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ABSTRACT

The production of activated carbon from synthetic fluid petroleum
coke was investigated. A simple two-step pyrolysis/activation procedure
was found to be sufficient to convert raw fluid coke and potassium treated
fluid coke into activated cokes with properties comparable to commercial

grade activated carbon.

The activated carbon produced was found to have adsorptive
capacities 20 to 50 times greater than raw fluid coke and roughly one
quarter of the adsorptive capacity of the best commercial grade activated
carbon. The activated coke has the ability to adsoerb large molecular
molecales, light hydrocarbons and ions from a liquid stream. The
adsorptive capacity is attributable to the large surface area and porosity
developed from the activation. The maximun N9 BET surface area
developed was 318 m2 g-1 at a porosity of 0.24 cm3 g-1, and was
produced by steam activation of raw coke at a temperature of 850°C with

a soak time of 6 hours.

Potassium treatment was observed to increase the rate of carbon
conversion by steam activation which in turn developed more
microporosity than the untreated coke. However, faster carbon conversion
did not lead to higher surface areas due to excessive carbon loss and ash
poisoning of the coke surface. The untreated activated coke had the highest

surface area and correspondingly the highest adsortive capacity for large



organic molecules such as methylene blue dye; however both the potassium

and untreated coke had the same adsorptive capacity for aqueous iodine.

Scanning electron microscopy revealed a novel mechanism of activation.
The physical structure of the fluid coke along with its reaction to the
pyrolysis/activation caused a density change which initially leads to tension
cracking of the coke particle. Activation then proceeded into the interior of
the coke particle where it migrated along highly reactive contact surfaces
present as concentric spheres. The resulting activated carbon consisted of

concentric spheres of porous carbon.
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1. INTRODUCTION

Activated carbons are predominately carbon compounds with the ability
to adsorb molecules from an aqueous cr gaseous stream. They are
manufactured from carbonaceous materials such as piant matter, wood,
coal, petroleui, plastics, petroleum wastes, etc. [1-25]. Activated carbons
are characterized by a very large specific surface area with typical values
of 100 - 1000 m2 g-1 [26] and a large specific pore volume ranging from
0.2 - 1.0 cm3 g-1 [26]. The internal porosity is composed of different sizes
of pores known as micropores, transitional pores (mesopores) and
macropores. The size range of each pore classification is defined
differently by various authors but is usually based on its adsorptive
function. According t¢ Dubinin [27], micropores have a diameter of less
than 20 nm, transitional pores range from 20 to 500 nm, and macropores
have a diameter of 500 nm to several thousand nanometers. The IUPAC
[26] classifaction of pores gives the diameters for micropores as less than
2 nm, between 2 and 50 nm for transitional pores and over 50 nm for

macropores.

The micropores, which can make up to 95% of the total surface area,
represents the sites where the majority of the adsorption occurs. The
transitional and macropores are important for providing access from the
exterior of the activated carbon to its interior surfaces, thus providing a

route for the adsorbate to migrate to an adsorption site.



Adsorbates such as non-:i .nic molecules and solids are adsorbed by pore
filling [26] but ionic and/or polar molecules are adsorbed by
physiochemical and chemical reactions on the surface of the activated
carbon [29]. The chemical adsorption (chemisorption) binds the adsorbate
to the carbon surface by forces approximating a chemical bond. The ease
of adsorption of specific adsorbates is dependent on the surface chemistry
of the activated carbon. The surface of activated carbon can consist of a
wide variety of functional groups [30]. Depending on the types of
functional groups, the activated carbons can be classified as acidic, basic

or neutral [29].

The physical structure (porosity, surface area, pore distribution, etc.)
and the surface chemistry combine to give activated carbons their
adsorptive properties. Both the physical and chemical properties are a
direct result of the type of raw material used and the manufacturing
method. By varying the production methods and manufacturing variables,
activated carbons can be tailored to have widely different adsorptive
properties [31]. Some activated carbons are ideal for adsorbing gas
molecules from a gaseous stream, such as removing toxic compounds from
flue gases [32-40], separatiig oxygen or nitrogenfrom air [41-44],
separating heavier hydrocarbons from natural gas and storing methane in
activated carbons [45,46].

Activated carbons which are ideal for adsorption from a liquid phase

have quite different properties from those for gas adsorption. The



mesopores and macropores have to be fully developed for transporting
molecules to the adsorption sites, and the surface chemistry must be more
reactive. There are different types of activated carbons suitable for
different types of adsorbates present in wastewater. Typical uses of
activated carbons are: purification in the food industry [26], water and
wastewater treatment [28], and the recovery of precious metals from
hydrometallurgical processes [47-49]. Activated carbons are also used in
the food processing, pharmaceutical, chemical, petroleum, mining,

nuclear, automobile, and vacuum manufacturing industries [30].

Although there are as many methods of producing activated carbons as
there are raw materials [30], the manufacturing process must accomplish

two basic things, carbonization and then activation.

Carbonization is where the elemental carbon content of the raw i»aterial
is increased by pyrolysis, heating the raw material in an inert atmosphere
to drive off moisture, volatiles and non-carbon elements. Carbonization
also changes the molecular structure of the raw material; the carbons form
aromatic rings which in turn form sheets of aromatic carbons. These
carbon sheets in turn combine to form microcrystals. Thermal stresses then
rupture and recombine these microcrystals into a slightly porous structure
[26] suitable for further treatment. Nevertheless, the overall structure of
the carbonized material still retains characteristics of its original structure
[10,52]. Carbonization can also be carried out by chemical methods where

strong acids and dehydrating agents are added to carbonize the raw



material [53-56]. These dehydrating agents may or may not be recovered
and recycled.

The second step in the manufacturing process is activation, where the
necessary porosity and pore structure is imparted on the carbonized
material '57-62]. This is generally achieved by physical activation, where
an activating gas is made to react with the carbon at a high temperature so

that a selective etching occurs that causes pores to develop. Typical
activating gases are steam (H20) and carbon dioxide (CO?); lcss used

gases are oxygen (07), hydrogen (Hp), and hydrogen sulphide (H2S)
[63,64]. The activation proceeds until the desired surface area, porosity,
and surface chemistry is achieved. Maximun surface area generally occurs
when 40 - 60% of the carbon has been removed by activation [30].
Catalysts are sometimes added to increase the activation rate or to modify
the porosity being developed [65-72]. Activation can also be carried out
chemically, which involves mixing a carbonized material with an activating
agent and then calcining the mixture at a high temperature. This is usually
sufficient to produce the desired results although sowie physical activation
may be required [53-56].

There is presently a need for more efficier. and less costly methods of
pollution control in the petroleum indusiry. fictivated carbons are currently
gaining wide popularity for wastewater wweatment because of their

efficiency and ease of use [28]. In the =:car future, activated carbon



technology is expected to provide a 'superclean' technology that is ten
times more efficient than the current best availiable technology for air and

water treatment [73].

The two existing oil sands plants in northern Alberta produce 3000 tons
of petroleum coke per day as a by-product of upgrading bitumen into
svnthetic crude oil [75]. Syncrude Canada Ltd. produces fluid petroleum
coke which is presently discarded and Suncor Inc. produces delayed
petroleum coke of which 10 - 20% is used as fuel with the rest discarded.
Suncor is expected to switch to fluid coke technology in the near future
under a modernization plan [75]. This waste coke is abundant and readily
availiable as a feed stock to produce activated carbon for on-site air and
water treatment. The process of converting coke into activated carbon is
identical to the gasification methods used to produce synthetic fuel gas
from coal [77]. The production of activated carbon from coke can be
carried out separately or in conjunction with synthetic water-gas

production.

The utilization of this waste coke will provide several advantages to the

synthetic crude oil industry in Alberta by:

a) utilizing a cheap and/or worthless and abundant by-product as a raw
material for the production of a valuable and commercially saleable
activated carbon for use in wastewater treatment facilities locally,

nationally and internationally.



b) disposing of a major by-product of serious environmental concern to the

petroleum industry, and

c) enhancing the development of advanced environmental technology.

Consequently the primary objectives of this thesis are:

1) To investigate the production of activated carbon from
fluid petroleum coke using technology that would be

availiable in the oil sands industry,

2) To compare the activation of raw fluid coke with coke

treated with a catalyst,

3) To study the physical and chemical properties of the
activated cokes produced including the gaseous by-products,

4) To determine the adsorptive properties of the activated

cokes with respect to wastewater treatment,

5) To identify the mechanics of activ.- =d carbon formation,

and



6) To compare the adsorptive capacities of raw coke,
activated cokes, and a commercially availible activated

carbon.



2. LITERATURE REVIEW

2.1 Petroleum Coke from Athabasca Oil Sands Bitumen

Three types of petroleum cokes can be produced from bitumen derived
from the Athabasca oil sands in northeastern Alberta. They are delayed
coke, fluid coke and flexicoke [75,76]). Delayed coke is presently being
produced by Suncor Inc., while fluid coke is produced at Syncrude Ltd.
Flexicoke has been produced in a prototype flexicoker [75]. Today, fluid
and delayed coke are being produced at a rate of 3000 tons per day [74].
These cokes have been studied for use as a fuel source [76], for
gasification [77], for metal recovery [78], and as a sorbent for recovering

residual bitumen [79,80].

2.1.1 Delayed Petroleum Coke

Delayed petroleum coke is produced from the delayed coker process,
where bitumen is heated to about 480°C, introduced into a coking drum,
and left to degrade thermally. After distillatior of the volatile materials, the
involatile coke is broken up hydraulically and cleared from the coking
drum [75]. The coke particles are irregularly shaped ranging in size from

centimeters to microns.

The delayed coke particles display no visible porosity down to a range

of 500 microns [75]. Delayed coke is amorphous in structure [87],



with 92% of the carbon in aromatic form with half of the carbon atoms
bonded to hydrogen atoms [78]. Delayed petroleum coke [78] has a high
ash content containing high concentrations of vanadium, nickel, and

sulphur.

2.1.2 Fluid Petroleum Coke

Fluid petroleum coke is produced in a fluidized bed reactor operating at
temperatures of 600 C [75] to 1000C [76]. A thin film of bitumen is
sprayed onto a fluidized bed consisting of hot coke particles. The volatile
material is driven off to be upgraded into synthetic crude oil and the coke
particles get coated with a layer of coke. Excess fluid coke is removed

from the reactor to be discarded.

The coke consists of solid, spherical particles ranging in size from a few
microns to 2 cm. The coke is very abrasive and can have a Hardgrove
Index as low as 17. The spherical particles have an 'Onion skin' internal
structure [75] consisting of 30 to 100 layers of coke [81]. Scanning

electron microscopy reveals a smooth, non-porous surface {78].

The high temperature conditions produces a non-porous graphitized
carbon as indicated by its low amenability to acid leaching. All the carbons

are aromatic with 45% of the carbons bonded to hydrogen atoms [78].



Fractal analysis, using N adsorption, indicates that the specific surface

area varies from 1 to 15 m2 g-1 with decreasing particle size [83]. Fractal
analysis describes the fractal geometry of the surface, where increasing
and similar detail is revealed with increased magnification, a phenomena
known as scale-invariance [82]. The fractal dimension of a surface is a
measure of the space-filling ability of the surface: a higher value of fractal
dimension indicates a more irregular surface [84]. Particles smaller than
69 microns have a different fractal dimension than larger particles; the
specific surface area does not increase with decreasing size under 69
microns, probably due to a different chemical structure than the larger

particles [83].
2.1.2.1 Gasification of Fluid Petroleum Coke

Fluid petroleum is difficult to gasify; requiring long residence times and
relatively high temperatures to achieve high carbon conversions [84]. High
carbon conversions of over 80% by weight need temperatures in excess of
1000°C [77].

It is suggested that the coke gasification rate is affected by the
inaccessibility of active sites. The coke gasification rate is dependent on
two factors, the composition of the bitumen used and the coking conditions
[75]. These two factors influence the nature and concentration of active

sites, accessibility of active sites to reactive gas and catalysis by mineral
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matter [85,86]. The rate of oxygen adsorption may be directly related to
the accessibility of the active sites. The higher the rate of oxygen
adsorption, the higher the rate of gasification. Oxygen adsorption was
shown to increase with decreased temperature of coking, soak time and

particle size [86].

2.1.3 Flexicoke

Flexicoke is produced by a modified fluid coking process where a
gasification cycle is added to the fluid coking system. The coke leaving the
coker is passed through a gasifier loop where it reacts with steam to
produce a low calorific value fuel gas. The flexicoking tends to

agglomerate ti_¢ individual coke particles into large porous structures [75].

2.1.4 Adsorption Properties of Petroleum Coke

Delayed coke has been studied for use as a sorbent in the recovery of
residual bitumen from aqueous tailings streams [79,80]. The coke displays
oleophilic properties and readily agglomerates with bitumen when mixed
vigorously with tailings pond sludge. A strong linear correlation exists
between the amount of bitumen recovered and the BET surface area of the
coke particles. The porosity and the medium pore size also correlate to
bitumen recovery. One study by Kumar et al [79] indicates that the size of
the coke particle is the most important variable in bitumen recovery.

Another study by Hall et al [80] states that the external surface area and

il



not the total surface area is the most important variable in the sorption of
bitumen. The bitumen adsorbed by the coke particles can be desorbed by
high temperatures and the coke recycled for reuse. One study indicated a
bitumen recovery of 40% by weight {80], while another indicated a

recovery of 80 to 200% bitumen by weight [79]. These cokes were mildy

activated with steam at a temperature of 870°C for two hours.
2.1.4.1 High Surface Area Activated Cokes

Only three studies have been found which actually looked at producing
activated carbon from petroleum coke: one from fluid coke, one from

delayed coke, and the last from an unidentified petroleum coke.

The study by O'Grady er al [88] used low ash petroleum cokes from
unidentified sources to produce activated carbons with specific surface
areas of over 2500 m2 g-1 and 'extraordinary' adsorptive properties. A
direct chemical activation process was used for production of the activated
carbon. Petroleum coke was mixed with 2 to 4 times its weight of
potassium hydroxide (KOH). The mixture was calcined at 400 to 500C,
then pyrolyzed at 800 to 900 C. The potassium salts were removed by

washing with water.
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The study by Metrailer [81] describes a patent where treated fluid coke
in a fluid bed reactor is activated with air at 800°F for 11 hours to reach a
burnoff of 35 wt%. Then steam is added at a rate of 9.0 ft3 per hour per
pound of coke at 1650°F for 6 hours to achieve a burnoff of 70 wt%. The

coke is reported to have good results in water purification.

The study by Tollefson [89] converted delayed coke from Suncor Inc. to
an activated carbon with a specific surface area of 220 - 400 m2 g-1 . The
product had good wettability and abrasion resistence. The method of

activation was not given.
2.2 Activated Carbon

The study of activated carbons covers a wide range of carbon types,
manufacturing methods, applications, and regeneration techniques.
Activated carbon is manufactured from carbonaceous material to produce a
high carbon, high porosity, high surface area material with very good and
universal adsorptive properties. The manufacturing process involves
carbonization and activation. Carbonization increases the carben content
and activation developes the physical and chemical properties of the
activated carbon. Carbonization and activation can be carried out either
physically or chemically using dehydrating agents. Physical activation
involves carbon gasification with an activating gas at high temperatures.
The activated carbon can be manufactured as a granular activated carbon
(GAC) or as a powdered activated carbon (PAC). Powdered activated

13



carbon is obtained by crushing activated carbon. Granular activated
carbons can be produced from granular raw material or raw material can
be bonded with a physical binder to form pellets. Granular activated
carbons are usually characterized by large surface areas and small pores

while PACs usually have larger pores and less surface area [29].

The specific physical prope-ties of activated carbon determines its
usefullness. It can be used in either gaseous or liquid environments for
contaminant removal, or to separate and recover a specfic component of a
liquid or gaseous mixture. Some activated carbons can adsorb their own
weight or more in adsorbate. Activated carbons were often used once and
then discarded but recent technology makes it possible to regenerate
activated carbons for reuse. Regeneration involves either thermal

decomposition or chemical removal of the adsorbate.

There is a extensive body of experimental data on activated carbons,
with many studies on types of raw materials used, carbonization and
activation procedures, adsorption properties, rates of reaction, catalytic
activity, use of catalysts, surface chemistry and physical properties. The
type of raw material and the manufacturing method both determine the
final properties of an activated carbon. Due to the variability of some raw
materials, many results are not reproducible. No general theory exists
which can predict the physical or chemical properties of an activated

carbon using a uniform raw material and a specific manufacturing process.

14



Raw material is almost never uniform in composition and the vzriables
used in manufacturing are numerous. Activated carbons are basically
similar, but each individual type of activated carbon is unique and must be

evaluated as such.
2.2.1 General Properties

Activated carbons are composed of carbon (80 - 97%) [26,30] with
minor amounts of hydrogen, oxygen, sulphur and nitrogen. Mineral ash
may range from 1 to 20% of the total mass. Usually ash is removed before
or after manufacturing [54,55]. Generally the lower the ash content the
better the adsorption properties of activated carbon. Some ash content is
uneconomically or physically impossible to remove. In some cases the ash
content beneficially influences the surface chemistry of the activated carbon

by acting as a catalyst [109].

The ability of activated carbon to adsorb specific molecules from both a
gas and liquid phase is a direct result of its porous nature and surface
chemistry. Activated carbon may have a specific pore volume of 0.2 cm3
g1 to over 1.0 cm3 g-1 [80], consisting of interconnected pores, cracks
and fissures ranging in size from 0.1 to several thousand nanometers [26].
The high specific pore volume in turn leads to a high specific surface area
which in some commercial activated carbons can range from 200 - 1000

m2 g-1. The maximum surface area achieved is over 2500 m?2 g-1,

15



The surface chemistry of an activated carbon affects its adsorptive
properties, as well as its catalytic, redox, electrochemical and hydrophilic
or hydrophobic properties. The surface chemistry is ultimately determined
by the type and quantity of heteroatoms attached to its surface, especially

oxygen.

Adsorbates can be adsorbed either physically or chemically. Physical
adsorption involves weak atiractive forces and physical entrapment. In
chemical adsorption, molecules react with the surface of the activated
carbon in strong chemical reactions or strong 'physiochemical’ [29]

reactions, referred to as chemisorption.

2.2.1.1 Physical Structure

Crystalline Structure

The porosity and surface chemistry of activated carbon is related to its
crystalline structure. The activated carbon structure is composed of
microcrystals with a graphite like appearence. The crystals consist of
parallel layers of aromatic sheets of carbon spaced 0.335 nanometers apart
and orientated so that one half of the carbon atoms in one layer is placed
exactly over or under the centers of the aromatic rings of the adjacent
layer. A representation of how aromatic carbons allign themselves in

parallel layers is shown below in Figure I.
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Figure 1. Graphite crystal by Cookson [90].

Unlike graphite crystals, the presence of defects and heteroatoms causes
disorder in the crystal lattice. The interlayer distances vary from 0.34 to
0.35 nm, and the orientation of the respective layers vary from each other.
This disorderly structure is termed a turbostatic structure. A comparison of
a three-dimensional crystal lattice of graphite (a) and a turbostatic structure

of an activated carbon microcrystal (b), is shown below in Figure II.
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Figure II. Graphitic structure (a) vs turostatic structure (b)
by Mattson et al [29].

The microcrystals have diameters of 1 to 10 nm and consist of 5 to 33

layers of aromatic sheets [26].

Cookson [90] doubts that the structure of the microcrystals is analogous
to the structure of graphite. Instead, the microcrystals should be visualized
as stacks of flat aromatic sheets cross linked in a random manner as

illustrated below in Figur. III.
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Figure II. Orientation of aromatic sheets in a microcrystal

‘rom Bansal [30].

The size and orientation of the microcrystals are influenced mainly by
the type of raw material used and by the production method. Carbons
which are easily carbonized, grapitize easily and tend to align their
microcrystals in parallel lines. Carbons which are hard to carbonize, do
not graphitize easily and the microcrystals tend to produce a chaotic,
irregular alignment of microcrystals. A comparison of an aligned and

chaotic structure is shown below in Figure IV.
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Figure IV. Aligned (a) vs chaotic (b) microcrystals

from Jankowska ef al [26].

