | 1.01 | 65.2
MB10448| 794 [15{3.9 82 9.0 349 | 0.1318 | 0.0412( 0.99 | 425
IC10471 | 710* {10{2.6| 19 | 69 9.0 306 | 0.1183 [0.0202 | 0.91 | 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 %
H,0, 28 mol % N; and 3 mol % O,. 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
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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.

Before Activation After Activation
Size 3 BET | Micro- | Meso- BET | Micro- | Meso- | Mass
. ample

Fraction, D Surface| pore pore Surface | pore pore Loss,

pm Area, |Volume,| Volume, | Area, |Volume,|Volume,| %

m’/g | em¥g | cm’g m’/g | cm’g | cm’/g

80-100 203 19.1 0.007 0.006 292.5 | 0.1086 | 0.0290 | 554
100-125 | 204 20.8 -- 0.003 274.1 | 0.1017 | 0.0261 | 41.3
125-180 | 205 12.6 | 0.004 0.004 251.7 | 0.0932 | 0.0253 | 36.5
180-250 | 206 7 0.002 0.004 179.1 | 0.0662 | 0.0179 | 33.9
> 250 207 4.2 0.001 0.004 159.8 | 0.0577 | 0.0169 | 314

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 H,, O,/N,, CO, CHy4, CO, and H,S. 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 H,/He mixtures, i.e. the thermal
conductivity of H,/He mixtures decreases with increasing H, concentrations at low H,
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 1s 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 O,/N; 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, CH,4, CO; and H;S, and the results will be reported as
mol % on a H,, O,/N, and H,O-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,

CH,, CO,, and H,S are 42, 35.7, 48 and 38, respectively (Dietz, 1967), and Equation 4.5.

Y, = J:?‘A x 100 4.5)

J=1

Where A, is the area under the GC peak for component i and R; is the response factor for

component i; j is summed from 1 to 4 for the four components under consideration, i.e.

CO, CH4, COz, and HzS

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, CO,, CH4 and
H,S 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 CO; feed rate of 188 mL/min (i.e. a
feed composition of 63 mol% CO, and 37 mol% H,0). 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 H, and H,O-free basis).
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Figure 4-35. Variations in CO, concentration in effluent gas as a function of treatment
temperature (composition on a H, and H,O-free basis).
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Figure 4-36. Variations in CHy4 concentration in effluent gas as a function of treatment
temperature (composition on a H, and H,O-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 IC10489 were rather
scattered and the trend at low activation times was different from that of most other runs.
The results for Run IC10489 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. CO; concentration decreased slightly with increasing treatment temperature and
increasing treatment time.

3. CHj concentration increased with increasing treatment temperature and decreased
with decreasing treatment time.

4. No significant H,S was formed at treatment temperatures <700°C and at higher
temperatures the concentration of H,S 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 CHy4 should be highest at low temperatures
according to the thermodynamics (see Equation 2-4 and Table 4-5); similarly, CO
formation over CO, formation is favoured at high temperature. The H,S 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 H,O 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, CO; and H;S (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 CO; 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 CO; and H,O, 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 H,O and
H; 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 CO, concentration decreased
with increasing water feed rate due to production of CO and to a lesser degree CH,4 and
H;S. The amount of CO increased from about 10 to 15 mol% with increasing water flow
rate; however, the CH4 and H,S 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 H, concentrations at the higher water feed rates, but the increase

cannot be quantified for previously stated reasons.
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Figure 4-38. Average effluent gas composition (on H,O and H; free basis) as a function
of water feed rate (T=760°C, P=345 kPa and CO2 feed rate = 188 mL/min).

A few experiments were done without CO; in the feed. In these runs, the
treatment feed gas consisted of N, and H,O. The average effluent gas compositions as a
function of water feed rate at a constant N, 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 CO, 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 H,O concentrations. The H,O 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 H,S
concentrations for all the results in Figure 4-39 are higher than the CH,4 concentrations.