Carbons with a chaotic arrangement of microcrystals have a well
developed pore structure, relatively high hardness due to strong cross-
linking, and a low absolute density of <2 g cm-3. Carbons which
graphitize easily when carbonized form a regular structure, are weak, soft,
have a poorly developed pore structure and a high absolute density of 2.26
g cm 3,
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Porosity

Activated carbons have a high porosity, consisting of interconnected
pores of different shapes and sizes. The pore sizes are usually divided into
arbitrary or specific catagories. Dubinin [27] based his system on effective
radii and their influence on the adsorption of gases. Dubinin proposed

three types of pores, macro, meso and micropores.

Macropores, have a diameter greater than 500 nm. The surface area of
the macropores is often less than 5% of the total surface area but these
pores constitute up to 33 to 50% of the total pore volume [30]. These pores
are not important for providing adsorption sites but they are important
because they act as transport arteries for the adsorbate to migrate from the

exterior fluid medium to the interior of the carbon particle.

Mesopores range in size from a diameter of 20 to 500 nm. These pores
are transitional pores in that some adsorption takes place on their surfaces
but thev still act as transport arteries for adsorbate to migrate deeper into
the activated carbon particle. The total volume of mesopores can vary from
20 to 35% [26] and the surface area can range from 5 to 25% [30].
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Micropores have a diameter of less than 20 nm. They can make up to 20
to 40% of the total pore volume but up to 95% of the total surface area.
The size of these pores is small enough to facilitate the adsorption of gas
molecules. The energy of adsorption is higher in micropores than in the

other two pores [23].

Activated carbons can be tailor made; by varying carbonization and
activation parameters [111] only micropores of a certain size can be
produced. A carbon with a large volume of micropores of a certain size is
referred to as a molecular sieve can be used for gas separation
[41-44]. The shape of the pores is also very important in facilitating the
type of molecules that can be adsorbed. Bottle shaped por:s can be
produced [42] which have a smaller pore size at the surface than in the
interior. These are suitable for gas separation. Regular pores with larger

sizes at the surface are used for liquid adsorption purposes.

The relationship of the micro, meso and macropores to ezch other and
how they form the pore structure is still under debate [26]. One theory
states that macropores start at the surface of a carbon particle, and then
branch into mesopores which in turn branch into micropores. An alternate
theory states that all three sizes of pores intersect the surface and may not
connect to each other and/or may connect to each other in no particular

order.
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Heteroatoms

Heteroatoms such as oxygen, hydrogen, sulphur and halogens are
chemically combined with the carbon atoms especially at the edges and
corners of the individual graphite sheets in the microcrystals. Oxygen is
the most important heteroatom because it affects the reactivity and surface
chemistry of the carbon. The next most important heteroatom is hydrogen.
Oxygen is present either because it was present in the raw material or it
becomes attached because of the activation process. Oxygen is easily
attached to the carbon structure, especially at the edges and corners of the
aromatic sheets due to unfilled valences in the individual carbon atoms.
The oxygen content of an activated carbon can rarge from 1 to 25% by
weight [26]. The amount of oxygen can be varied by changes in the
activation parameters. Oxygen can be removed by pyrolysis at Ligh
temperatures or added by moderate pyrolysis in an oxygen rich
atmosphere. Also aging of activated carbon causes some oxygen to

chemically bond with the carbon.

Hydrogen is bonded more strongly to the carbon than oxygen and thus
requires much higher temperatures to remove. Hydrogen exists either in
aromatic form attached covalently to the edges of the aromatic sheets or in
aliphatic form where it is attached to the edge of the aromatic carbons in

aliphatic or alicyclic groups [26].
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Mineral Matter

Mineral matter or ash originates from the mineral content of the raw
material. Ash is important in the production of activated carbon and also
influences the adsorptive capacity. During activation mineral matter can
lower the rate of activation by blocking areas of the carbon from the
activating gases [107] or it can increases the activation rate by catalyzing
the carbon conversion reaction [107,108]. In activated carbons, ash is not
chemically attached to the carbon crystals but occluded or trapped in the
pores of the activated carbon [26]. Ash consists mainly of oxides, followed
by sulphates, carbonates and minor amounts of other compounds of iron,
aluminum, calcium, sodium, potassium, magnesium. Often large quantities

of silicon are present.

Ash usually does not interfere in gaseous adsorption except for taking
up volume which could be used for holding adsorbate. In liquid adsorption,
the oxides and alkali salts in the ash can influence the chemistry of the
adsorbate by changing the pH and/or reacting with some adsorbates such
as polar molecules, making them less susceptible to adsorption. Ash can be
removed by leaching with acids. Depending on the complexity and silicon
content of the ash, hydrochloric and hydrofluoric acids are used [109].
Acid treatment tends to enlarge the mesopores [110] and increase the
microp-ore volume by unblocking micropores [109,127]. Ash can bte

removed either before or after the manufacturing stage [29].
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2.2.1.2 Surface Chemistry

The surface chemistry of activated carbons significantly influences its
adsorptive capacity, as well as other properties such as its catalytic
behavior, its electrochemical reaction, and its hydrophilic or hydrophobic
nature. Surface chemistry is determined by the type and quantity of
heteroatoms, especially oxygen. Most heteroatoms are attached to the {iat
surfaces of the microcrystals, but some are located at the corners, edges
and intercyrstalline spaces. Heteroatoms bonded on the surfaces form
functional groups typical of aromatic compounds and react in a similar
matter. Heteroatoms bound in the interior of the microcrystals are virtually
inert. Often heteroatoms combine with each other, especially oxygen and
hydrogen, to form surface functional groups such as phenols
(-OH), or carboxyls (-COOH).

Surface Functional Groups

Surface functional groups can originate from raw material which has a
high oxygen content such as wood or sugar, or they can originate from the
activation process. Activated carbons generally have a significant amount
of oxygen and hydrogen chemically bonded to the surface carbons. Oxygen
containing functional groups can make up to 90% of the total functional

groups [26].

The oxygen functional groups can be divided into two types, acidic
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functional groups which can be neutralized with bases and basic functional
groups, which can be neutralized with acids. Mattson et al [29], further
classified activated carbons by relating the type of functional group to
activation temperature. Carbons which are oxidized at a low temperature
have acidic functional groups, are neutralized by bases and are known as L
carbons. These carbons are hydrophilic and have a negative zeta potential.
Carbons which are oxidized at high temperatures have basic functional
groups, are neutralized by acids and are classified as H carbons. They
display a positive zeta potential. The dividing line for this classification has
been found to be activation temperatures of 500 to 600C. Carbons
activated below 500 T become acidic, those activated above 600°C become
basic. Oxygen functional groups formed at low temperatures are less stable
than oxygen functional groups formed at higher temperatures. All
functional groups can be found on activated carbons at any one time but

one group, acid or basic, usually predominates.

The surface chemistry of activated carbons can be deliberately modified
after manufacturing. The quantity of oxygen can be increased by oxidation,
exposing the activated carbon to oxidizing agents, such as oxygen, ozone,
air, water vapour, carbon dioxide and nitrogen oxides [26] at a suitably
kigh enough temperature. The carbon can also b: oxidized by treatment
with nitric or sulphuric acids, hydrogen percxides, chlorine water, etc.,
[30]. Oxygen functional groups can also be removed by heating the

activated carbon under vacuum or in an inert atmosphere to a
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temperature of 1000°C [29]. The functional groups thermally decompose
into CO2, CO, H20, and H). At extremely high heat treatments
(>3000°C), activated carbons can be made non-polar and still retain their

adsorptive capacity [118].
Functional Groups

The principal functional groups usually found on activated carbons are
phenols, lactones, carboxyls, aldehydes, ketones, quinones, hydro-
quinones anhydrides, carbonyls and cyclic peroxides [29,30]. Nearly all
functional groups known in organic chemistry have been proposed to exist
on activated carbons. A model of an oxidized sheet of carbon in a
microcrystal with its functional groups is shown below in Figure V from
Jankowska et al [26].

Figure V. Functional groups on activated carbon.
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The carbonyls and lactones render the carbon surface polar in nature,
which decreases the adsorption of non-polar compounds [29]. However the
quinones and hydro-quinones enhances the adsorption of non-polar
compounds through the formation of an electron donor complex. The basic
oxides found on basic activated carbons are harder to identify. It has been
suggested by Bansal et al [30] that the functional groups consist of

chromene and pyrone-like structures.

The analytical methods used to determine the type and amount of

surface functional groups include:

1) selective neutralization of surface functional groups with bases or acids

of various strengths [29],

2) thermal decompositon and analysis of evolved gases [29],

3) polarography [26],

4) cyclic voltammetry [26], and

5) Infrared (IR) spectroscopy [30].
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2.2.1.3 Catalytic Properties

Activated carbons have been found to be excellent catalysts for

oxidation of hydrogen sulphides and the reduction of nitric oxides.

Hydrogen Sulphide Oxidation

Activated carbons can remove hydrogen sulphide (H2S) from natural

and synthetic gases. Hydrogen suiphide is normally adsorbed onto
activated carbon, but in the presence of oxygen at 100 - 200C, hydrogen
sulphide is converted into elemental sulphur by catalytic oxidation.
Elemental sulphur is then adsorbed onto the activated carbon at loading
rates approaching 120% by weight [97]. The sulphur can be recovered and
the carbon regenerated by hot gas desorption at 450°C or by the use of

organic solvents.

The chemical reaction that occurs when hydrogen sulphide and oxygen

adsorb onto activated carbon at temperatures of 100 - 250 C is:

2HoS + Oy > 1/48g + 2H20 [97]. (1)

Other side reactions may produce sulphuric acid instead of elemental

sulphur as by the reaction:
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HyS + 207 -—> H3S04 [97]. @)

The production of sulphuric acid is influenced by reaction conditions
and possibly a promotor. Promotors are usually metals which are
impregnated onto the activated carbon to improve the catalytic activity.
Some promotors used are iodine or metals like iron [97], chromium [98],

and nickel, cobalt, molybdenum and vanadium [99].

Nitric Oxide Reduction

Activated carbon is a highly effective catalyst in the selective reduction
of nitric oxides to nitrogen. Nitric oxides (NOyx) can be removed from

waste gases in tandem with sulphur oxides (SOyx) [100-102]. Firstly, the

main sulphur gas, sulphur dioxide (SO7) is catalysed on activated carbon in

the presence of oxygen and water by the reaction:

SO7 + Hy0 + 120y ——> HpSO4 [100]. 3)

The sulphuric acid is removed and then the nitric oxide, usually in the form
of NO is catalysed by the activated carbon in the presence of ammonia
which acts as a reducing agent. In the absence of oxygen, the chemical

reaction 1s:

6NO + 4NH3 -—--> 5N2 + 6H20 [100]. 4)
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In the pr:sence of excess oxygen the chemical reaction is:

4NO + 4NH3 + 309 —> 4No + 6H0 [101]. G)

These reactions can take place at temperatures as low as 150°C [102].

The use of specialized activated carbons such as activated
Polycrylontrile (PAN) carbon fiber (103,104], makes it possible to reduce

NO with carbon according to the following reaction:

2NO + C -—--> Nz + COa. ©)

Studies have been carried out to determine which properties of activated
carbons are the most important in nitric oxide reduction. lilan-Gomez et al
[105] determined that only the surface area of the activated carbon is
important in the reduction, the greater the area the more NO reduced.
Juntgen et al [128] argues that catalytic activity is influenced only to a
small degree by surface area. They state that activation conditions such as
carbonization temperatures, burnoff and the types of heteroatoms
incorporated into the carbon structure are more important to catalytic

activity.
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Catalytic Support

Activated carbon can be used as a catalyst support for other catalysts
because of its large surface area, and stability at high temperatures and
pressures. There is a positive synergy that can occur between the catalysts
and activated carbon support [106]. Chemical reactions can occur between
the catalytically active phase and the support surface which enhances the
overall chemical reactions. This property can be important in such
reactions as the Fisher-Tropsch synthesis and the conversion of methanol

[106].

2.2.1.4 Adsorption Models

The adsorption capacity of activated carbons depends on its physical
structure, pore volume, specific surface area, and its surface chemistry. In
the adsorption of gases, the physical structure is paramount, while the
surface chemistry is of minor importance except for adsorbing polar
molecules. In liquid adsorption, the surface chemistry is the most important

factor but the physical structure also plays a major role.

2.2.1.4.1 Gas Adsorption

In gas adsorption, gas or vapour is concentrated on the surface of the

activated carbon. The random ordering of the aromatic sheets in the
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microcrystals causes variations in the arrangement of the electron clouds.
This causes an attractive force to be projected outwards perpendicular to
the aromatic sheets. In addition the exposed edges and corners of the
aromatic sheets have unpaired electrons and vacant valencies which also
impart an attractive force. Gas molecules are adsorbed by weak physical
forces such as van der Waals and hydrogen bonding, until equilibrium of
the attractive forces is established. The amount of gas molecules that are
adsorbed is dependent on the gas pressure and temperature. The higher the

pressure and the lower the temperature, the more gas adsorbed.
Heat of Adsorption

Adsorption is usually a spontaneous exothermic reaction. The heat of
adsorption may be used to differentiate between physical and chemical
adsorption on a solid adsorbent in some cases. In physical adsorption, the
amount of energy released ranges from 4.0 to 80 kJ mol-1 [26] while

chemisorption ranges from 0 to 400 kJ mol-1.
Langmuir Isetherm

Langmuir, 1918 [92], postulated an adsorption theory to explain how
gas molecules are adsorbed. He assumed that gas molecules are adsorbed

independently onto the surface of the activated carbon and that all

adsorption sites are equal to each other. Thus an idealized monolayer of
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gas covers the surface of the activated carbon. By measuring ihe amount of
gas adsorbed and by knowing its physical dimensions, the surface area can
then be determined. The limitations of this theory is that not all sites on the
activated carbon are equal. The energy of adsorption varies depending on
where the site is located on a microcrystal, on the flat of the aromatic sheet
or on the edges. Also the energy of adsorption varies due to intermolcular
interactions [26]. A gas molecule adsorbed onto a site which is surrounded
by adsorbed gas molecules has a different energy of adsorption than if
there were no adjacent adsorbed gas molecules. The main difficulty with
the Langmuir isotherm is that it does not take into account multilayer

adsorption.

BET Isotherm

In 1938, Brunauer, Emmett and Teller (BET) [93] developed a model of
adsorption that did take into account multilayer adsorption. The model
assumed that gases adsorbed onto existing layers of gases already adsorbed
onto the activated carbon. The theory predicts that as the pressure of the
gas increases more layers are adsorbed. By determining the amount of gas
adsorbed at certain pressures, it is possible to determine the specific

surface area. Pore size distribution is determined by Kelvin condensation.

Classical BET procedure measures the specific surface area of an

adsorbent at 77 K using nitrogen assuming that a nitrogen molecule
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covers 0.162 nm2. Brunauer ef al [93] claim that there are five types of
adsorption isotherms for gases. They are illustrated below in Figure VI.
They measure the amount of adsorption (a) against pressure (P) over

saturated vapour pressure (Po).

a type Il a type Il

b . ——— e ————

Plpo

P/

~a

P/Po 1 Plos

Figure VI. Adsorption isotherms by Brunauer er al [93].

TYPE I Langmuir Adsortion Isotherm - only one monolayer
is adsorbed,

TYPEII  Multilayer Adsorption Isotherm,

TYPEIII Multilayer Adsorption Isotherm - where the heat of
adsorption is less than the heat of condensation

(rare isotherm), and
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TYPE IV,V Multilayer Adsorption Isotherm - where a limited
number of adsorption layers occur due to the width

of some pores.

. sicro, Meso and Macropore Adsorption

The presence of micropores substantially increases the adsorption of
gases because in a micropore, the opposite walls are spaced close enough
together so that the attractive forces in the walls overlap, thus the
adsorption potential increases in micropores. Adsorption is greater in
micropores than in mesopores and negligible in macropores.
Salas-Peregrine et al [121] have shown experimentally that ricropore
distribution is the most imaportant criterion in gas adsorption. Activated
carbons with a low pore volume but with a lot of very narrow pores have a
greater adsorptive capacity than activated carbons with a larger pore

volume and slightly larger micropores.

2.2.1.4.2 Liquid Adsorption

In liquid adsorption, the surface chemistry of activated carbons
influences the type of adsorbate that will be adscrbed while the physical
structure, such as pore size and volume, influences the amount of
adsorbate adsorbed. The adsorption on activated carbon from a liquid
phase has been studied less than adsorption from the gas phase. There is a

great deal of literature on the practical aspects of adsorption from
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dilute solutions but very little on the mechanics and theories of liquid
adscrption. The adsorbate is adsorbed either physically or chemically.
Physical adsorption can include trapping an adsorbate or a weak attraction
due to opposite surface charges between the adsorbate and carbon.
Chemical bonding (chemisorption) can include strong bonds such as

covalent and ionic bonding.

Electrical Double Layer

An activated carbon particle in a liquid medium developes a electrical
double layer at the contact of the particle with the liquid or solvent. The
electrical double layer consists of three parts: 1) solid phase, 2) inner layer
and 3) outer or diffuse layer. The solid phase consists of the activated
carbon surface which may have a net electrical charge as a result of an
excess or deficiency of electrons. The net charge can be a result of
chemical reactions that occurred during activation, exposure to oxygen,
ionization of the surface functional groups, etc. The inner layer, also
known as the compact, rigid, Helmholtz, or Stern layer [29], is made up of
solvent molecules, nuetral molecules and ions which are adsorbed onto the
carbon surface. Ions which penetrate the inner layer to directly contact the
solid carbon are referred to as specifically adsorbed. The diffuse layer is
made up of molecules which are attached to the inner layer due to long
range coulombic forces. These are referred to as non-specifically adsorbed

molecules and are easily attached and detached from the inner layer
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because the attractive forces are weaker than the adsorptive forces on the
carbon surface. The adsorption of charged ions influences the structure and
composition of the electrical double layer which in turn affects the overall

charge of the activated carbon particle.
Adsorption of Electrolytes

The Frumkin Phenomena as described by Mattson et al [29] proposes
an electrical theory of adsorption that states that the activated carbon acts

as a gas-electrode when adsorbing an electrolyte. It purposes that the
oxygen functional groups, described as CxO and Cx02, are strong enough

to oxidize water molecules according to the equation:

C,O + Hp0 -—> Cx+2 + 20H-1 (1)

The carbon surface acquires a positive charge and then non-specifically
attracts anions onto the diffuse double layer. Dissolved gases in water,
usually polar in nature bond to the activated carbon by van der Walls
forces [122,123].
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2.2.2. Production of Activated Carbon

The overall manufacture of activated carbon from a initial raw
carbonaceous material includes two main steps, carbonization and
activation. Carbonization increases the carbon content of the raw material
by pyrolysis, heating in an inert atmosphere to drive off moisture and
volatile matter from the raw material. Activation then forms the actual
pores, fissures and cracks through selective treatment with activating gases
such as steam, carbon dioxide, aerial oxygen, hydrogen, and hydrogen
sulphide [26]. Activation can also be carried out chemically, using
dehydrating agents such as ZnCly and phosphoric acid. These are
generally used on material with a low initial carbon content. Since
activation is concerned with removing enough carbon to form pores, high
temperatures are required to achieve a high enough reaction rate.

Temperature for activation generally range from 800 to 1000°C.

In the manufacturing process, the properties of the activated carbon are
influenced by the activation procedure, time, and activation parameters.
However, the final properties are still dependent on the type of raw

material used and how it reacis with the activation procedure [111].
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2.2.2.1 Raw Material

The final properties of a individual activated carbon depends on the type
of raw material used. Raw materials with a high volatile content and with a
occurence of initial macropores are susceptible to easy activation [26].
Material with low volatiles and porosity, such as graphite are difficult or

sometimes impossible to activate.

The principal property for 2 raw material is a high carbon content
followed by a suitable molecular structure. The most important raw
materials used in commercial applications are wood, peat and coals. All
types of coals are used ranging from lignites, brown coals, sub-bituminous,
bituminous and anthracites [3-10,112]. Wood sources are usually waste
products such as sawdust. Activated carbons produced from coconut shells
are important in the recovery of gold in the milling industry [48,49], due to
their high adsorption capacity, large volume of micropores and resistance

to abrasion.

Activated carbons have been produced from fruit stones, biomass, fish,
lignin (paper mill waste), bone, blood, asphalt, scrap tires, petroleum
waste, PVC, kelp, sugar, molasses, plastics, petroleum, metal carbides,
coal and wood tars, pitch, carbon blacks, and petroleum coke [1,2,11-
25,119,120]. These materials only make up a small fraction of commercial

activated carbons and are used for specialty purposes.
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Coal is the most important raw material and comprises 60% of all
activated carbons used in commercial applications. Coals are widely
available, inexpensive and are easily activated due to their initial porous
structure. All types of coal have becn used for activated carbon but two

distinct groups exist for activation purposes, soft and hard coals.

Soft coals, such as peat, lignite, brown coals and some sub-bituminous
coals have the greatest volume of initial porosity including micro, meso
and macropores. This is due to their low degree of metamorphism [26].
The main disadvantages of soft coals are their low carbon content, low
tensile strength, and high ash and sulphur content. This is especially true in
brown coals. Unless desulphurized before activation, sulphur is released as
sulphur oxides during carbonization and activation. Ash can be removed by
washing with acids. Due to these properties, soft coals are used to produce

a cheap powdered activated carbon used only once and then discarded.

Hard coals have a higher mechanical strength but a lower initial
porosity. They are used mainly for granular activated carbons due to their
strength and abrasion resistence. The degree of metamorphism, and carbon
content affects their ease of activation. Highly metamorphosized coals such

as anthracite are more difficult to activate.
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The production of activated carbon from coal usually follows the

following procedure [42]:

1) grinding

2) pelletizing or briquetting (optional)
3) crushing briquettes (optional)

4) sizing

5) oxidation (if necessary)

6) carbonization

7) activation.

Oxidation is used to decrease the coking properties of some coals.
Oxidation is also used to alter the properties of coal prior to
carbonization/activation. Oxidized coals have a higher reaction rate and

produce different adsorption properties {113-115].

Activated carbons have low bulk densities due to their high porosities.
In some applications such as the storage of natural gas or methane for
vehicle fuei where storage space is limited, the use of denser carbons is
advantageous. Surfacants along with mechanical pressing can be used to
increase the density without affecting adsorptive capacity [117]. The
surfacants eliminates or minimizes the surface charge of the active carbon

making it easier to physically compact.
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2.2.2.2 Granulation

Granulation involves producing pellets or briquettes fros: a
carbonaceous raw material with a binding agent. The raw material is
pulverized, usually after carbonization and mixed with a binder to form a
paste. The paste is either extruded or compressed to form pelleis,

cylindrical granules, briquettes, etc. using various machinery [94].

The properties required for a binder are:

1) the ability to bind the carbon material so it has enough strength to

survive the carbonization and activation,

2) during carbonization and activation, it should pyrolyze to produce good

strength and abrasion resistence, and

3) during carbonization, it should promote the formation of intergranular
spaces which will lead to pores of the right size and shape during

activation.

Many materials have been used as binding agents but the best have been
materials such as coal tar, wood pitch and tar, heavy oil, asphalt, etc. [26].
These materials have high carbon contents and behave in a similar manner

to the raw material during carbonization and activation.
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The tensile strength of a pellet or briquette depends on the particle size
and weight percentage of binder [95]. A pellet's strength is controlled by
the largest hairline fracture produced during production. The hairline crack
derives from microfractures present in the particles. Binder added at a high
hydrostatic pressure forces itself into microfractures. The less
microfractures present, the less possibility for the formation of a larger
hairline fracture thus the strength of a pellet is increased. The optimal
percentage of binder varies in different cases but ranges from 4 to 12%
[96].

2.2.2.3 Carbonization

The initial porous structure of activated carbon is first developed during
carbonization. Activation then carries -.a developing the porosity along the
same direction. Carbonization, is also known as pyrolysis or dehydration
in the literature. Pyrolysis parameters which affect the properties of a
carbonaceous material are: 1) maximum temperature, 2) time of heating,

3) rate of temperature increase and 4) pyrolysis atmosphere. Maximum
temperature is the most important parameter and most carbonization occurs
at temperatures of 500 to 800°C. Too high a temperature not only
carbonizes the raw material but crystalizes the carbon into graphite which

is very difficult to activate.

The carbonization induces two stages to the raw material, a softening

stage followed by a hardening stage. Initially, the high temperatures



releases moisture and volatile matter from the interior of a particle
resulting in a branched system of pores. Thermal decomposition of organic
matter also produces gases which escape. The remaining material consists
of large macromolec» ;s mainly composcd - . - bon. High carbonization
temperatures tend to split the wealer bo..ds . * e macromolecules which

leads to sofiening.

After the release and decomposition of the organic matter, the
remaining carbon begins to change its structure, this is the hardening stage.
The remaining carbon begins to condense and polymerize, becoming more
orderly and turning into sheets of aromatic carbons. Shrinkage occurs
which starts to decrease the innate porosity. These sheets of aromatic
carbons tend to combine to form microcrystals similar to graphite. These
microcrystals bond to each other with aliphatic type bonds and tend to
orient themselves around the pores caused by the release of moisture and
volatiles. The microcrystals form a spatial polymer and the spaces
betweem the microcrystals form the primary porosity of the carbons. These
pores are usually filled with tar and amorphous carbon from the thermal

decomposition of the organic matter.

The length of pyrolysis affects the overall order of the carbon structure.
With time, carbonized material can undergo a second softening after the
hardening stage. The microcrystals tend to start packing and close up the
existing pores. This results in a decrease in the volume of the pores and a

more orderly carbon arrangement.
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The rate of temperature change is also important to the final properties
of a.*iated carbon. A raw material is usually carbonized by raising the
temperature at a certain rate and then soaking for a set period of time. A
high rate of temperature increase causes the volatiles to be evolved and
expelled quickly. This leads to the formation of larger pores than would
have occurred at a slower heating rate. The microcrystals also start to form
and orientate before all the volatiles are expelled leading to a less ordered

final structure.

Thermal decomposition during carbonization leads to the formation of
gases and vapours, especially carbon dioxide and water vapour. These can
react chemically with the carbon structure unless they are quickly removed

with a fast flow of inert gas such as nitrogen.

Pyrolysis generates an ordered structure of compact carbon with some
porosity. The structure at the millimeter scale resembles the structure of
the raw material. Char made from carbonized wood, for example, still
retains the wood structure of capillaries, cell walls, etc. At the micro level,
the structure is generally more ordered and orientated around pores formed

during carbonization.

The presence of these initial micropores influences the rate of activation
to follow. These pores facilitate the diffusion of activating gases into the
carbon particle, increasing the surface area for the activation to occur thus

increasing the overall activation rate. A more ordered structure with fewer
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pores decreases the reaction rates of activation.

Pyrolysis is normally carried out in stationary, rotary or fluidized bed
ovens. Nitrogen is normally used as the inert gas flow through the
carbonized material. Fluidized bed reactors are becoming more common

due to their energy efficiency and ease of temperature control.

Some raw material with a low carbon, high volatile and moisture
content, such as biomass or fresh wood can be carbonized by chemical
treatment. The raw material can be treated with large amounts of sulphuric
and phosphoric acids. The carbonized material is then washea to remove
the dehydrating agents before being sent for activation. Dehydrating agents

such as zinc chloride (ZnClp) and magnesium chloride (MgCl2) can be

added to the raw material prior to heating to increase carbonization.

2.2.2.4 Activation

Activation is the most important process in the manufacturing of
activated carbon, since this produces the porosity, high surface area and
surface functional groups. The basic step is to treat a carbonized material
with an activating gas such as steam, carbon dioxide, or oxygen at a high
enough temperature so that the oxdizing gases reacts with just enough

carbons to form pores. The oxidizing gases diffuse into existing pores,
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react with carbon on the pore wall to form carbon oxide gases which then
diffuse out. As carbon is removed the pore increases in width and length.

At the end of the activation, a porous structure remains.

The carbonized structure consists of a matrix of microcrystals held
together by aliphatic bonds. The spaces between the microcrystals make up
the initial pore structure. These pores may be filled with tars and
amorphous carbon deposits derived from the carbonization process. This
tar and amorphous carbon is the first to react with the oxidizing gases
because they are the most reactive types of carbons present. The next
carbons to react are the edge and corner carbons, which make up 14% of
all the carbons in the microcrystal. Oxidation proceeds along the pores
widening them as it proceeds. At the microscopic scale, activation is often
non-homogeneous and forms irregular pits and channels, usually occurring
in the presence of catalytic active inorganic matter. Activation is carried
out unti! the maximum surface area is achieved. The maximum surface
area usually occurs when 50% of the carbon structure has been burned off
[30]. Some types of raw materials require a burnoff of 40 to 60% before
maximum suiface area is achieved [26]. Beyond this point of activation,
further oxidation starts to burn through the walls of the pores decreasing
the total surface area. At high ievels of oxidation, so much carbon can be

removed from the carbon structure that it starts to collapse.
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'Carbon oxidation is a complex heterogeneous process encompassing the
transport of reagents to the surface of the particles, their diffusion into
pores, chemisorption on the pore surface, reaction with carbon,
desorption of the reaction products, and diffusion of these products to

the particle surface' [26].

Temperature is the most important variable in activation. At too low a
temperature, only the most reactive carbons are oxidized and the
microcrystals may not be oxidized at all. Even if the microcrystals are
oxidized, the rate of activation may be so slow that an inordinate amount of
time is needed for complete activation. At too high a temperature, all the
carbons react equally to the oxidizing agents, thus the first carbons to react
are on the exterior of the carbon particle because the oxidizing agents do
not have a chance to diffuse into the particle. The porosity is not developed

and the carbon particle is quickly consumed.

Chemical Reactions

‘L he rate of activation depends on the reactivity of the carbon with the
pxiaizing agent. The greater the reactivity, the lower the optimal
tevaperature for uniform and maximum pore formation. Oxygen has the
highest reactivty of the oxidizing gases followed by water vapour and then

carbon dioxide.
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Oxygen reacts with carbon in an exothermic reaction according to the

following equations:

C + 09 —>COy H = -387 kI mol-l of COy (1)
2C + 07 —->2CO H = -226 kJ mol-1 of CO. )

Both CO and CO9 are formed independently of each other and the
CQ/CO9 ratio is said to increase with temperature [26]. The use of oxygen
presents many difficulties because the exothermic reactions makes accurate
temperature control difficult 2nd oxygen is so reactive, excessive burnoff

can occur on the particle surface even under tight controls.

Water as super heated steam reacts with carbon endothermically. Steam
is the major activating agent used for commercial activation followed by

carbon dioxide. The basic carbon-water reaction is:

C + H)O ~—> Hy + CO H= +130kI mol-l of CO. (3)

Thi< reaction has been studied extensively because it is the basic
reaction in coal gasification to produce synthetic water gas [124,125,129-
144].
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The mechanism of the water-carbon interaction can be described by the

following equations [26]:

C + HiO <====> C(H0) @)
C(Hy0) > Hy + C(O) )
C) --—-> CO. (6)

The presence of hydrogen has an inhibiting influence by its adsorption with
carbon according to:

C + Hy <====> C(Hy). 7

A secondary reaction produces carbon dioxide due to the catalytic nature of

the carbon surface. The reaction is:

CO + HO <====2> COp + Hp 8)

Gasification studies of coals using steam [124] have determined that
methane is also produced on the carbon surface according to the thermally

neutral reaction:

2C + 2H70 -—--> CH4 + COg. (9)
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Methane can also be produced by secondary reactions composed of
gases already produced but not yet removed from the high temperature
environment. Such a reaction can occur between hydregen and carbon

monoxide as:

2CO0 + 2Hy --> CHg + CO3. (10)

The composition of the gases produced from coal gasified with steam is
a function of temperature. Figure VII below from Mattson et al [29]
illustrates how the gas composition changes with different gasification

temperatures.
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Figure VII. Composition of water-gas from coal gasification.
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The mechanism of how carbon dioxide reacts with carbon can be given

by two sets of reactions. The first set of reactions is:

C + COp —-> CO) + €D an
Cc@O) ----> CO (12}
CO + C -—--> C(CO). (13)

The second set of reactions are:

C + COy —> C(0) + CO (14)

CcO) ---> CO. (15)

The difference between the sets of equations is on the theorized but

unproven inhibiting effect of carbon monoxide.

Chemical Activation

Chemical activation is often used with low carbon, high volatile
materials such as peat and sawdust. The raw material is mixed with a
dehydrating agent and heated to temperatures as high as 650 C where the
oxygen and hydrogen in the raw material is selectively removed.

Carbonization and activation takes place simultaneously.
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The most commonly used dehydrating agents used in commercial
applications are phosphoric acid, zinc chioride and potassium sulphide.
Other agents that can be used for dehydration are sulphuric acid, metallic
sodium or potassium, calcium oxide, calcium hydroxide, aluminum

chloride, sulphur, nitric acid, chlorine, etc. [26].

The dehydrating agent is mixed in ratios of 0.4 to 5 parts of agent to 1
part of raw material. The ratio depends on the type of raw material and
activating agent [94]. The mixture is usually dried at low temperatures,
80 - 150 'C before being heated or calcined at higher temperatures. After
activation the dehydrating agent is recovered usually by washing. The
advantages of chemical activation are faster activation times, high carbon
yield and good adsorption properties. The major disadvantages are the
extra manufacturing expense for the dehydrating agent and its recovery,

and little control on influencing the final adsorptive properties.

Catalysts

The literature is extensive on the use of catalysts to increase the
gasification rates of coals and petroleum cokes to produce syn-gas
[124,125,129-144], and how they can increase the activation rate, pore
development and surface chemistry of activated carbons [65-72,74].
Catalysts can be added to carbons prior to the carbonization or activation

stage. The most common catalysts generally contain an alkali metal
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such as potassium, calcium, magnesium or sodium. The alkalis can be

added as metal, hydroxides, carbonates, etc.

The mechanism by which the alkali metal acts as a catalyst in carbon
gasification is still in dispute [145-147] but it is thought that the alkali metal
completely ionizes and then 'jumps' from one carbon to another acting as a
site specific catalyst. Moulijn er al [148] argues that the alkali metal is not
involved directly in the catalytic cycle but causes the catalytic activity with
an oxygen ti.asfer cycle. The type of catalyst affects the activation rates
because certaiz catalyst penetrate deeper into the carbon than other
catalysts [149].

Activation Equipment

Activation is carried out in multi-hearth furnances, rotary ovens and
fluidized bed furnaces.

Multi-hearth furnances are energy efficient but uniformity in the final
product is difficult {5 achieve because of non-uniform activation caused by
uneven contact between the particles and activating gas.

Rotary ovens provide a better contact between the activating gas and

carbon as well as a more uniform temperature distribution.
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Fluidized bed ovens are becoming more common for activating carbons
due to better temperature control, shorter activation times and a constant

concentration of activating gas always in contact with the carbon particle.

2.2.2.5 Regeneration

The regeneration of spent activated carbons includes removing the
adsorbate and restoring the adsorptive capacity. In metallurgical practice,
regeneration is associated with the recovery of a valuable material, such as
gold from a Carbon-In-Leach or Carbon-In-Pulp operation. The goal of
regeneration is to restore the adsorptive properties so that an activated

carbon can be reused many times over.

Regeneration entails dealing with two different types of adsorbates,
those physically adsorbed and those chemisorbed. Physical adsorption is
easily reversable because it involves weak attractive forces such as van der
Waals and hydrogen bonding. Chemisorption usuallyinvolves much
stronger bonds such as ionic and covalent bonds which are much harder to
break.

Adsorbate held by physical adsorption can be easily removed by
heating, lowering the air pressure or washing with a solvent [94]. In the
case of chemisorbed substances, a great deal of energy is needed to
overcome the chemical bonds. It becomes necessary to send the carbon

through the activation process again. The carbon is usually reactivated
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with steam at 700 to 900°C. The high temperatures are sufficient to remove
most adsorbates, but the carbon structure can be damaged by extra burnoff,

so tight regeneration controls are required.
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3. EXPERIMENTAL

3.1 Materials

The fluid petroleum coke originated from: Syncrude Canada Ltd. and
was produced from their oil sands plant near Fort McMurray, Alberta. The
sample was supplied from the Coal Research Branch of Energy, Mines and
Resources Canada in Devon, Alberta. The sample was shipped in
February, 1992 in a 5 gallon plastic pail and was stored in the same pail at

a constant room temperature of 22 C.

The sample contained a small percentage (< 1% by weight) of rusty
iron, probably scale from the fluid bed coker. To simulate actual

conditions, this iron was retained for all test samples.

The commercial activated carbon used for comparative purposes was
5-590-A Coconut Charcoal obtained from Fisher Scientific. This activated
carbon is specifically produced for aqueous adsorption for laboratory

purposes.

All chemicals and gases used in this study were of analytical grade.

Only deionized water was used in the experiments.
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3.2 Analysis

Coke samples were taken from the coke supply immediately tef-re
experimentation. Samples for size analysis, proximate analysis, uluimate
ana’ysis and carbonization were used directly as is. All other samp!.s for
the activation experiments were dried in batches of 100 - 200 g in a
vacuum oven for 24 hours at a temperature of 110°C prior to use. Unused
sample was kept under vacuum at room temperature until needed.
Potassium treated coke was prepared by boiling 4% by weight of
potassium hydroxide in relation to the weight of coke in a volume of
deionized water. Coke was then added to the solution and the mixture
gently heated to remove free water. The potassium coke was then dried
under vacuum at 110°C for 24 hours. The sample was kept under vacuum

at room temperature until needed.

Samples of 1 g were used in the pyrolysis experiments. The activation
experiments employed samples of either 10 g or 50 g of coke. Activated
cokes were stored in glass vials and plastic jars until needed for analysis.
Samples that had to be pulverized before experimentation or analysis were
crushed in a Brinkmann Centrifugal Grinding Mill to 95% passing 325

Tyler mesh (44 microns).
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3.2.1 Size Analysis

Coke and activated coke samples were dry sieved using the American
Tyler series of meshes ranging between 44 and 841 microns. The
procedure followed the ASTM designation, D2862 - 92, 'Standard Test
Method for Particle Size Distribution of Granular Activated Carbon'.

3.2.2 Proximate and Ultimate Analysis

Proximate analysis conformed to ASTM standards; moisture by ASTM
D3173, volatile matter by ASTM D3175 and ash content by ASTM
D3174. All testing was done inhouse.

The ultimate analyses were carried out by a commercial lab, C & G
Labs of Edmonton, Alberta, according to ASTM standard D3176. The
carbon, nitrogen, sulphur and hydrogen contents were determined directly

and the oxygen content was inferred by difference.
3.2.3 Density Analysis

The bulk densities and absolute densities were determined for various
coke samples. Bulk density is defined as the mass per unit volume of the

coke samples in air including pores and interparticle voids.



Bulk densities were carried out according to ASTM D2854 but for this

study were expressed as g cm-3 instead of tonnes m-3.

Absolute density also known as 'nitrogen density' is defined as the mass
per unit volume of the coke skeleton inaccessable to nit: gen gas, i.e. the
density of the solid portion of the raw or activated coke. Absolute density
does not take into account isolated internal pores which .y affect the
overall results. Absolute densities for raw coke were obtained using a
Quantachrome Null Pycometer and nitrogen gas. Activated cokes tended to
adsorb excess amounts of nitrogen making results uncertain. For activated
cokes, the absolute densities were determined by immersion of a known
sample of activated coke in varsol and calculating densities by displaced
volume. The varsol was assumed to have penetrated all the pores equal to

or greater in size than the smallest molecule in the varsol.
3.2.4 Scanning Electron Microscope Analysis

Samples of raw and activated cokes were prepared and viewed in an
ISI - 60 Scanning Electron Microscope (SEM) operated at an energy of 20
Kev. The raw coke, and untreated activated coke were viewed without any
surface treatment. The activated potassium coke samples were coated with

carbon to prevent any potassium from fluorescing in the SEM.