This was not the case when CO, 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 CO; affects H,S and CHy

formation. This is another area which requires further study.
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Figure 4-39. Average effluent gas composition (on H,O and H; free basis) as a function
of water feed rate without any CO; in the feed (T=760°C, P=345 kPa and N, 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 (m-1) was captured, but not all the mercury in Pulse n was captured.

v 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 pL 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 m%/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.
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Figure 5-1. Effect of surface area on mercury adsorption by activated fluid coke at 140°C
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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 21x10”. 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 mz/g.
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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 m*/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, H,O/CO, ratio during

activation and H,O partial pressure, might play an important role in Hg capture because
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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.
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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: SS10424, 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.

Treatment Treatment Treat Gas Treatment Surface | Pore Volume,
Sample Tem Pressure, Lenoth Composition, | Gas Feed Area cm3/g
I.D. on" kPa hg ’ mole, % Rate, m/ ’
CO, | H,O | mmol/min & |"micro [ meso
SS10424 782 100 4 30.6 | 694 10.2 415 0.159 | 0.042
I1C10474 754 616 4 74.5 | 25.5 16.3 420 0.160 | 0.054
1C10482 754 344 4 346 | 63.6 19.6 490 0.182 | 0.080
T T T T T T v T

1.0 | n
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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 PC100 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 140°C 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 H,O flow rate during activation

process.

Table 5-2.The influence of heat treatment in argon of activated carbon on Hg adsorption
capacity

Hg Hg

S Activation | Activation H0 Surface adsorbed adsorbed Hg ads

ample flow Area,

D Temp., Pressure, rate m/ before heat | after heat | Decrease,

e °oC ka o & | treatment, | treatment, %

pg/mg AC | pg/mg AC

1C10473 764 472 4.5 437 50.8 11.8 76.8
IC10480 | 760 345 23 300 56.8 12.9 77.3
1C10482 754 344 13.5 491 102.6 12.3 88.0
1C10486 752 626 8.1 452 59 14.8 74.9
1C10499 697 625 8.1 121 52 12.7 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
adsorption capacities of activated carbons decreased if they were treated at 140°C in a N>
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 H,O molecules by means of hydrogen bonding. Adsorbed
water molecules then become secondary adsorption centres for Hg capture. The removal
of the H,O 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 1s 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 1s which was set at 284.6 eV (Niemantsverdriet, 2000).

Table 5-3. XPS results for various activated and cross-sectioned fluid coke samples.

Binding Energies, eV Prior Activation Conditions Surface

S,2pline | O, 1sline | Temp | Time | H,O CO,, Area,
Sample | Maxima | Maxima °C hr mL/h mol % m?/g
SS10415 163.50 532.6 800 6 2.3 64.0 234
SS10420 | 163.36 531.9 800 8 4.5 31.3 471
SS10521 163.62 532.4 800 4 4.5 31.3 273
SS10423 163.02 532.2 600 8 4.5 31.3 36
SS10424 | 163.10 532.1 800 4 9.0 18.5 416
SS10425 163.64 532.4 800 4 9.0 0° 425
SS10429 163.34 532.8 800 4 12.0 14.6 444
Average 163.37 532.3

®18.5% N,, the remainder is H,O

Binding energies (B.E.) for oxygen 1s for water and hydroxides are typically in
the 531 to 532 eV range, and for metal oxides the B.E, are <531 ¢V (Moulder et al.,
1992; Dupin et al., 2000). B.E. of 532 to 533 eV for the O 1s line are typical of organic
oxygen such as C-O-C, C-OOR, C=0 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 1s Figure 5-6. XPS spectrum of sulphur
2p line for Sample SS10421. line for Sample SS10421.

5.3. Hg adsorption on H,-treated samples

Two activated coke samples, SS10432 and IC10489 were treated in H,
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 éctivation of fluid coke followed by
treatment in pure hydrogen. The treatment temperature was 400°C, treatment time was 1
h and H; 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 Hj-treated activated coke samples.