61



3.2.5 BET Surface Area Analysis

The specific surface area and pore size distributions were determined by
nitrogen gas adsorption at 77 Kelvin using the BET (Brunauer, Emmett,
and Teller) equation [93]. Analysis was conducted with a Quantachrome
automated adsorption apparatus, the Autosorb - 1, Model ASIT. Selected
samples were compared with an Omnisorp (TM) 360, Version 10,

automated adsorption apparatus also using nitrogen adsorption.

The surface areas were determined with a multi-point BET equation.
The surface areas and total pore volumes were determined from the
amount of vapour adsorbed at a relative pressure of 0.9994. The BET [93]
and Langmuir [92] surface areas as well as the adsorption and desorption

isotherms were generated from the data using the Autosorb's software.

3.2.6 Zeta Potential and pH Analysis

Relative Zeta Potentials were obtained using a Rank Brothers' Zeta
Potential Meter. Activated coke samples were prepared by grinding to
minus 38 microns and then adding 0.1 g of sample to 200 ml of deionized
water. The pH of the samples were adjusted by the addition of
hydrochloric acid (HCL) or sodium hydroxide (NaOH). The solutions were

left to equilibrate for 30 minutes before testing.
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The Zeta Potential (¢) was calculated by the Smoluchowski [154]

equation:

3002 4u Ve

DE

where:

¢ = zeta potential in volts
M = viscosity in poise
Ve = electrophoretic velocity in cm sec-1
D = dielectric constant of water, ( 80 g cm volt-2 at 20°C)

E = voltage gradient, volt cm-1.

The Zeta Potentials were then multiplied by 100 to obtain a Relative Zeta

Potential for each sample.

The pH of the raw and activated cokes were determined using the
ASTM D3838 - 80 standard titled, 'Standard Test Method of pH of
Activated Carbon'.
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3.2.7 Gas Chromotography

All gas samples were analyzed in a Hach, Carle, series 400 AGC,
gas chromotograph (GC). The GC was calibrated for nitrogen, carbon

monoxide, carbon dioxide, methane, and hydrogen sulphide.
3.2.8 Adsorption Analysis

The activated coke samples were tested for liquid-phase adsorption
using methyiene blue dye and indine as adsorbaivs. The procedure
followed was ASTM D3860 - 89a, 'Standard Practice for Determination of
Adsorptive Capacity of Activated Carbon by Aqueous Phase Isotherm
Technique'. All sampies were pulverized to 95% passing 325 Tyler mesh
(44 microns). Iodine and methylene blue dye were used for the adsorbates
because of their ability to describe surface area [150], surface structure

[151] and mineral content [152].
3.2.8.1 Methylene Blue Adsczyéon

A methylene blue solution w.s r "~ared by dissolving 800 mg L1 of
dye into deionized water. The adsorption test was conducted at 22 C. The
methylene blue concentrations in the . 'sted samples were determined by
spectrophotometry, using a Bausch and Loomb Spectronic 21
spectrophotometer. The wavelengths used for methylene blue

concentraiion determinatior. were 500 and 700 nm.



After the adsorption test, the procedure to determine the methylene blue
concentration was to filter the solutions and activated cokes through
Whatmann No. 4 paper filters to collect the solute. The solute was then
centrifuged at 2000 rpm for 30 minutes to remove any microscopic coke
particles which could affect the spectrcphotometer reading. The solute was
tested in the spectrophotometer at 500 nm using the 700 nm waveiength as
a check. The residual methylene blue concentration was then calculated

from a calibration chart.

3.2.8.2 Iodine Adsorption

Iodine solution was prepared by dissolving solid iodine in boiling water
at a low pH of 1 to 2. The pHl was achieved by adding sulphuric acid to
deionized water and monitored by pH meter. The iodine concentration used
was 100 mg L-1.

After the adscrption test with the activated cokes, the solutions were
filtered with No. 4 whatmann Paper to obtain the solute. The residual
iodine concentratic: was determined by titrating a known volume of solute
with a solution i known concentration of sodium thiosulphate (Nap5203).
A starch indicator was used to determine the endpoint of the titration.
Known concentrations of iodine were used to coufirm the test method and

sodium thiosulphate concentrations.
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3.3 Pyrolysis and Activation

The pyrolysis analysis of the fluid petroleum coke was carried out
separately from the activation iests, although the activation tests do include
a pyrolysis phase. The pyrolysis entailed subjecting the samples directly to
the experimental temperatures while the activation phase consisted of

heating the samples at a specific heating rate.
3.3.1 Pyrolysis

The behaviour of fluid petroleum coke undergoing pyrolysis was studied
by determining moisture and volatile loss of the coke versus temperature
and time. Approximately 1 g of raw or pulverized raw coke was heated at
a constant temperature for a specific length of time under a stream of
nitrogen gas. The weighed samples were placed in ceramic boats and
heated in a closed quartz tube which was itself placed in a horizontal tube
furnace. The nitrogen flow was kept at a rate of 50 cm3 min-1. Samples
were heated for a specific length of time and ther move tc 2 non-heated
section of the quartz tube, still under nitrogen, to cool. Sampies cool
enough not to react with the outside air were then placed in a dessicator

until cool enough to weigh.
The carbon recovery (R) was calculated by dividing the weight afte.
heating by the original weight, and expressed as a percentage. Conversely,

the moisture and volatile loss, designated as burnoff (B) is 100% - (R).
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3.3.2 Activation

Activation and pyrolysis of the various coke samples were carried out in
vertical stainless steel reactors. The activations were carried out in two
series of runs. In series A, samples of 10 g were activated under various
conditions. In series B, samples of 50 g were activated to obtain enough
material for testing. The 10 g samples were activated in a 9.5 mm internal
diameter (1.D.) reactor while the 50 g samples were activated in a 19.0 mm
I.D. reactor. The reactor was placed vertically in a tube furnace with an

accurate temperature controller.

The pyrolysis/activation procedure involved piacing a measured amount
of coke in the reactor and packing it with ceramic beads and heat resistant
ceramic fiber (Fiberfrax). A metal clad thermocouple was inserted in the
top of the reactor with its tip just above the coke sample. The reactor was
then sealed and a gas flow was introduced from the top of the reactcr and
the exhaust exited at the bottom. Figure 1 below illustrates the schematic of
the experimental setup. Nitrogen gas was used as a purge and steam was
introduced as water from a inlet at the top of the reactor. Water was
injected by syringe pump for accurate measurement. The exhaust gases
were passed through a condenser and water trap to recover any unused
steam. Exhaust gas samples were taken from the exhaust gas stream for

gas analysis.
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The testing procedure is as follows: a sample is sealed in a test reactor
and sealed. Nitrogen is used to purge the reactor at room temperature,
28 C for a minimun of 12 hours. The gas flow is set at a rate of 7 cm3
min-1 and 9 cm3 mim-1 for the 10 g and 50 g sample respectively. After
purging the system, the pyrolysis stage occurs. The nitrogen gas rate is
increased to 18 cm3 min-1 and the temperature in the furnace is increased
at a rate of 6.9°C min-1 and 5.5°C min-! for the 10 g and 50 g samples
respectively. The temperature is raised stear}i!v until the reactor
temperature reaches 850°C. The 10 g samp.- - =:..z2 850°C in a time of 2
hours, the 50 g sample takes 2.5 hours to reac. .3 C. When 8507 is
reached, the activation phase is carried out. Water is introduced by syringe
in specific amounts at specific times. The water was deoxygenated before
use. The water was deoxygenated by boiling for a few minutes, cooling to

room temperature and then was placed under vacuum for 24 hours.

Water was introduced at a rate of 5.0 g hr-! and 25g kil for the 10 g
and 50 g samples respectively. For the 5.0 g hr-1 rate, water was
introduced by syringe in 0.5 ml increments every 6 mins. The 25 g hr-1
rate of water was introduced in increments of 2.5 ml every 6 minutes. The

sample was activated for the testing time required.
At the conclusion of activation, the power to the furnace was turned off
and the reactor allowed to cool down overnight still under a flow of

nitrogen. The reactor was then taken apart and the coke sample removed
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and weighed. The sample was then stored in glass or plastic vials until

needed for testing.

The recovery (R) is defined as the weight of the activated carbon
divided by the original weight of sample multiplied by 100%. Conversely,
the burnoff (B) is defined as 100% - R.
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4. RESULTS AND DISCUSSION

4.1 Analysis
4.1.1 Pyrolysis of Fluid Petroleum Coke

Raw fluid petrolsum coke was pyrolyzed at temperatures of 200 T,
4007, 600, and 800 . In addition, sonie coke was also pulverized and
then pyrolyzed at 400°C. The carbor recoveries versus pyrolysis time for
raw coke are tabulated in Table 1 and graphed in Figure 2. The recoveries
of the raw and pulverized coke pyrolyzed at 400 C are tabulated in Table 2
and graphed in Figure 3.

Raw coke pyrolyzed in a nitrogen atmosphere exhibits mass loss at high
temperatures. The mass loss can be expiained by loss of moisture and
volatile components from the coke. The main conclusions reached from

this pyrolysis study are:

1) most of the mass loss occurs within the first 10 minutes

of pyrolysis,

2) higher temperatures lead to higher moisture and volatile

loss,
3) the maximum total moisture and volatile loss is
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TABLE 1
Pyrolysis Analysis of Raw Fluid
Petroleum Coke at 200t¢, 400,
600, and 800T (As Received).

Pyrolysis Recovery (wt %)
Time
(mins) 200t 400T 600C 800T
1 98.12 99.30 898.07 97.18
2 98.70 98,57 96.72 95.47
3 98.43 96.22 95.30
4 97.22 98.18 94.63 93.08
5 98.76 97.72 85.80 90.88
93.03
10 98.78 97.33 95.19 90.05
92.52
15 99.08 93.46 g1.81 90.35
92.49
30 99.23 92.79 91.23 90.23
91.77
45 93.71 90.52 89.43
60 99.11 94.55 90.45 89.68
75 94,91 91.38
1 91.05
90 93.85 90.20 89.64
892.53
95.08
105 9¢.00 90.65
120 93.09 90.53 89.4¢9
93.92
135 90.00
150 94.84 90.31 89.84
165 89.717
180 94,448 9,27 90.42
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TABLE 2
Pyrolysis Analysis of Raw Fluid
Petroleum Coke at 400T,

(As Received and Crushed).

Recovery (wt %)
Pyrolysis
Time
{mins) Uncrushed Crushed
(-200 mesh)
5 97.46, 97.41
10 96.93, 96.69
15 93.46 96.31, 96.60
30 92.79 96.57, 96.75
45 93.71 ' 96.65, 96.32
60 94 .55 96.74, 96.38
75 94 .91 96.68, 95.39
96.69
90 93.85, 92.53 97.01, 96.9%92
25.083

105 96.00
120 93.09, 93.92 96.87, 97.10
150 94,84 96.87, 96.98
180 94 .45 96.38, 93.31
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approximately 10%, and

4) the coke displays some nitrogen adsorption at 400°C
after achieving a certain level of volatile and moisture
loss. This nitrogen adsorption is observed as a gradual
increase in the level of recovery between 50 and 120

minutes of pyrolysis at 400C.

“"he pyrolysis indicates that the majority of mass loss or burnoff occurs
in tt = first few minutes of pyrolysis. The mass loss is initially rapid and
then i=vels off. The amount of mass loss corresponds to pyrolysis
temperature; the higher the temperature the greater the total mass loss.
This suggests that the moisture and volatiles are not tightly bonded to the
coke, hence the quick mass loss. I.oss of mass at higher temperatures
inidicate that some moisture and volatiles are more tightly bonded or
trapped in more inaccessable locations of the coke particle. At 200°C the
maximum burnoff is 2.8%. at 400°C the maximum burnoff varies from 5
to 7.5%, at 600C the maximum burnoff is 9.5% and at 800C the
maximum burnoff is 10%. From the graph, it appears that higher
temperatures over 800 C will not lead to significantly higher moisture and

volatile loss.
Raw coke and pulverized raw coke were both pyrolyzed at 400°C. The
crushed coke had a maximum weight loss of 3% while the uncrushed coke

had a weight foss of 5 to 7.5%. The discrepancy between the two
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indicates that the act of pulverizing the coke released moisture and voiatiles
prior to pyrolysis. Since the moisture content is 1.8 %, some of the weight
loss must be attributed to volatile loss. Some volatiles may not be tightly
bonded to the coke matrix and the energy of crushing may have freed them
from the matrix. Another explanation is that the volaiiles are trapped in

pore and cracks and are released when the coke particle is crushed.

Both coke samples pyrolyzed at 400°C also show a unexpected gain in
mass after a certain treatment time. The crushed coke sample increased in
weight by 0.5% after 60 minutes of treatment, while the uncrushed sample
showed a weight gain of approximately 2.5% after 30 minutes of pyrolysis.
The weight gain appears very variable. The only source of mass for weight
gain is from the nitrogen flowing over the sample. This phenomena may be
explained by the presence of internal porosity in the coke particles
consisting of micropores and/or microcracks. The weight gain can be
attributed to nitrogen diffusing into the coke particle through microcracks
and/or micropores recently vacated by the moisture (water molecules) and
volatiles. Volatiles may be loosely bond to the coke matrix and when
driven off, their absence may form micropores in the matrix. Another
explanation is that volatiles are physically trapped and not bonded in the
pores and cracks and heating drives them off freeing the pores for nitrogen
diffusion.

There is no weight gain at temperatures of 600°C to 800°C. Since
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volatiles are being released, no nitrogen is diffusing into the coke particle
because these high temperatures may be deforaiing the coke structure.
Fluid coke is produced at a temperature of 600 T [75] so it is reasonable to
expect deformation at higher temperatures. Deformation may close any
pores or cracks after the moisture and volatiles are removed. Another
possibility is that the coke particle is too hot or energetic for a nitrogen

molecule to adsorb onto the surface either chemically or physically.

This pyrolysis study suggest an important property of fluid petroleum
coke that may be useful in subsequent activation. Some porosity already
exists in > coke particles and after removing the moisture and volatiles;
this porosity can be used as a good starting point for activation to produce

larger pores.
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4.1.2 Activation of Fluid Petroleum Coke

The activation data was compiled from both the A and B-series of
activations which consisted of untreated and potassium treated (4% KOH)
cokes. The A-series consisted of six 10 g samples activated for times of 2,
4 and 6 hours. These samples were used for BET surface area evaluations.
Series-B consisted of 12 samples of 50 g activated for times of 0, 1, 2, 3,
4, 5, and 6 hours. These samples were used for all other analytical tests.
The mass recovery and burnoff were calculated for each activation. In
addition to the recoveries, the amount of water that reacted was also
calculated, and refered to as Water Efficiency. ¥. :ter efficiency is defined
as the mass of water which reacted with the coke sample over the mass of
total water used in the activation. Unreacted water was recovered in the
gas trap and measured as (Wi), and the total water used is (W2). Water
efficiency (Weff) is defined as (Wo-Wi)/W0)*100%.

Untreated Coke

The results of the activation of raw untreated coke are tabulated in Table
3 and the burnoff versus activation time is shown in Figure 4. The water
efficiency versus activation time plot and water efficiency versus burnoff
are plotted in Figures 5 and 6 respectively. Table 3 and Figure 4 also
include samples B-3 and B-5, which were included for comparison. Sample

B-3 consisted of only plus 177 micron coke particles; 177 microns
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Recovery,

TABLE 3

Fluid Petroleum Coke Activated at 850C.

Burnoff and Water Efficiency for

Sample/ Initial §Activation % % %
Activation Sample Time Recovery | Burnoff Water
Run Weight Lfficiency
(g) (h)
A-9 10.03 2 77.3 22 .7
A-12 10.09 4 46.2 53.8
A-17 10.00 6 40.0 60.0
B-1 50.00 6 31.5 €8.5
B-2 50.00 6 36.9 63.1 53.3
B-3* 50.00 6 43.8 56.2 33.3
B-4 50.00 6 32.5 67.5 40.0
B-5** 50.00 6 90.7 9.3
B-10 50,01 2 72.7 27.3 46.0
B-11 50.01 4 54.3 45.7 47.0
B-12 50.01 1 84.2 15.8 28.0
B-13 50.014 0 91.7 8.3
B-14 50.00 3 68.2 31.8 54.4
B-15 50.00 5 55.4 44.6 40.8
B-16 50.005 5 48.6 51.4 46.7
* Only + 177 micron coke particles activated
* * No steam activation
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corresponds to the d5( of the raw coke sample. Sample B-5 was soaked for

6 hours without any steam activation.

The steam activation of coke as illustrated in Figure 4, indicates that the
burnoff is constant over time. The rate of burnoff is 9.4% of the original

mass per hour.

The burnoff at 0 hours of activation is 8.3%, as a result of the prior
pyrolysis. With no steam activation, the burnoff is 9.3% after 6 hours of
soak time. With steam activation, the burnoff averages 65% after 6 hours.
As a comparison, the plus 177 micron sample had a burnoff of 56.2% after
6 hours. This shows that most of the burnoff occurs as a result of the coke

reacting with steam during activation.

Steam activation removes carbon and other elements from the coke
particle by chemical reaction at specific active surface sites. This activation
exposes more surface area by creating and enlarging pores. The lower
burnoff of the plus 177 micron sample can be explained by the fact that at
the start of activation, it had less total surface area than a sample with
minus 177 micron sizes. Thus less reaction sites lead to less reactions at
the start of activation. With a constant burnoff rate, thc 021 burnoff would

be slightly less.

The water efficiency versus activation time as shown by Figure 5,

indicates that the water efficiency starts low, rises quickly to a maximum
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and then declines slowly. There is a steady rise in the first 3 hours of
activation going from 0 to a maximum of 54.4% at three hours of
activation. The water efficiency then declines slowly to approximately 40%
at 6 hours of activation. This occurs with the rate of water introduced for

activation remaining constant.

At the start of activation, the coke particles have a low surface area,
therefore there are few surface sites for a carbon-water reaction to occur.
As the activation proceeds, more surface area is exposed, thus more active
sites for reactions to occur, and a higher reaction rate means a higher
water efficiency. After reaching a maximum, the water efficiency drops
due to less active cites occurring on the coke particles. At 6 hours of
activation, 65% of the coke particle has been removed. Even with a high
specific surface area, the loss of mass means that the total area starts to
decrease, thus less sites for reactions are generated. In Figure 6, which
shows water efficiency versus burnoff, a similar trend is noticable. The
water efficiency starts low, then rises quickly to a maximum at around

30% burnoff, then the efficiency starts to decline slowly.

The water for steam activation is introduced at a rate of 0.5 g H2O/g

Coke (initial wt). With a constant burnoff of 9.4%/h for the coke, and a
maximum water efficiency of 54.4%, it can be calculated that at the point

of maximum reaction (max Weff), 0.4 g of water reacts with every 1.0 g
of coke burned off.
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Potassivm Treated Coke

The results of the activation of potassium treated coke which includes
recovery, burnoff and water efficiency are tabulated in Table 4. The
burnoff versus activation time is illustrated in Figure 7, and the water
efficiencies versus activation time and burnoff ace graphed in Figures

8 and 9 respectively.

The burnoff rate for potassium coke is constant and as determined from
Figure 7, the rate of burnoff is 12.6% of the original mass per hour. At
0 hours of activation, the burnoff due to prior pyrolysis is 9.7% and after
6 hours, the burnoff is 85.1%.

The water efficiency versus activation time presented in Figure 8, shows
a similar trend as the untreated coke's water efficiency, but here the
maximum efficiency occurs after two hours of activation, rather than three
hours. The maximum water efficiency at two hours of activation is 54.0%,
nearly identical to the untreated coke. After the maximum efficiency is
reached, the efficiencies tend to remain level or slightly increase. There is
a noticeable drop at three hours but the overall trend is level or slightly
increasing. At 4 hours of activation thz water efficiency is 57.0%, up 3.0%
from after two hours of activation. The water efficiency versus burnoff as
shown in Figure 9 shows a similar result as the untreated coke; the

maximum water efficiency occurs at 30% burnoff.
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TABLE 4
Recovery, Burnoff and Water Efficiency of
Activated Potassium (4% KOH) Fluid Coke.
Sample/ Initial | Activation 9 % 3
Activation Sample Time Recovery Burnoff Water
Run Weight Efficiency
(g) (h)
A-11 10.42 2 54.7 45.3
A-14 10.46 4 40.0 60.0
A-18 10.41 6 14.9 85.1
B-6 52.00 4 42.6 57.4 56.0
B-7 52.01 4 46.3 53.7 58.0
B-8 52.01 4 44.0 56.0
E-9 52.05 2 66.8 33.2 54.0
B-17 52.01 3 50.9 49.1 46.7
B-18 52.01 0 90.3 9.7

87




Burnoff

100

80 7

60 7

407

0 - - ; - ; '
0 2 4 6
Activation Time (h)

Figure 7. The Burnoff of Potassium Treated (4% KOH)
Activated Coke as a Function of Activation

Time.

88



60
> a
O <
e 50 .
Q
o J
O 407 /
o ]
e | /
30 /
N /
Q
)
1t}
=
o\°

1 2 3

Activation Time (h)

Figure 8. The Water Efficiency of the Activation of
Potassium Treated (4% KOH) {":xe as a

Function of Activation Time.

89



Water Efficiency

%

60

. -
50 - /

- o]

y
40 7 Y
/
307 /
20 - /
10 7
0 T T T v T v T
0 10 20 30 40 50 60

o)

% Burnoff

Figure 9. The Water Efficiency of the Activation of
Potassium Treated (4% KOH) Coke as a

Function of Burnoff.

90



Untreated versus Potassium Coke

Figure 10 compares the burnoffs of untreated and potassium cokes. As
mentioned, untreated coke has a burnoff rate of 9.4% versus 12.6% for
potassium coke. At G hours of activation, untreated coke has a pyrolysis
burnoff of 8.3% and potassium coke has a burnoff of 9.7%. The maximum
water efficiencies are nearly equal for each type of coke, but potassium
coke reaches maximum water efficicacy, or the maximum rate of chemical

reaction one hour earlier.

The addition of potassium to coke does increase its burnoff rate by
3.2% compared to untreated coke. The potassium acts as a catalyst and
increases the rate of burnoff without increasing the maximum rate of the
water/coke chemical reactions. The addition of potassium seems to speed
up the chemical reactions so the maximum rate of reaction is achieved

carlier.
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4.1.3 Proximate and Ultimate Analysis

The proximate analysis of raw fluid coke and the ultimate analyses of
raw coke, activated coke and activated potassium coke are tabulated in
Table 5. All percentages are calculated as weight percent as received for
the raw coke and weight percent for the activated cokes. Oxygen content

was calculated by difference.

The activated cokes analyzed were those with the highest specific
surface area. Activated coke is represented by sample B-1, and activated
potassium coke by sample B-7. Sample B-1 has a specific surface of 318
m2 g-1 and a burnoff of 68.5%. Sample B-7 has a specific surface of 167.4
m2 g-1 and a burnoff of 53.7%. Sample B-7 was washed with 250 ml of
boiling water to remove the potassium salts, then vacuum dried for 24

hours at 110°C before being sent for ultimate analysis.
Raw Coke

The prox.mate and ultimate analysis of raw coke is similar to those
reported by other investigators of Syncrude coke [75-78]. A multi-element
and ash analysis content was not determined in this study but is reported in
other studies [75,76].

The moisture content determined by the proximate analysis is 1.8%,

while the ultimate analysis indicates a moisture content of 4.0%. Other
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TABLE 5
Proximate and Ultimate Analysis of Raw
Coke, Untreated Activated Coke (B-1),
and Potassium Treated (4% KOH) Activated

Coke (B-7).

Proximate Analysis (wt% as recieved)

Raw Coke
Moisture 1.8
Volatile 7.1
Matter
Fixed Carbon 88.1
Ash 3.0

Ultimate Analysis (wt$%)

Raw Coke |Sample B-1|}Sample B-7

Moisture 4.0 0.17 0.03
Carbon 77.4 79.20 79.55
Hydrogen 2.0 0.17 0.20
Nitrogen 1.7 0.94 1.14
Sulfur 6.5 4.80 4.50
Ash 5.8 12.90 15.00
Oxygen * 2.6 1.80 0.00

* By Difference
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studies [77] give a proximate moisture content of 3.7% . Otherwise the
ultimate and proximate analysis is similar to other studies except that the
ash content is slightly lower in the sample used for this study. Ash content
has been recorded as high as 8.0% by ultimate analysis [75,77,78] but this
study indicates an ash content of 5.8%. It is evident that fluid coke from

Syncrude can vary from study to study.

Activated Untreated Coke

The ultimate analysis data shows a sharp decrease in the moisture
content from 4.0% for the raw coke to 0.17% for sample B-1. The low
moisture content for the activated samples is a result of the high

pyrolysis/activaticin {cmperatures.

The ash content increases from 5.8% to 12.9% between the raw and
activated cokes. The activated coke had a burnoff of 68.5%, which
corresponds to a recovery of 31.5 %. If only the moisture, sulphur,
heteroatoms and carbon were burned off during activation, the ash content
of the activated sample with a 31.5% recovery would be expected to be
19.2%. This would indicate that some portion of the mineral content of

raw coke is not inert.

The carbon content increases slightly from 77.4% in the raw coke to

79.2% in the activated coke.
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The heteroatom content shows the most change between the raw and
activated coke samples. The hydrogen content decreases by a factor of ten
from 2.0% to 0.17%. Nitrogen displays a slight drop from 1.7% to 0.94%
and sulphur drops from 6.5% to 4.8%. Oxygen drops by a factor of 2 from
2.6% to 1.8%. The large decrease in hydrogen can be explained by the
increased aromatization of the carbon. As the carbon atoms form aromatic
rings and sheets, hydrogen and oxygen are expelled. The functional groups
containing nitrogen and sulphur also decompose leading to heteroatom

loss.

A visual examination of the activated coke particles revealed a shiny

black surface texture with no evidence of ash particles or ashing.

Activated Potassium Coke

The moisture content for the activated potassium coke is 0.03%. This
water content is a result of the washing of the sample to remove the
potassium salts and subsequent vacuum drying and is not a result of the

activation process.

The ash content is 15.0%, higher than the activated cokes 12.9% even
though the burncff is only 53.7%. This burnoff should correspond to an
ash content of 13.0%. The greater than expected ash content can be
explained by the presence of residual potassium salts which are not washed

out of the sample. The wash water was tested for dissolved solids
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by evaporation and it was found that only 50% of the KOH or other
potassium salts were recovered. It has been reported by Bruno ez al [153]
that potassium catalysts can react with mineral matter during the steam
gasification of coals to form water-insoluble compounds. Some potassium
probably combined with oxygen and other elements to form potassium
aluminosilicates (KAISiOg4) [153]. This extra ash skews the ultimate
analysis in favour of ash over oxygen, thus the oxygen content of 0.0%.
The carbon content is slightly higher at 79.55% than the 77.4% of the raw

coke.

Hydrogen again shows a ten fold decrease from 2.0% to 0.2%,
probably due to the aromatization of the carbon. Nitrogen decreases from
1.7% to 1.14%, a decrease of 32.9%. Sulphur decreases from 6.5% to
4.5%, a decrease of 30.1%

A visual examination of the coke particles reveals a dull, slighty grey

appearance, likely caused ',y a thin coating of ash.
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4.1.4 Size Analysis
Raw Coke

The particle size analysis of raw fluid coke is shown in Table 6, and

plotted on Figure 11. A plot of the cumulative undersize data versus sieve
size on a semi-log graph gives a d25 (25% wt passing size d) of 107

microns, a dsg of 177 wnicrons and a d75 of 265 microns.

Activated Untreated Coke

The coke analyzed was sample B-2, which was activated for 6 hours,
has a burnoff of 63.1%, and a specific surface area of around 300 m2 g1,

The particle size analysis is shown in Table 7, and plotted on Figure 11.
A semi-log plot gives a d25 of 120 microns, a d5g of 192 microns and a

d75 of 275 microns. The data indicates that the activated coke particles are
slightly larger in diameter than the raw coke particles. At d35, the size

increase is 12.1%, at ds, it's 8.5% and at d75, the increase is 3.8%, for

an average of 8.1% overall.
Activated Potassium Coke

Sample B-8, was analyzed for particle size distribution and tabulated

in Table 8 and graphed in Figure 11. Sample B-8 was activated for
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TABLE 6
Farticle Size Analysis of Raw Fluid

Petroleum Coke.

Sieve Size | Weight [% Weight|] Cumulative | Cumulative
Range 5 5
(microns) (q) Oversize Undersize

+ 841 4.7727 4.38 4.38 95.62
- 841 + 589 1.4332 1.32 5.70 94,30
- 589 + 425 3.7427 3.44 9.14 90.86
- 425 + 297 8.6810 7.97 17.11 82.89
-~ 297 + 250 14,9762 13.75 30.86 69.14
- 250 + 212 11.3436 10.42 41.28 58.72
- 212 + 177 9.1093 8.37 49.65 50.35
- 177 + 150 13.6711 12.55 62.20 37.80
- 150 + 106 18.9540 17.41 79.61 20.39
- 106 + 75 14.2934 13.13 92.74 7.26
- 75 + 53 6.4249 5.90 98.64 1.36
- 53 + 45 0.8756 0.80 99.44 0.56
- 45 + 38 0.1511 0.14 99.58 0.42
- 38 0.4693 0.43
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TABLE 7

Particle Size Analysis of Activated

Fluid Petroleum Coke

(Sample B-2).

Sieve Size | Weight |% Weight| Cumulative | Cumulative
Range % %

(microns) (g) Oversize Undersize
+ 841 0.6686 3.64 3.64 96.36

- 841 + 588 0.3064 1.67 5.31 94.69

-~ 589 + 425 0.6779 3.70C 9.01 90.99

~ 425 + 297 2.1869 11.92 20.93 79.07

- 297 + 250 1.9027 10.51 31.44 68.56

- 250 + 212 2.1524 11.73 43.17 56.83

= 212 + 177 2.3298 12.70 55.87 44.13

- 177 + 150 1.6813 9.16 65.03 34.97

-~ 150 + 106 3.0388 16.56 B1.59 18.41

- 106 + 75 2.2805 12.43 94.09 5.91

- 75 + 53 0.7166 3.91 97.93 2.07

- 53 + 45 0.2093 1.14 99.07 0.93

- 45 + 38 0.0557 0.30 99.37 0.63

- 38 0.1130 0.63 N

100




TABLE 8
Particle Size Analysis of Potassium

Treated (4% KOH) Fluid Coke (Sample B-8).

Sieve Size | Weight |% Weight] Cumulative | Cumulative
Range % %

(microns) (2) Oversize Undersize
+ 841 1.2690 5.63 5.63 94 .37

- 841 + 589 0.3517 1.56 7.19 92.81

- 589 + 425 0.8789 3.90 11.09 88.91

- 425 + 297 2.3837 10.57 21.66 78 .34

- 297 + 250 1.9533 8.66 30.32 69.68

- 250 + 212 2.3903 10.60 40,92 59.08

- 212 + 177 2.4894 11.04 51.96 48 .04

- 177 + 150 1.9967 8.85 60.81 39.19

-~ 150 + 106 3.8968 17.28 78.09 21.91

- 106 + 15 3.3475 14.84 82.93 7.07

-~ 15 + 53 1.1497 5.10 98.03 1.97

- 53 + 45 0.2884 1.28 99.31 0.69

- 45 + 38 0.0348 0.15 99.46 0.54

- 38 0.1270 0.56
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Figure 11. The Particle Size Analysis of Raw Coke,
Activated Coke (Sample B-2), and
Potassium Treated (4% KOH) Activated Coke
(Sample B-8).
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4 hours, and *ad a burnoff of 56.0% which corresponds to a specific
surface area of around 165 m2 g-1. A semi-log plot gives a dp5 of 111

microns, a d5g of 185 microns and a d75 of 275 microns. The size

increases at d25, ds0, and d75 are 3.7%, 4.5% and 3.8% respectively, for

an average diameter increase of 4% overall.
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4.1.5 Density Analysis
4.1.5.1 Bulk Density

The bulk density of raw fluid petroleum coke was determined to be
1.0415 g em-3. The bulk density decreases to 1.0283 g cm-3 after vacuum

drying at 110 C for 24 horrs. The decrease is due to the loss of moisture.

The bulk densities of activated untreated cokes are tabulated in Table 9.
Bulk densities versus activation times and burnoff are graphed in Figures

12 and 13, respectivsiy,

At O hours of aciva::  .ue bulk density of the coke is 1.1723
g cm-3. As a result of the pyrolysis, the bulk density increases from
1.0415 ¢ cm-3 for the raw coke to 1.1723 g cm-3 for the pyrolyzed coke.
Since the size analysis of the pyrolyzed coke indicated that the change in
the size particles is insignificant, the higher bulk density can be explained
by carbonizaton and the loss of volatiles. In contrast to the pyrolysis, as
activation progresses the bulk density decreases at a constant rate of 0.057

g cm-3 per hour as shown in Figure 12.

The particle size analysis of the activated coke samples indicates that the
overall size distribution does not change significantly for the coke
particles, therefore the decrease in bulk density can be explained by the

development of pores in the coke particles. Sample B-3, which
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ZABLE ¢

Bulk Densities of Raw Coke and

Activated Fluid Petroleum Coke

Sample\ Activationj§ % Burnoff Bulk
Activation Time Density
Run
(h) (g cm™3)
Raw 1.0415
Raw 1.0283
(dried)
A-9O 2 22.7 1.0604
A-12 4 53.8 0.9608
A-17 ) 60.0 0.8678
B-1 6 68.5 0.7884
B-2 6 63.1 0.8495
B-3~* 6 56.2 0.8095
B-4 6 67.5 0.8361
B-10 2 27.3 1.0786
B-11 4 45.7 0.9431
B-12 1 15.8 1.1256
B-13 0 8.3 1.1723
B-14 3 31.8 1.0048
B-15 5 44.6 0.9514
B-16 5 51.4 0.8939
Coconut 0.3700
Char

* Only +177 micron coke particles activated.
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Figure 12. The Bulk Densities of Untreated Activated

Coke as a Function of Activation Time.
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consists of the larger plus 177 micron coke particles lies off the general
trend of the other data points. At the same burnoff of 56.2%, sample A-3
has a bulk density of 0.8095 gcm-3. From the main trend, at a burnoff of
56.2% the bulk density should be around 0.9 g cm-3. This indicates that

the larger sized coke particles are more prone to porosity development.

Bulk densities for potassium treated coke versus activation times and
burnoff are tabulated in Table 10, and graphed in Figures 14 and 15

respectively.

Initial pyrolysis of potassium coke increased the bulk density to 1.1750
g cm-3, similar to the untreated coke. With activation, the bulk density
- «arts to decrease at a rate of 0.075 g cm™3. As with the untreated coke,
bulk density decrease is due to porosity development in the interior of the
coke particle while the exterior dimensions of the coke particle remain

relatively constant.

Both untreated and potassium activated coke bulk densities versus
activation times and burnoff are compared in Figures 16 and 17,
respectively. The rates of change of bulk density versus activation time
differ from the untreated and potassium cokes. The rates of change for
untreated coke is -0.057 g cm3 per hour and -0.075 g cm™3 per hour for
potassium coke. The rates of change for bulk density versus burnoff are

similar for both types of coke at -0.0058 g cm=3 per % of burnoff.
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TABLE 10
Bulk Densities of Activated
Potassium (4% KOH) Fluid Petroleum

Coke and Coconut Charcoal.

Sample/ Activation| % Burnoff Bulk
Activation Time Density
Run
(h) (g_cm~3)
Coconut 0.3700
Char
A-11 2 45.3 0.9993
A-14 4 60.0 0.9660
A-18 6 85.1 0.7278
B-6 4 57.4 0.8678
B-7 4 53.7 0.9330
B-8 4 56.0 0.9028
B-9 2 33.2 1.0228
B-17 3 49.1 0.9077
B-18 0 9.7 1.1750
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Figure 14. The Bulk Densities of Potassium Treated
(4% KOH) Activated Coke as a F inction of

Activation Time.
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Figure 15. The Bulk Densities of Potassium Treated
(4% KOH) Activated Coke as a Function of
Burnoff.
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Figure 16. Comparison of the Bulk Densities of
Untreated Activated Coke and Potassium
Treated (4% KOH) Activated Coke as a

Function of Activation Time.
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Figure 17. Comparison of the Bulk Densities of
Untreated Activated Coke and Potassium
Treated (4% KOH) Activated Coke as a

Function of Burnoff.
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The bulk density for coconiui wharenal s 3700 g cm-3, significantly

lower than any of the fluid coke samnies,
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4.1.5.2 Absolute Density

The absolute densities for raw and vacuum dried fluid petroleum coke
are given in Table 11. The density of raw coke averages 1.6475 g cm3,
while for vacuumed dried (24 h, 110C), the absolute density decreases to
an average of 1.5867 g cm-3, due to the loss of moisture. This result is
unexpected because water has a specific density of 1.0 g cm-3, much lower
than the specific densities of carbon, 2.26 g cm-3, or sulphur, 2.07
g cm-3. A loss of water should lead to 2 higher absolute density because of

the denser remaining elements.

The absolute density of Fisher Coconut Charcoal is 1.8309 g cm-3. The
absolute density seems quite high and may indicate that the charcoal was
significantly carbonized with increasing levels of crystallinity. Some of the
carbon may be in graphite crystal form. The bulk density is quite low at
0.3700 g cm3 as expected.

The absolute densities of untreated activated coke versus activation
times and burnoff are tabulated in Table 11, and graphed in Figures 18 and
19. Figure 18 shows that absolute density increases linearly in the first
three hours of activation due to the loss of volatiles, such as light
hydrocarbons and the densification of the carbon skeleton. Initial pyrolysis
raises the absolute density from 1.5867 g cm-3t01.7829 g cm-3. From 0
to 3 hours of activation the absolute density increases from 1.7829 geml

to an average of 1.8850 g cm-3. This rise in density is much lower

115



TABLE 11

Activated Untreated Coke

and Coconut Charcoal.

Absolute Densities of Raw Coke,

Sample/ Activation}] % Burnoff Absolute
Activation Time Density
Run
(h) (g_cm~1)
Raw 0.0 1.6602
Raw 0.0 1.6347
Raw (dried) 3.7 1.5877
Raw (dried) 3.7 1.5857
B-13 0 8.3 1.7850
B-13 0 8.3 1.7818
B-12 1 15.8 1.7848
B-12 1 15.8 1.8159
B-12 1 15.8 1.7904
B-10 2 27.3 1.8458
B-10 2 27.3 1.8483
B-14 3 31.8 1.9235
B-14 3 31.8 1.8465
B-11 4 45.7 1.7828
B-11 4 45.7 1.8465
B-16 5 51.4 1.8628
B-16 5 51.4 1.9034
B-2 6 63.1 2.0200
Coconut Char (6) * 1.8309

* Assumned Activation Time for Coconut
Charcoal for Comparison.
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Figure 18. The Absolute Density of Untreated

Activated Coke as a Function of

Activation Time.
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Figure 19. The Absolute Density of Untreated
Activated Coke as a Function of
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than in the pyrolysis phase because carbon is being burned off along with
some sulphur and heteroatoms. The ash content is thus concentrated and
the absolute density increases. Between 3 and 4 hours of activation, there
is a distinct drop in absolute density, after which it rises again at a much
faster rate as shown in Figure 18. Two regimes of specific density
increases can be identified, one from 0 to 3 hours and the other from 4 to 6
hours. The rate of specific density increase or densification in the second
regime is significantly faster than that in the first regime. This is an
indication that the carbon structure differs between the two regimes. The
sudden drop in absolute density between 3 and 4 hours of activation
suggests a change in the overall carbon structure possibly due to the
aromatic sheets of carbon rupturing and deforming into a less denser
configuration. The resultant carbon structure exhibits a higher rate of
densification. This phenomenon is also indicated in Figure 19 where a
sudden drop in absolute density cccurs between burnoffs of 30% and 40%,

followed by a higher absolute density increase with increased burnoff.
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4.1 6 BET Surface Area and Porosity Analysis

4.1.6.1 Surface Area

The multi-point BET analysis using the Autosorb - 1 indicated a specific
surface area ranging from 4.6 to 5.5 m2 g-1 for raw fluid coke. The
Omnisorp was used as a comparison and the specific surface area was
determined to be 9.7 m2 g'1 as shown in Table 12. Both appartuses
employed nitrogen adsorption at 77 K. The complete Autosorb computer

analyses for the raw coke samples are located in Appendix A.