Hydrogen Hg Adsorbed | Hg adsorbed Decrease in Hg
Before After
Sample Treatment Captured as a Result of
Hydrogen Hydrogen
I.D. Pressure, Hydrogen Treatment,
kP Treatment, Treatment, o
a pg/mg of AC | pg/mgof AC ’
10432 - 18.5 - -
10432 100 - 12.14 34.4
10432 345 - 9.08 50.9
10489 - 17.8 - -
10489 100 - 13.5 242
10489 345 - 15.2 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 IC10474 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 % H,0, 72.9 mole % CO,, 2.2 mole %
N,). The properties of this activated fluid coke are: BET surface area: 420 m’/g,
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

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 (IC10474).
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The increase in sulphur content with increasing impregnation temperature for
temperatures up to 400 C 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.
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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 F igure 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 S (S rings), Sy (Sg chains) and S, (chains of variable lernigth). At impregnation
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temperatures up to 400°C, sulphur molecules will condense mainly in the form of Sg and

S¢ and form voluminous rings or long linear chains. The S¢/Sg 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
1C10474-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
I1C10474-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 S, (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, Sulphur allotropes, mole %

C Ss Se S,
148.9 82.8 17.2 0.01
204.4 76.0 24.0 0.04

260 68.9 31.0 0.15
315.6 60.9 38.6 0.5
371.1 52.6 46.1 1.3
398.9 48.7 49.4 1.9
426.7 44.9 52.4 2.7
444.6 42.5 54.0 3.5
454.4 41.3 54.7 4.0
482.2 37.8 56.6 5.6

510 34.6 58.0 7.4
537.8 31.4 58.8 9.8
565.6 28.3 59.3 12.4
5933 25.4 59.1 15.5
648.9 20.0 57.0 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 m?/g) by treatment in H,O/CO, 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 pm for most experiments
Temperature: 200 to 800 C
Pressure: 0.1 top 0.6 MPa
Length of treatments: 1 to 8 h
H,O0 feed rate: 0 to 70 mmol/min (0 to 18 mL/h)
CO; feed rate: 0 to 12.2 mmol/min
N, feed rate: 0 to 3.6 mmol/min
O, feed rate: 0 to 0.8 mmol/min
Most of the treatments were carried out in mixtures of H,O and CO,. A few runs with
nitrogen in the feed treatment gas were done to determine whether the CO, 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:
e Laser light scattering for particle size determination (Malververn Mastersizer 2000);
e Nitrogen adsorption and desorption at liquid nitrogen temperatures for surface area
and pore size distribution (Omnisorb 360);
e Scanning electron microscopy on whole and sectioned particles for determination of

exterior and internal particle morphology (Hitachi S-2700);
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Energy dispersive x-ray analysis for the determination of sulphur distribution in
particles (Princeton Gamma Tech Prism 1G);

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;

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;

. Increases in surface areas were insignificant for treatment temperatures <600 C for

all feed gas compositions examined,
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;

. The maximum surface area obtained with pure CO; as the treatment gas was 60 m°/g

after treatment for 8 h at 789°C;

. Surface areas after treatments in a H,O/CO, 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 m*/g (IC10486);

Replacement of CO; with N, in H,O/CO, mixtures did not result is significantly
different surface areas; this leads to the conclusion that CO; does not play a major
role in the fluid coke activation in the temperature range studied, and the H,O is the

major activating agent;

. The amount of H;O fed and the partial pressure of H,O affected the surface area;

higher H,O feed rates and higher H,O partial pressures usually resulted in higher
surface areas;
Using N,/O; 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.

11.

12.

13.

14.

15.

Adding O, to H,0/CO, mixtures did not result in increases in surface area compared
to treatment in H,O/CO, mixtures, but it did result in an increase in mass loss. The
added O; did not result in an increase in pore size;

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 m*/g.

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 %.

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;

XPS results lead to the conclusion that most of the sulphur in the fluid coke, virgin
and activated, is present as organic sulphur;

XPS results also showed that there is a high concentration of oxygen on the surface
of the activated coke and that the O 1s 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.

. 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
treatment at 200°C in flowing argon prior to Hg capture measurement;

The removal of surface oxygen and water is at least partially reversible as shown by
ex situ treatment in hydrogen;

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

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-1) and of the mercury pulse adsorption experiments (Table A-2).
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