Three samples of untreated activated coke were analyzed using multi-
point BET nitrogen adsorption. They are activations/samples A-9, A-12
and A-17, which corresponds to steam activation times of 2, 4 and 6 hours
respectively. The Autosorb - 1 and Omnisorp N7 BET areas are tabulated
in Table 12 and the nitrogen BET area versus activation time and burnoff
are shown in Figure 20 and 21. Sample A-12 was tested twice using the
Omnisorp as a check against the Autosorb apparatus. The Autosorb area of
172.3 m2 g-1 corresponds to Omnisorp areas of 190.1 and 201.9 mZ g-1,
The complete Autosorb computer analyses of these samples are located in

Appendix A.

Figure 20 illustrates that the specific surface area of untreated coke
increases with activation time. The N7 surface areas are 118.8,
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TABLE 12
Specific Surface Area of Raw Coke, Untreated
Activated Coke, Potassium Treated (4% KOH)

Activated Coke and Coconut Charcoal.

Sample/ Activation | % Burnoff } AUTOSORB N2 | OMNISORP N2
Activation Time BET Area BET Area
Run (h) (m2 g~1) (m2 g—1)
Raw Coke
(1) 4.6
(2) 5.5
(3) 9.7
Untreated
A-9 2 22.7 118.8
A-12 4 53.8 172.3 190.1
201.9
A-17 6 60.0 318.6
Potassium
A-11 2 45.3 87.5
A-14 4 60.0 167.4 196.5
A-18 6 85.4 176.3
Coconut Char 1237.0
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Figure 20. The BET Surface Areas of Untreated and
Potassium Treated (4% KOH) Cokes as a

Function of Activation Time.
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172.3 and 318.6 m2 g-1 at 2, 4 and 6 hours of activation. There is an
increase of 64 times of the specific surface area from raw coke to the coke
activated for 6 hovrs. The trend of the graph is generally linear and
indicates that greater surface area may be achieved beyond 6 hours of
activation. At 6 hours of activation, the burnoff is already 60% and any

more burnoff could cause the specific surface area to drop [29].

Figure 21 shows how the surface area of the untreated coke increases
with burnoff. The trend indicates that there is a large increase in surface
area, nearly a doubling of surface area, from 172.3 to 318.6
m2 g-1, between the burnoffs of 53.8% and 60.0%. These burnoffs
correspond to activation times of 4 and 6 hours respectively. This indicates
that while the burnoff between 4 and 6 hours is small, roughly 10%, the
surface area increases by a factor of two. The absolute density data,
Figures 18 and 19, shows that there is also overail change in the carbon
structure at 4 hours of activation and this level of burnoff. The dramatic
increase in surface area is possibly a combination of burnoff which forms
pores and a structural change in the carbon skeletc - which exposes more

surface area.

Three samples of potassium treated (4% KOH) coke were analyzed with
the multi-point nitrogen adsorption. They are activations/samples A-il,
A-14 and A-18 representing 2, 4, and 6 hours of activation respectively. In
addition, sample A-14 was analyzed by the Omnisorp for comparison. The

specific surface areas versus activation time and burnoff are tabulated in
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Table 12 and illustrated in Figures 20 and 21. All Autosorb computer

analyses are located in Appendix A.

In Figure 20 and 21, surface area increases until 4 hours of activation or
60% burnoff is reached, then the rate of increase in the surface area
decreases dramatically and nearly levels off with respect to activation time
or burnoff. The specific surface areas for samples A-11, A-14, and A-18
are 87.5, 167.4 and 176.3 m2 g-1 respectively. Sample A-14 was analyzed
by the Omnisorp and had a specific surface area of 196.5 m2 g-1. Beyond
4 hours of activation or 60% burnoff, the specific surface area increases by
only 9 m2 g-1 in 2 hours of activation and 25% burnoff, thus the maximum
surface area can be considered to have occurred at 4 hours of activation
and 60% burnoff.

The specific surface area for Fisher coconut charcoal determined by
multi-point BET analysis using nitrogen adsorption is 1237.0 m2 g-1. The

complete Autosorb computer analysis is located in Appendix A.
4.1.6.2 Surface Area and Porosity Distribution

The Aurosorb BET analyses were used to determine the distribution of
the specific pore volumes of the coke samples. The Autosorb program
arbitrarily chose an average pore radius of 12 angstroms for the coke
sampies. The micropore volume and surface area is defined as the total

pore volume and surface area that occurs in pores of less than
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12 angstroms. Conversely, mesopore volume and area is defined as the
total pore volume and surface area occurring in pores of greater than 12

angstroms. This method is arbitrary and only used here for comparison.

The two raw coke samples have specific surface areas of 4.6 and 5.5
m2 g-1. The micropore surface areas are 3.5 and 4.3 m2 g-1 while the
mesopore surface areas are 1.1 and 1.2 m2 g1 respectively. This
corresponds to 76.1% and 78.2% of the total area located in the
micropores while 23.9% and 21.8% of the total area is located in the
mesopores. The specific surface areas are tabulated in Table 13, while the
percentages are listed in Table 14. A graphical representation of the
percentages are illustrated in Figure 22. The two samples of raw cokes
have specific volumes of 0.004 cm3 g-1. The specific micropore volumes
are 0.0018 and 0.0023 cm3 g-1 respectively which corresponds to 45.0%
and 57.5% of the total pore volume, while the specific mesopore volumes
are 0.0022 and 0.0017 cm3 g-1 which correspond to 55.0 and 42.5% of
the total pore volume respectively. The specific volumes are tabulated in
Table 13, while the percentages of the pore volumes are tabulated in Table
14 and illustrated in Figure 23.

The specific surface area and specific pore volume distributions for the
three samples of activated untreated coke are listed in Table 13 while the
percentage distribution are listed in Table 14. The surface area

distributions are illustrated in Figure 22 while the pore volume
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TABLE 13
Surface Area and Porosity Characteristics of
Raw Coke, Untreated Activated Coke, Potassium
Treated (4% KOH) Activated Coke and Coconut

Charcoal.

Sample/ Specific Surface Area Specific Pore Volume

(m? g~1) (cm3 g~ 1)
Activation
Micro-| Meso- Total | Micro-| Meso- Total
Run
Pore Pore Pore Pore
Raw
(1) 3.5 1.1 4.6 10.0018] 0.0022 ] 0.004
(2) 4.3 1.2 5.5 1 0.002310.0017}] 0.004
Untreated
A-9 91.7 27.1 118.8 0.048 0.031 0.079
A~12 103.0 69.3 172.3 0.053 0.089 0.142

A-17 190.4 128.2 318.6 0.097 0.147 0.244

Potassium
A-11 61.7 25.8 87.5 0.032 0.037 0.069
A-14 123.9 43.6 167.4 0.064 0.066 0.130
A-18 108.5 67.8 176.3 0.055 0.109 0.164
Coconut 850.5 386.5 0.4164 ] 0.3514 | 0.7678

1237.0
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TABLE 14
Surface Area and Porosity Distribution
of Untreated and Potassium Treated

(4% KOH) Activated Fluid Petroleum Coke.

Sample/ Specific Surface Specific Pore
Area Volume
Activation
% Micro- % Meso- % Micro- % Meso-
Run Pore Pore Pore Pore
Raw Coke
(1) 76.1 23.9 45.0 55.0
(2) 78.2 21.8 57.5 42 .5
Untreated
A-9 77.2 22.8 60.8 39.2
A-12 59.8 40.2 37.3 62.7
A-17 59.8 40.2 39.7 60.3
Potassium
B-11 70.5 29.5 46.4 53.6
B-14 74.0 26.0 49,2 50.8
B-18 61.5 38.5 33.5 66.5
Coconut 68.8 31.2 54.2 45.8
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distribution are illustrated in Figure 23. The three samples, A-9, A-12 and
A-17 which correspond to activation times of 2, 4 and 6 hours of activation
have specific surface areas of 118.8, 172.3 and 318.6 m2 g-1 respectively.
The micropore specific surface areas are 91.7, 103.0 and 190.4 m2 g-1
and the mesopore specific surface areas are 27.1, 69.3 and 128.2 m2 g-1
respectively. This corresponds to a breakdown of 77.2, 59.8 and 59.8%
for the micropore areas and 22.8, 40.2 and 40.2% for the mesopore area

respectively.

The untreated activated cokes samples A-9, A-12 and A-17 have total
specific pore volumes of 0.0079, 0.142 and 0.244 cm3 g-1 respectively.
The micropore volumes are 0.048, 0.053 and 0.097 cm3 g-1 and the
mesopore volumes are 0.031, 0.089 and 0.147 cm3 g-1 respectively. This
corresponds to a breakdown of 60.8, 37.3 and 39.7% for the micropo- s

and 39.2, 62.7 and 60.3% for the mesopores respectively.

The specific surface area and specific pore volume distribution for the
three potassium treated (4% KOH) activated coke samples A-11, A-14 and
A-18 are listed in Tables 13 and 14, and are illustrated in Figures 22 and
23. The total specific surface areas are 87.5, 167.4 and 176.3
m2 g-1 respectively, the micropore surface areas are 61.7, 123.9 and
108.5 m2 g-1 respectively and the mesopore areas are 25.8, 43.6 and 67.8
m2 g-1 respectively. This corresponds to a breakdown of 70.7, 74.0 and
61.5% for the micropore volumes and 29.5, 26.0 and 38.5% for the

mesopores respectively.
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The total specific pore volumes for samples A-11, A-14 and A-18 are
0.069, 0.130 and 0.164 cm3 g-1 respectively. The micropore volumes are
0.031, 0.064 and 0.055 cm3 g-1 and the mesopore volumes are 0.037,
0.066 and 0.109 cm3 g-1 respectively for the three samples. This breaks
down into 46.4, 49.2 and 33.5% for the micropore volumes and 53.6, 50.8

and 66.5% for the mesopores respectively.

The total specific surface area for Fisher coconut charcoal is 1237.0
m2 g-1 with 850.5 m2 g-1 in the micropores while 386.5 m2 g-1 in the
mescpores. Percentage wise, 68.8% of the total surface exists in the
micropores while 31.2% of the total area lies in the mesopores. The total
specific pore volume is 0.7678 cm3 g-1 with 0.4164 cm3 g-1 consisting of
micropores and 0.3514 cm3 g-1 of mesopores. This breaks down into
54.2% of the total pore volume consisting of micropores and 45.8%
consists of mesopores. The specific area and pore distribution data are

found in Tables 13 and 14, and illustrated in Figures 22 and 23.
4.1.6.3 Adsorption Isotherms

The nitrogen adsorption and desorption isotherms for the two raw coke
samples are illustrated in Figures 24 and 25. The configurations of the
adsorption isotherms appear to resemble either a Type IV or Type V
isotherm [93]. Type IV and V isotherms correspond to multilayer
adsorption where a limited number of adsorption layers occur due to the

width of some pores [93].
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The adsorption and desorption isotherms for untreated activated coke,
samples A-9, A-12 and A-17, are illustrated in Figures 26, 27 and 28.
These samples correspond to 2, 4 and 6 hours of activation respectively.
The shapes of the adsorption curves indicate either a Type IV or V

isotherm idicating multilayer adsorption for all the samples.

The desorption curves of the isotherms display a hysteresis loop.
According to Gregg et al[91], the hysteresis loop is caused by the shape of
some pores. 'Ink bottle' pores have a smaller diameter entrance than the
interior of the pores. Nitrogen condenses normally but can only evaporate
when the pressure drops past a certain point because of the surface tension
of the meniscus. Pores with wide entrances and smaller interiors, also

known as V - shaped pores, fill and empty reversibly.

The adsorption and desorption isotherms for samples A-11, A-14 and A-
18, potassium treated activated coke, are illustrated in Figures 29, 30 and
31. These samples correspond to 2, 4 and 6 hours of activation
respectively. The adsorption isotherms either indicate Type IV or V

adsorption, limited multilayer adsorption for the potassium coke samples.

The adsorption and desorption isotherms for Fisher Coconut charcoal is
illustrated in Figure 32. The shape of the adsorption isotherm corresponds
to a Type IV, limited multilayer adsorption isotherm. Area-volume-pore
size summaries and isotherm data for each sample tested using the

Quantachrome Autosorb are located in Appendix A.
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4.1.7 pH and Zeta Potential

4.1.7.1 pH

The pH's of raw coke, untreated activated coke, potassium treated
activated coke and Fisher coconut charcoal were determined and
compared. The untreated activated coke sample tested was B-1, which was
activated for 6 hours, and corresponds to the maximum surface area
obtained. The potassium coke sample tested was B-8, which was activated
for 4 hours and nearly corresponds to the maximum surface area for
potassium coke. This sample was washed to recover any potassium salts

before testing. The pH's are tabulated as follows:

Sample pH

Raw Coke 7.71
B-1 (Untreated) 8.33
B-8 (4% KCH) 6.16
Coconut Charcoal 9.13

The raw coke, untreated coke and coconut charcoal can be classified &.
H carbons [29], carbons which 'adsorb’' acids. The surface of this type of
carbon contains basic functional groups which impart a positive surface
potential. The high activation temperature (850°C) 'fixed' oxygen and

hydrogen to the carbon surface in the form of basic functional groups [29].
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The potassium coke can be classified as a L carbon [29], which contains
acidic functional groups causing a negative surface potential and primarly
adsorbs basic ions. This sample was activated under the same activation
conditions as the untreated coke sample B-1. According to Mattson er al
[29], carbons activated below 600 T are expected to form H carbons. The
presence of the potassium hydroxide may have affected the formation of
surface functional groups but more likely the washing altered the surface
functional groups. Washing may have xltered the surface chemistry by
aiding oxygen adsorption which formed acidic functional groups. This
inturn increased the L carbon characterisitics (acidic, negative zeta

potential, hydrophilic) of the carbon.

4.1.7.2 Zeta Potential

The relative Zeta Potentials of untreated activated coke, potassium
treated activated coke and Fisher coconut charcoal were determined and
compared. The untreated coke consisted of the sample from activation B-4
(6 h activation) which corresponds to thc maximum surface area formed.
The potassium treated coke sample was from activation B-7 (4 h
activation), which nearly corresponds to the maximum surface area
formed. Sample B-7 was washed to remove any scluble potassium salts.
The Zeta Potentials are tabulated in Tables 15, 16, and 17 and illustrated in
Figures 33, 34, and 35.
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TABLF 15
Zeta Potential of Untreated Activated

Coke (Sample B-4) as & Function of pH.

Relative Zeta
pH Potential
1.47 -9.4
1.53 -18.5
2.04 3.4 |
2.50 2.7
2.52 1.6
2.99 1.2
3.00 0.8
3.26 0.9
3.59 0.9
3.92 -0.1
4,34 -1.1
4.86 -1.5
5.44 -2.3
6.50 -2.3
7.35 -2.0
8.12 -3.7
8.40 -27.0
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Figure 33. The Relative Zeta Potential of
Untreated Activated Coke (Sample B-4)

as a Function of pH.

146



TABLE 16

Zeta Potential of Potassium Activated

Coke

(Sample B-7) as a Function of pH.

Relative Zeta
pH Potential
1.68 -7.00
2.04 4.06
2.52 1.55
2.91 1.36
3.1 1.21
3.73 -0.50
4.09 0.63
4.31 0.75
4.94 -0.79
5.44 -1.09
5.93 -2.31
6.51 -2.14
7.50 -2.90
8.84 -3.59
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TABLE 17
Zeta Potential ¢o. Fisher Coconut

Charcoal as a Function of pH.

Relztive Zeta
pH Pot:atial
1.58 0.37
2.10 0.15
2.65 0.92
3.29 0.85
3.85 -1.05
4,23 ~-1.74
4.77 -3.42
5.21 -2.23
5.88 -3.80
6.24 -4.70
6.75 -3.42
7.40 -4.,01
8.80 -3.40
9.59 -3.55
10.13 -3.65
11.42 -3.15
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The relative zeta potential of untreated activated coke versus pH as
shown in Figure 33 indicates that the activated coke displays the Frumkin
Phenomena [29]. This theory states that the activated coke acts as a gas
(oxygen) electrode when adsorbing an electrolyte. The surface of the coke
is covered with oxygen complexes or functional groups, either as a result
of the activation procedure or atmospheric oxygen aging. Activated carbon
is theorized to be active enough to oxidize water molecules. If the surface

functional groups are designated as CxO or CxO7, activated carbon reacts

with water by the following reaction:

CxO + H0 > Cxt2 + 20H1 )

The surface of the coke developes a net positive charge and hydroxyl
ions (OH-1) diffuse into the bulk solution increasing the pH. The positively
charged coke then non-specifically adsorbs anions as well as hydroxyl ions

into the diffuse double layer surrounding the coke particle [29].

The zeta potential of the coke from a pH of 4.9 to 7.4 is relatively
constant at -2.0 due to the action of the electrical double laiyer. Although
the net charge on the particle is positive, as predicted by equation (1), the
coke particle adsorbs a specific amount of anions thus keeping the zeta-
potential relatively constant. At a pH of 8.4, the zeta potential increases
dramatically to -27.0. The high zeta potential can be explained by the
specific adsorbtion of the hydroxyl ions into and through the diffuse
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layer into the pores of the activated coke particle. The high internal surface
area of the coke particle enables enough anions to be adsorbed so that the
net electrica! charge of the coke particle is negative even though according

to equation (1), the surface charge is positive.

As the pH of the bulk solution is decreased, hydroxyl ions are removed
from the diffuse layer by hydrogen ions (H+1). As hydrogen ions are
added, the zeta potential decreases to 0.0, the iso-electric point. The iso-
ele ctric point for untreated activated coke occurs at a pH of 4.0. As the pH
is lowered further, the addition of hydrogen ions brings on the Frumkin
phenomenon [29], which describes how a particle obtains a positive zeta-
potential. Hydrogen ions start combining with the oxygen complexes on

the coke surface to form positively charged sites and produces hydrogen
peroxide (H2O7) as a by-product according to the equations:

CxO + 1nH+1 > cytl + 15 HyOp )

CxO2 + 2HF1 > Cx+2 + H0,. A3)
The zeta potential start increasing quickly to a maximum of 3.4 at about a
pH of 2.0. As the pH is decreased below 2.0, the charge on the coke

particle reverses quickly. When the pH decreases below 2.0 or a H+1

concentration of 10-2 N, the activated coke starts the specific
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adsorption of CI-1 ions. As these chlorine ions fill the pores, the negative

charge increases quickly.

The zeta potential versus pH for activated potassium treated coke is
illustrated in Figure 34. As the pH increases from 4.5 to 8.84, the zeta
potential increases in a roughly linear manner. Unlike the untreated coke,
there is no dramatic décrease in zeta potential at high pH. This indicates
that the hydroxyl ions are being non-specifically adsorbed onto the electric
double layer and not through the double layer into the pores. The zeta

potential is thus a function of hydroxyl concentration.

The iso-electric point for potassium treated activated coke occurs at a
pH of 4.5, compared to 4.0 for untreated coke. This would indicate that
there are less surface oxygen complexes. The coke particles achieved the
iso-electric point at a lower hydrogen ion concentration, and according to
equation (2) and (3), this would indicate that there are more surface
functional groups. At lower pH's past the iso-electric point, the zeta
potential increases positively in a similar manner as the untreated coke and
reaches a maximum positive zeta potential of about 4.0 at a pH of about
2.0. At a HCI concentration of 10-2 N, the zeta potential reverses and

decreases quickly.

The zeta potential versus pH for Fisher coconut charcoal differs from

the untreated and potassium treated activated cokes. The iso-electric
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point occurs at a pH of 3.6, indicating more surface functional groups are
present. At pH's greater than 3.6, the zeta potential reaches a minimun of
4.70 at a pH of 6.24 and then the zeta potential starts to increase slightly to
3.15 at a pH of 11.42. Below a pH of 3.6, the zeta potential increases to a
maximum of .92 before reversing at a HCL concentration of 10-3 N. The
coconut charcoal does not show any affinity for adsorbing CI-1 ions at a
low pH. The relatively high negative zeta potential at high pH's compared
to the very low positive zeta potential at low pH's suggests that the coconut
charcoal developes a very stable double electrical layer which does not

allow the transmission of hydroxy! ions. At low pH's its surface functional
groups are very efficient in neutralizing hydrochloric acid.
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4.1.8 Aqueous Adsorption

The adsorption capacities were determined for raw coke, untreated
activated coke, activated potassium coke and Fisher coconut charcoal, with
respect to methylene blue and iodine. All adsorption data is summarized in

Table 18.

The maximum adsorptive capacity of raw coke for methylene blue dye

is 8.2 mg g-1, and 28 mg g-1 for iodine.

The untreated activated coke used for the adsorptive tests with
methylene blue dye and iodine was sample B-4. Sample B-4 was activated
for 6 hours and has a burnoff of 67.5%, corresponding to a specific

surface area of over 300 m2 g-1.

The methylene blue adsorption ranges from 80 to 100 mg gl A
uncrushed sample was also tested to determine if the uncrushed sample has
the same adsorptive capacity as the crushed activated coke. The uncrushed
sample used was B-1, which was activated for 6 hours and has a burnoff of
68.5% . The adsorptive capacity for methylene blue was 75 mg g1 thus
suggesting only minor differences between the crushed and uncrushed

samples. The adsorptive capacity of the crushed coke for iodine was 200

mg g-1.
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TABLE 18

Summary of Aqueous FEdsorption

of Methylene Blue and Iodine.

Adsorption (mg g~ %

Untreated | Potacsium| Coconut
Raw Coke Coke Coke Charcoal
Methylene 8.2 80 - 100 55 420
Blue Dye
(75) *
Iodine 28.0 200 235 -~ 300 1100

* Uncrushed Sample
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The potassium treated activated coke sample used for both methylene

blue dye and iodine adsorption was sample B-7. Sample B-7 was activated

for 4 hours with a burnoff of 53.7%, corresponding to a specific surface

area of 167 m2 g-1. The adsorntive capacity for methylene blue dye is

55 mg g-! and ranges from 235 to 300 mg g1 for iodine adsorption.

The adsorptive capacity of Fisher coconut charcoal for methylene blue

dye is 420 mg g-1 and 1100 mg g-1 for iodine.

Coconut charcoal is one of the best activated carbons commercially

availiable for liquid adsorption [154]. The adsorptive capacities of raw

coke, untreated activated coke and potassium coke are compared below to

the adsorptive properties of Fisher Coconut charcoal.

Raw Coke Untreated Activated
Activated Potassium
Coke Coke
Methylene 2.0% 19.0-23.8% 13.1%
Blue Dye
Iodine 2.5% 18.2% 21.4-27.3%
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4.1.9 Gas Analysis

The exhaust gases from the steam activation of untreated coke were
analyzed for composition with respect to nitrogen (N?7), carbon dioxide

(CO3), carbon monoxide (CO), methane (CHy4) and hydrogen sulphide
(H2S). The gases were sampled direct. - at the exit port of the reactor just

before the water trap. The gas compos on of the exhaust stream was
determined on a dry gas volume basis. e gas composition of various

activation times is given in Table 19 and illustrated in Figure 36.

The percentage of CH4 increases slowly with activation time, with

1.6% at 0.5 hours and increasing to 3.2% at 4 to 5 hours of activation.

The H2S content varies slightly with increasing activation time. At 0.5

hours, the H2S content is 2.6%, then drops to 1.0% at 2.0 hours, then

rises slowly to 3.5% at S hours of activation.

Carbon monoxide content increases with activation time while COy

declines with activation time. The CO content goes from 23.1% at 0.5
hours, to 54.4% at 5.0 hours, while CO7 drops from 62.6% to 38.6% in

the same time period. The change in CO/CO2 ratio with time could be

related to the increase in surface area with activation time. As more

surface area is developed, more locations can open up on the coke where
CO synthesis can occur in perference to CO».
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TABLE 19

Gas Composition from the

Steam Activation of Untreated

Coke at 850TC.

Activation |Activation $ Gas Composition
Run Time
(h) COo2 Co CHg H2S N2
A-6 0.5 62.6 23.1 1.6 2.6 10.1
A-7 2.0 43.6 51.8 1.8 1.0 1.8
3.0 57.7 35.3 2.2 2.2 2.6
A-8 3.0 49.2 40.4 2.9 4.9 2.6
4.0 45.4 47.7 3.2 3.3 0.4
5.0 38.6 54.4 3.2 3.5 0.3
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These gases, CO, CHg and H2S can be used for fuel gas [77], thus the

increase of CO with respect to CO7 synthesis is beneficial. The percentage

of usable gas goes from 27.3% to 61.1%.

The nitrogen flow was kept constant in the activations runs at 3000
cm3 hr-1. Assuming no nitrogen reactions occurred at 850 T and the
nitrogen released from the coke matrix was negligible, the actual volumes
of the gases produced can be calculated. Converting the percentages to
actual volumes, at 0.5 hours, 120 cm3 min-1 (STP) of CO, CH4 and HS
were produced. At 5.0 hours, 1,70 cm3 min-! (STP) of the same gases
were produced, an increase of 11 times. This is closely related to the
surface area produced. From Figure 20, the specific surface area at 0.5
hours of activation is approximately 25 n:2 g-1 and at 5.0 hours it is
approximately 245 m2 g-1, an increase of 10 times. If a direct correlation
between specific surface area and volume of gas produced is assumed, theit
approximately 5 cm3 of fuel gas is produced per minute for every m2 of

exposed coke surface area.
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4.1.10 Scanning Electren Microscopy

The SEM micrographs were taken of raw, activated untreated and
activated potassium treated coke. The activated untreated ccke samples
consisted of samples B-13, A-9, A-12, and A-17, which correspond to
activation times of O (pyrolysis only), 2, 4, and 6 bours respectively.
Similarly, the activated potassium coke samples consisted of samples
A-11, A-14, and A-18, also with activation times of 2, 4, and 6 hours
respectively. Magnifications of 200, 1000, and 5000 times were used for
the micrographs. Typical coke particles where chosen for the micrographs
but some atypical coke particles were photographed to illustrate some
property not displayed by normal coke particles. Raw coke and sample
B-13 particles were crushed with a mortar and pestle to obtain views of the

interior structure.

4.1.10.1 Raw Fluid Coke

:tes 1 and 2 show a typical coke particle at a magnification of 200 and
1C00 times. The coke particle is roughly spherical with a mottled, bumpy
surface texture. No surface cracks were observed. At 200 times
magnification, the surface bumps appear to be rounded and smooth. At
1000 times magnification, the bumps appear irregularly shaped with some
sharp edges. Small vesicules and flakes about the size of 1 micron cover
the surface of the particle. At 1000 magnification, the surface appears

much rougher than at 200 magnification; scale-invariance [83],
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PLATE 1 SEM Micrograph of Raw Fluid
Petroleum Coke, (x200).

PLATE2  SEM Micrograph of Raw Fluid
Petroleum Coke, (x1000).
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as determined visually, does not seem to apply to raw fluid coke dispite
earlier studies [83,84].

Plates 3 and 4 shows the interior of a raw coke particle at
magnifications of 200 and 1000 times. The particle was split open in a
mortar using compressive force. In Plate 3, the concentric layers of the
coke structure are evident by fractures propagating along the interfaces.
The fracturing is most likely caused by the splitting open of the particle
and not present in a normal particles. The micrographs indicates that there
may be from 4 to 5 distinct layers of coke. The central core of the particle
was not split open but the other layers appear uniform in thickness and it
can be assumned that the layers in the core are the same width. Plate 4
shows more detail of the interior structure. The fracture surface indicates
an internal structure conposed of concentric layers with the interfaces
being difficult to pick out. Except for the cracking, no internal porosity

was evident and the carbon appears uniform in composition or structure.
4.1.10.2 Activated Coke
Zero Hours Activation

Plates 5 and 6 show interior views of a coke particie that has undergone

pyrolysis but no activation. The particle was fractured in a mortar in the

same manner as the raw coke. Plate 5 shows a particle in the center of the
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PLATE3  SEM Micrograph of a Cross Section
of Raw Fluid Petroleum Coke, (x200).

e
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PLATE4  SEM Micrograph of a Cross Section
of Raw Fluid Petroleum Coke, (x1000).
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PLATES  SEM Mic:..;,.aph of a Cross Section of
Untreated Cike Activated for 0 Hours,
Sampie B-13, (x200).
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PLATE6  SEM Micrograph of a Cross Section of

Untreated Coke Activated for ¢ Hours,
Sample B-13, (x1000).
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micrograph that has been split cleanly in half. The left hand corner of the
micrograph there appears an external view of an unsplit particle. The
external texture shows no difference between the raw coke and pyrolyzed
coke. The internal view shows a circular orientation to the carbon structure
similar to raw coke but individual layers or interfaces are impossible to

differentiate due to the lack of fractures along the interfaces.

Plate 6 shows more detail of the carbon structure. The carbon is
orientated in a circular pattern as shown by the orientation of the fracture
surface but indivdual layers or interfaces are still not evident. The
pyrolysis appears to have no effect on the overall structure of the coke
particle. The only difference noted is that of the flakes of carbon sticking
to the surface of the raw coke. The flakes of carbon attached to the raw
coke as shown in Plate 4 are larger than the flakes attached to the

pyrolyzed coke in Plate 6.

Two Hours Activation

Plates 7, 8, and 9 show the surface of a typical coke particle after 2
hours of activation. Surface cracking has appeared on a much smoother
looking surface. The overall surface area appears smoother than raw coke
at both 200 and 1000 magpnification. The surface bumps appear less

pronouced and more rounded with a glassy texture. At 1000 magnification,
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PLATZ 7

PLATE 8

SEM Micrograph of Untreated

Coke Activated for 2 Hours,
Sample A-9, (x200).

SEM Micrograph of Untreated
Coke Activated for 2 Hours,
Sample A-9, (x1000).
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PLATES9  SEM Micrograph of Untreated
Coke Activated for 2 Hours,
Sample A-9, (x5000).
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no vesicules or flaking are evident. The glassy surface could be caused by
surface burnoff and/or softening. Scale-invariance appears at all scales, the

degree of roughness appears to be equal at all magnifications.

The cracks range in length from 3 to 15 microns and are thin and
slightly curved. The maximum width appears to be about 1 micron. Plate ¢
shows a typical looking crack at a magnification of 5000. The edges are
jagged and fit together. The interior of the crack shows that both sides of
the crack are connected to each other by small slivers of coke that did not
fracture when the crack developed. This supports the view that this crack
was caused by tension rather than burnoff. The nature of the cracks seems
to indicate that the tension is caused either by shrinkage or expansion of

the coke particle.

Four Hours Activation

Plates 10 and 11 show the exterior of a coke particle after 4 hours of
activation. The coke particles are similar in appearance to the coke
particles after Z hours of activation except that the cracking is more
extensive in frequency, width and length. Plate 10, at a magnification of
200 microns, shows one crack that appears to circle the particle along with
numerous shorter cracks. Examining Plate 11, at a magnification of 1000,
shows that the majority of cracks range from 1 to 30 microns in length

with the majority being less than 10 microns long.
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"PLATE 10 SEM Micrograh of ntreated
Coke Activated for 4 Hours,
Sampie A-12, (x200).

PLATE 11 Micrograph of Untreated
Coke Activated for 4 Hours
Sample A-12, (x1000).
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The surface at 1000 magnification appears rougher than at two hours of
activation in part due to the numerous pits appearing on the surface.
Except for the cracks and pits, the surface appears as glassy as the 2 hour

activation, as shown in Plate 8.

The cracks still show signs that they were caused by tension, resulting
from the shrinkage or expansion of the particle. The rougher surface
indicates that the surface is not underguing any softening at 4 hours of
activation. Instead the carbon appears to be fully aromatized, hence the
solidifying of the surface with activation etching pits in the surface. The
larger bumps could be the result of uneven burnoff at the surface of the

coke particle.
Six Hours Activation

The highest specific surface area developed was 318 m2 g-1 with this
specific sample. Plates 12 and 13 show a typical particle at 200 and 1000
magnification. The particle's dominating characteristic is the massive
crisscrossing cracks. The cracks circle the particle and appear to run quite

deep below the surface.

At a magnification of 1000, as shown in Plate 13, the surface appears
much more bumpier than at 4 hours of activation. The bumps are more
pronouced and contrast with the shallow depressions. The surface texture

appears less glassy and the pitting noticed at 4 hours of activation is
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PLATE 12 SEM Micrograph of Untreated
Coke Activated for 6 Hours,
Sample A-17, (x200).

A .

PLATE 13 SEM Micrograph of Untreated
Coke Activated for 6 Hours,
Sample A-17, (x1000).
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absent. The scale-invariance appears to be equal at both s.ales.

The major cracks are at least 10 microns wide and extend deep into the
coke particle. The crack edges are sharp and fit together. No burnoff or
softening of the edges seems to have or~vrred. The overall appearence of
the the cracks indicate that they formed by tension cracking caused either
by shrinkage or expansion of the coke particle. The size analysis did
indicate that after six 6 hours of activation, the overall size of the coke

particles expanded by 3.8%.

4.1.10.3 Activated Potassium Coke

Two Hours Activation

Potassium coke that has undergone 2 hours of activation is similar in
appearence to untreated coke after 4 hours of activation. Plates 14 and 15
show a typical particle at 200 and 1000 magnification respectively. At 200
times magnification, a major crack appears to circle the particle but there
are not as many smaller cracks as in the 4 hour activated coke. As with the
other sample, the cracking seems to be a result of surface tension caused

by expansion.

The surface texture at 200 magnification, Plate 14, also resembles the

surface texture of 4 hour activated coke, shown in Plate 10. The bumps
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PLATE 14 SEM Micrograph of Potassium
Treated (4% KOH) Coke Activated
for 2 Hours, Sample A-11, (x200).

L2l kv Neemlsh w

PLATE 15§ SEM Micrograph of Potassium
Treated (4% KOH) Coke Activated
for 2 Hours, Sample A-11, (x1000).
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are similarly shaped and rounded. At the higher magnification of 1000, in
Plate 15, the surface appeais very smooth and glassy, simiiar to the
appearence of 2 hour activated untreated coke, Plate 8. At hoth scales, the

surface roughness does appear to be similar.

Plate 16 shows an atypical particle which has been split open before
activation. The particle may have been split open before activation but it is
more likely it was split apart by handling after activation. The internal
structure consists of concentric layers of coke 10 to 20 microns thick,
nestled together but separated tiwix each other. Large aligned cracks
appear to intersect the layers. T/ internal surfaces of the layers appear

very rough and covered with flakes of carbon.

The individual layers have separated from each other suggesting that
during activation either burnoff occurs along the interfaces or the layers
expand at different rates and the interfaces split apart. This suggests that
the interfaces are more reactive or not tightly bonded to each other. The
size of the hollow in the center of the particle suggests that there are 4 to §
separate layers in a particle of this size, approximately 200 microns in
diameter. In comparison to the exteriors of the other particles, Plates 14
and 15, the interior surface is much rougher with a sandy texture

containing numerous flakes of carbon.
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PLATE 16

SEM Micrograph of a Cross Section
of Potassium Treated (4% KOH)
Coke Activated for 2 Hours,
Sample A-11, (x250).
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Four Hours Activation

The four hour activated potassii:in coke is similar in some ways to the 6
hour activated untreated coke. Plates 17 and 18, show a typical particle at
200 and 1000 magnification. The particle is crisscrossed with major
cracking at least 10 microns wide The overall surface texture is
characterized by a very bumpy texture with shallow depressions, similar in

appearance to the six hour activated coke.

The 1000 magnification micrograph, Plate 18, shows a major crack and
numercus smaller cracks on tiie surface. The major crack is highly
fragmented with sharp edges, suggesting that the crack developed very
quickly and explosively. The surface appears smooth and glassy but

covered with small clumps of potassium salts, 0.5 to 6 microns in size.
Six Hours Activation

Plates 19 and 20 show a typical activated potassium coke particle after
6 hours »f activation. The burnoff at this point is 85.4%, thus 14.6% of the
original particle mass remains. At 200 magnification, Plate 19, the major
characteristic is the large branching cracks that seem to circle the particle.
The cra<ks appear to have formed by tension caused by expansion of the
coke particle. The surface area has a fev. very large bumps that seem to be
formed by uneven burnoff +{ the surface. Some bumps appear to be

forming into mushroom shaped bumps, as at the lower left hand edge of
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PLATE 18

L L
SEM Micrograph of Potassium

Treated (4% KOH) Coke Activated
4 Hours, Sample A-14, (x200).

SEM Micrograph of Potassium
Treated (4% KOH) Coke Activated
for 4 Hours, Sample A-14, (x1000).
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PLATE 19 SEM Micrograph of Potassium
Treated (4% KOH) Coke Activated

for 6 Hours, Sample A-18, (x200).
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PLATE 20 SEM Micrograph of Potassium
Treated (4% KOH) Coke Activated
for 6 Hours, Sample A-18, (x1000).
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the particle in Plate 19.

Plate 20 shows the detail around the major crack. The surface area
appears rougher and duller than the surface at 4 hours of activation.
Visible observation of the particles indicated that they were covered with
ash, having a dull grey color. The ash appears to adhere to the particles
and not fall off At 1000 magnification, Plate 20, the surface appears rough
at the very small scale of less than 1 micron. In the lower left hand corner
of the micrograph, there are deep pits most likely caused by differential

burnoff.

Also in Plate 20, it is possible to see some structure in the coke particle.
Looking into the crack, layering can be discerned on the sides of the crack
walls. The layering is extremely thin, 1 to 2 microns and paralle! to each
other. This layering is similar to the layering observed in the cross section

of the raw coke, Plates 3 and 4.

Plate 21 shows another atypical activated potassium coke particle that
has been split in half. The particle is composed of 4 concentric layers of
coke, roughly 10 microns thick. Comp-.c¢d to a previous micrograph of
another split particle, Plate 16, the surfacc appears smoother at the

submicron level and a lot clearer of flaky material.
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PLATE 21 SEM Micrograph of a Cross Section
of Potassium Treated (4% KOH)
Coke Activated for 6 Hours,
Sample A-18, (x445).
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4.2 General Discussion

4.2.1 Evolution of Pore Structure

The physical structure of any activated carbon depends on two main
factors: the nature of the raw material, and the method of activation. The
physical structure of fluid coke consists of concentric layers of carbon
forming an "onion-like structure” [75]. The method of coke formation, as
documented in the literature describes how bitumen is sprayed onto a
fluidized bed of hot coke to induce cracking [75] which in turn causes
successive layers of carbon to attached onto the coke particle. Some
authors such as Metrailer [81] claim fluid coke has 30 to 100 different
layers but the SEM micrographs of activated Syncrude coke indicated that

there were 3 to 5 distinct layers of carbon.

The particle size analysis indicated that there is very little particle size
difference between raw coke and activated cokes. In fact some slight size
increases in certain size ranges have been noted, such as sample B-2, Table
7 and Figure 11. Even with high burnoffs of 60 to 70%, the particle sizes
and distribution are relatively constant. With activation, the bulk density
steadily decreases as shown in Figures 12 and 14. With the coke particles
remaining the same size, all carbon losses can be assumed to come from
the interior of the particles. The layered structure of the activated coke

suggests that the interfaces between layers are the most reactive portions of
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the coke particles. This reactivity plays a major role in the formation of

porosity which leads to a novel mechanism of pore formation.

The SEM micrographs and size analyses revealed taat in the first two
hours of activation the coke particles did not change significantly in
appearence or size. The surface appeared a little smoother indicating some
carbon loss and/or softening but the most important feature was the
appearence of small cracks. The cracks are reminiscent of tension cracks
probably caused by thermal stresses and the loss of volatiles. In the first
two hours, 25% of the coke mass was removed by activation. The material
must have originated from the interior of the coke particle. These small
tension cracks intersected the underlying interfaces of the coke layers and

exposed these interfaces to burnoff.

Two likely scenarios are possible for the formation of porosity. The
first scenario is that tension in the coke particle caused by therma! stress
and loss of volatiles caused the layers to separate from each other along the
interfaces exposing surface area. The separating of layers caused the coke
particle to expand slightly which in turn caused the tension cracks on the
surface fo appear. Activating gas entered the surface cracks and reacted
with the interfaces widening the space between individual layers. A second
scenario is that thermal stress and loss of volatiies ~aused tension cracks to
intersect the underlying interfaces. Activating gas entered the cracks and

attacked the interfaces. Activation proceeded along the interfaces until the
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individual layers separated from each other. Subsequent activation in both

scenarios would have removed carbon from the exposed surfaces.

Plates 16 and 21 show the internal structure of potassium treated coke at
2 and 6 hours of activation respectively. Plates 5 and 6 show the internal
structure of coke that has been pyrolyzed just before activation was started.
The pyrolyzed coke shows no separation along its interfaces. The
separation of the individual layers occurs after 2 hours of activation, as
shown in Plate 16. The surface of the interfaces appears rough in texture
and the distance between the interfaces is realtively thin. The surface of the
interface surfaces appears smoother after 6 hours of activation, as shown in
Plate 21. The gap between each interface, as measured from the
micrograph appears to be of equal distance as the interface gaps of the two
hour activation but the surfaces are free of carbon flakes and appear
smoother. The rough surface at 2 hours of activation indicates that the
surface roughness was caused by the layers splitting apart from each other.
The debris on the surfaces are likely fragments of carbon broken off when
the layers separated or were etched out. The smooth surface after six hours
of activation is a result of the activation acting on the surface material

removing debris and smoothing out the roughness.
In potassium activated coke, the maximum surface area is reached after
4 hours of activation and then remains constant even with extensive

burnoff. The surface cracking steadily increases in size and extent with
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activation. The roughness of the interfaces after 2 hours of activation, as
shown in Plate 16, and the smoothness after 6 hours, as shown in Plate 21
indicates that the specific surface area is both a function of the gross
surface area exposed by the layer separation and the surface roughness. A
rough surface is expected to have more surface area than a smooth surface
[82,83]. Syncrude coke has 3 to 5 separate carbon layers and a quick
calculation indicates that if the surfaces of the interfaces were completely
smooth, then their exposure would only increase the total surface area by a
factor of 3 to 4. Since the surface area increased by a factor of 63, the
roughness of the surfaces and micropores must make up a large portion of

the surfs e zrea.

The mode of pore formation can therefore be summarized as follows:

1)  Initial pyrolysis and activation causes tension
in the coke particle which leads to small cracks

on the surface to appear,

2)  Tension may or may not cause the interfaces to

separate from each other,

3)  Activating gas enters the coke particle through
cracks and either attacks the exposed interfaces
or attacks the closed interfaces opening them up

by removing carbon.
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4)

3)

6)

7

8

After the layers are separated, activation acts

on the surfaces generally smoothing them out,

Maximum surface area for activated coke occurs at
6 hours of activation, where 60% of the coke

particle is removed from the interior,

Excessive burnoff smooths out the interior

surfaces decreasing the specific surface area,

The addition of potassium hydroxide causes
much faster burnoff; the surface areas are
exposed much faster but also burned off faster.
By the time the internal structure is developed
the surfaces are too smooth for maximum surface

area, and

The untreated activated coke burns off at a
slower rate, thus the cracks appear later than the
potassium coke. This slower evolution allows the
right amount of interface area to be exposed at
the right time for the proper amount of
activation to take place at the micropore level

which increases the overall surface area.
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4.2.2 Surface Chemistry

The pH analysis indicated that the untreated activated coke, as
demonstrated by sample B-1 is a H carbon. It has a greater abundance of
basic functional groups than acidic functional groups attached to its
surface. This is to be expected due to the high activation temperature of
850°C [29] which tendis to disassociate acidic funtional groups. The most
likely basic functionz! groups present are a) chromene or

b) pyrone-like structure as shown below in Figure VIII.

Figure VIII. Chromene (a) and pyrone-like (b) functional

groups, from Mattson ez al [29].

Subsequent oxidation caused by exposure to atmospheric oxygen would
tend to form acidic functional groups so that the overall surface chemistry

would become acidic over time.
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5. CONCLUSIONS

The production of activated carbon from synthetic petroleum coke was
demonstrated using a simple two-step pyrolysis/activation procedure.
Steam was used as an activating gas at a temperature of 850,
atmospheric pressure and a flow rate of 50% of the mass of coke per hour.
A specific surface area of 318 m2 g-1 was achieved after six hours of

activation.

The activation of untreated and potassium coke was compared.
Untreated coke increased specific surface area steadily with activation time
but the potassium coke achieved its maximum specific surface area after
4 hours of activation and then leveled off. It was discovered that while
potassium hydroxide increased the activation rate, this did not lead to an
increase in surface area development when compared to untreated coke. In
addition, the formation of insouble potassium compounds made it
impossible to recover approximately half of the potassium for recycling
and reuse. This would be a major disadvantage for a large scale

commercial venture.

The activated coke particles retained their shape and size after
activation. The activated coke particles were physically stable when
agitated in a test solution and separated easily from the test water after use.

They were physically and chemically stable in water.
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The bulk density of the activated coke decreased linearly with burnoff
while absolute density displayed non-linear behavior versus burnoff. The
decrease in bulk density was a function of carbon loss while the change in
absclute density was a function of carbon loss and structural changes in the

coke during activation.

Untreated activated coke made an adequate activated carbon for the
treatment of wastewater. The activated coke was able to adsorb large
organic molecules and small ions such as iodine from water. The surface
chemistry of the untreated activated coke consists of basic funtional groups

and thus is expected to perform well in an acidic environment.

The porosity was formed by a novel mechanism not previously reported
in the literature. Instead of porosity being caused by the selective etching
of the carbon, the activation induced stresses in the coke particle which
caused the individual layers of carbon to split apart in the interior of the
coke particle. Activating gases entered the particle via surface cracks and
reacted with the interfaces. At a burnoff of approximately 50%, the carbon
structure underwent a structural change. The final activated coke particle
consisted of a coke particle covered with surface cracking and composed of

independent concentric spheres of carbon in its interior.

The production of activated coke produced fuel-gas as a by-product.

The activation procedure is actually the same chemical process as the
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steam gasifiactions of carbon substances such as coal. The fuel-gas
produced contained carbon monoxide, hydrogen sulphide, methane and

possibly hydrogen.

Synthetic crude coke is a viable feedstock for the production of activated
carbon. With stricter environmental laws and regulations becoming the
norm, activated carbon has the potential to become an inexpensive and
satisfactory solution for water and air treatment. By utilizing petroleum
coke which is presently treated as a waste product, two problems can be

solved at once.
The study of activated carbon covers a diverse range of materials,

techniques and uses. This study concludes that activated carbon produced

from synthetic coke can also be added to this body of knowledge.
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6. APPENDIX A

Autosorb Data Summary for Raw Fluid Petroleum Coke, Sample C-1.

UNIVERSITY OF ALBERTA
Guantachrome putosorb Automated Gas Admorption System Report
ASORB2PC Vorsion 1.03

Sample ID.......civvennn c-1

Sample Description...... Raw Coke

CommentsS. ..o vocveceannan No Activation

Gas TyP€...eeceenrnnannn NITROGEN

Cross-Sec Area.. 16.2 A* Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.6849 g P/Po Toler... 4 File Name.. ROB1.RAW
Analysis Time... 113.0 min €quil Time... 2 Operator... RDP
Outgas Time..... 4.0 hrs Outgas Temp.. 300 °C Station #.. 1

End of Run......

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA

SIngle-Point BET ... ...ttt eeeeceeencnoenseancannss feeeenana 4 .750E400 m'/g

Multi~Point BET........ciiienaaann et eetseee et 4. .575E+00 m°/¢g

Langmuir SUTTACE AT 8. .....cccritraenncnaannaneacnsnannsnenns 1.004E+401 m'/g

MESO POTe Area. ... ... it ittt it ittt teeeaanaeaneeeacnneans 1.106E+00 m"/g

* t-Method Micro Pore Area.........iiiiiiieniiinnnenennnann 3.470E+400 m'/g

* MP-Method Micro Pore Area.......c.ccuceuan- ettt 2.019E+00 m'/g

DR-Method Micro Pore Area..... Cabteeesseesasaaancaann cevees. 7.368E+00 m'/g

Cumulative Adsorption Surface Area................... cecanan 1.388E-01 m*/g

Cumulative Desorption Surface Area..........cccuiviennananana 8.454E-02 m'/g
PORE VOLUME DATA

Total Pore Volume for pores with Radius

less than 15926.8 A at P/Po = 0.9994 . ...t innnnnnn. eeeen. 3.766E-03 cc/g

Cumulative Adsorption Pore Volume for pores

in the range of 300.0 to 32.5 A RaAIUS . . .. it iivnnnennnnn 3.040E~-04 cc/9

Cumulative Desorption Pore Volume for pores

in the range of 300.0 to 22.5 A Radius..... ..ot ervnnnn. 1.478E-04 <cc/g

* t-Method Micro Pore VolUme. .. ... .c.iierrinceennnnernanns 1.839E-03 cc/g

* MP-Method Micro Pore Volume................ et ettt 1.121€-03 cc/g
PORE SIZE OATA

Average Pore RBAIUS ... .. ittt iinetnenennnennsacesannennnnn 1.646E401 A

* Note: MP and t-Method values based on data points with t-Tags.
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Adsorption and Desorption Isotherm Data For Figure 24,
Raw Fluid Coke, Sample C-1.

UNIVERSITY OF ALBERTA
Quantachrome Autosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

Sample ID......cvoenve-n. c-1
Sample Description...... Raw Coke
COMMEeNtS .. .coceeecceonnnn No Activation
Gas TYPE ...ttt eacennn NITROGEN
Cross~-Sec Area.. 16.2 At Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.6849 g P/Po Toler... 4 File Name.. ROB1 .RAW
Analysis Time... 113.0 min Equil Time... 2 Operator ... RDP
Outgas Time..... 4.0 hrs Outgas Temp.. 300 °C Station #.. 1
End of Run......
ISOTHERM
P/PoO Volume
cc/g STP

0.1070 1.389

0.2129 1.511

0.3137 1.590

0.4141 1.643

0.5144 1.683

0.6134 1.739

0.7149 1.771

0.8136 1.841

0.9134 1.907

0.9994 2.434

0 .8844 1.952

0.7840 1.913

0.6842 1.894

0.5838 1.889

0.4840 1.873

0.3844 1.789

0.2847 1.748

0.1847 1.678

0.0849 1.572
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Autosorb Data Summary for Raw Fluid Petroleum Coke, Sample C-2.

UNIVERSITY OF ALBERTA
Guantachrome Autosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

Sample ID............... c-2

Sample Description...... Raw Coke

CommentsS. ...ccueennacena No Activation

Gas Type...cueeeennann ... NITROGEN

Cross~Sec Area.. 16.2 At Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.8171 ¢ P/Po TYoler... 4 File Name.. ROB2.RAW
Analysis Time... 124.2 min €quil Time... 2 Operator... RDP
Outgas Time..... 4.0 hrs Outgas Temp.. 300 °C Station #.. 1

End of Run......

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA

Single-Point BET ...t ettt terimi et e st eraannans 5 .688E+00
MULEI—POINt BET ...ttt ittt ittt sttt ettt e saeaeanaans 5.501E+00
Langmuit SUTTACE AT@a. ... ..t ittt iee ettt e 1.095€E+01
MESO POre Area........i. ittt eineieecensasenracacenesseenanens 1.170E+00
* t-Method Micro Pore ATea..... ...t itnirnnnnnnnnecnnaens 4 .331E+00
* MP-Method MiICYo POTe ATrea......ccciciinnrennnnnnnnnnnnnnns 2 .84BE+00
DR-Method MicCYO POre ATEB.....c.icuuicennnnnnnrerennecanncnns 8.770E+00
Cumulative Adsorption Surface Area..........ciivtvennnnann. 1.219E-01
Cumulative Desorption Surface Area..........oceevevecuneannn 1.715€E-01

PORE VOLUNME DATA

Total Pore Volume for pores with Radius

less than 15926.8 A at P/PO = 0.9994 . . ..ot iinne e eeennennnn 4 _015E-03
Cumulative Adsorption Pore Volume for pores

in the range of 300.0 to 32.5 A RadiuS......oivierennennnnn 2 .740E-04
Cumuiative Desorption Pore Volume for pores

in the range of 300.0 to 22.5 A Radius....ovviiiinnenennnn 1.583E-04
*x t-Method Micro Pore Volume ... . ... iv it ireseeennnns 2.279€E-03
* MP-Method MiCro POTEe VoluUme . .. i vttt ieetinenerneenoanennns 1.609E-03

Average Pore RadIUS. ... ... ..ttt iiineneernnennnneecsnennena 1.460E+01

* Note: MP and t-Method values based on dsta points with t-Tags.
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Adsorption and Desorption Data for Figure 25,
Raw Fluid Petroleum Coke, Sample C-2.

UNIVERSITY OF ALBERTA
Quantachrcae Autosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

Sample ID.......ccccvunn.n c-2
Sample Description...... Raw Coke
CoOmMmMeNtS....ccceeeccnasn No Activation
Gas TyPe....ccveeesnscnn NITROGEN
Cross~Sec Area.. 16.2 At Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
sample UWeight... 0.8171 g P/Po Toler... 4 File Name.. ROB2.RAW
Analysis Time... 124.2 min Equil Time... 2 Operator... RDP
Outgas Time..... 4.0 hrs Outgas Temp.. 300 °C Station #.. 1
End of Run......
ISOTHERM
P/Po Volume
cc/g STP

0.0977 1.661

0.2100 1.822

0.3129 1.902

0.4132 1.962

0.5139 2.00%

0.6140 2.050

0.7144 2.081

0.8140 2.129

0.9133 2.208

0.9994 2.595

0.8839 2.313

0.7840 2.280

0.6841 2.258

0.5843 2.245

0.48855 2.202

0.3846 2.099

0.2849 2.060

0.1847 2.010

0.0854 1.914
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A.tosorb Data Sumiri.ary i Uatreated Coke Activated for 2 Hours,

32 nple A9,

LAMIVERLYTY OF ALBERTA

Quantachrome fsus~ orh Auuem ted Gas Adsorption System Report

Sample ID......cocuuen
Sample RNescription....
commentsS. . c.veeeoenans
Gas TYPE€..vneeconceonn
Cross-Sec Area.. 16.2
Sample Weight... 1.083
Analysis Tiwne... 291.6
Outgas Tim&..... 4.0
End of Run. . ....
Muiti-Point BET.......
Langmuir Surface Area.

Meso Pore Area
* t-Method Micro Pore
* MP-Method Micro Pore
DR-Method Micro Pore A
Cumulative Adsorption

Cumulative Desorption

Total Pore Volume for
less than 1418.6 A at

Cumulative Adsorption
in the range of 300.0

Cumulative Desorption
in the range of 300.0

* t-Method Micro Pore

* MP-Method Micro Pore

Average Pore Radius

A% 0PN Yersion 1.03

.. Y
.. Unt~veated Coks
.. 2 Hours Activa:ion
.. MITROGEN

A* Corr Faztisr.. 6.580E-05 Molec Wgt.. 28.0134
8 g P/Po Tolar., . 4 File Name.. ROB3.RAW

min Equil Time... 2 Operator... RDP

hrs Outwas Temp.. 300 °C Station #.. 1

AREA-VOLUME-PORE SIZE SUMMARY
SURFACE AREA DATA
...................................... 1.188E+4+02 m'/g
ot it e esesiecaeteese bttt e 2.254E4+02 m'/9
...................................... 2.707E+01 m’'/g
ATCA . v vt e evrneenncanns e aceaaean $.173E+01 m'/g
AY B8 .. oo eernncrenenoansenancenananss 5.077E+01 m'/g
=Y Y 1.829E+02 m"/9
SUrface AT@8....ccceeencrcncennnnsanae 3.873E+00 m'/g
Surface Area. . .......cciececnnarnanacnns 2.565E+00 m'/g
PORE VOLUME DATA
pores with Radius
P/PO = 0.9932. .. cccticnrncncnncecnsonns 7 .906E-02 cc/g
Pore Volume for pores
to 32.5 ARaAiIUS ... .ttt it nns 7 .189E-03 cc/g
Pore Volume for pores
to 25.0 ARadius..... ...ttt cennns 2.569E-03 cc/g
Volume . .. oot ittt ettt nnsnnenannsas 4 .809E-02 cc/9
Volume. .. ..t ir it enecnecannnancnenns 2.685E-02 cc/g
PORE SIZE DATA

....................................... 1.331E+01 4

% Note: MP and t-Method values based on data points with t-Tags.
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Adsorption and Desorption Isotherm Data for Figure 26,

Untreated Coke Activated for 2 Hours, Sample A-9.

sample ID.....cccuacenne
sample Description......
cCommentS...cocerucnsansa
Gas TYP€...ccreeenancens
Cross-Sec Area.. 16.2
Ssample Weight... 1.06838
Analysis Time... 291.6
Outgas Time..... 4.0
End of Run......

A-9

Untreated Coke
2 Hours Activation

NIT
A’
o
min
hrs

UNIVERSITY OF ALBERTA
Quantschrome aAutosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

ROGEN

Corr Factor.. 6.580E-05 Molec UWgt.. 28.0134
P/Po Toler... 4
Equil Time... 2
Outgas Temp.. 300 °C

0.0964

ISOTHERM

212

Volume
cc/g STP

36.0%94
37 .823
38.855
39.791
40,591
41 .820
42.956
44 .051
45,163
46,378
48.014
51.083
§0.293
49 .923
49 .583
49.198
48 .635
42.739
41 .3585
39.855
37.727

File Name..
Operator...
Station #..

ROB3 .RAW
ROP
1



Autosorb Data Summary for Untreated Coke Activated for 4 Hours,

Sample A-12.

UNIVERSITY OF ALBERTA

Quantachrome Autosorb Automated Gas Adsorption System Report

Sample ID.............
Sample Description....
Comments...... “eeseean
Gas TypP€..c.veeeuo.. e

Cross-Sec Area.. 16.2

Sample Weight... 0.9298 g

Analysis Time... 260.0
Outgas Time..... 4.0
End of Run......

Cumulative Desorption

Total Pore Volume for
less than 1063.5 A at

Cumulative Adsorption
in the range of 300.0

Cumulative Desorption

ASCRB2PC Version 1.03

.. A-12
.. Untreated Coke
.. 4 Hours Activation
.. NITROGEN

AI
P/Po Toler... 4
Equil Time... 2
Outgas Temp.. 300 °C

min
hrs

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA

PORE VOLUME DATA

pores uwith Radius
P/PO = 0.9909 ... . i iinietnnerennnnnnan

Pore Volume for pores
to 32.5 ARadiuS. ... ittt it

Pore Volume for pores

in the range of 300.0 to0 25.0 A RadiUS.....c.vnveveennnn ceee
* t-Method Micro Pore Volume......c.iiiiiieeneneennnnnnnn,
* MP-Method Micro Pore Volume. . ...t nnnnneeennnnannn Ve

Average Pore Radius...

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

1.723E+02
4 .134E+02
6.930E+01
1 .030E+02
7 .942E+01
2 .650E+02
1.319E+01

1.491E+01

1.417€-01

2.750E-02

1.685E~-02
S5 .291E-02

4 ,388E-02

1.645E+01

*x Note: MP and t-Method values baéed on data points with t-Tags.
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Cory Factor.. 6.580E-05 Molec Wgt.. 28.0134
File Name.. ROB?7 .RAW
Operator... RDP
Station #.. 1

cc/g

cc/g
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Adsorption and Desorption Isotherm Data for Figure 27,
Untreated Coke Activated for 4 Hours, Sample A-12.

UNIVERSITY OF ALBERTA
Quantachrome Autosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

Sample ID............... A-12
Sample Description...... Untreated Coke
Comments......ccuvveeunns 4 Hours Activation
Gas Type....cicvveeanens NITROGEN
Cross-Sec Area.. 16.2 A? Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
sample Weight... 0.9298 g P/Po Toler... 4 File Name.. ROB7.RAW
Analysis Time... 260.0 min Equil Time... 2 Cperator... ROP
Outgas Time..... 4.0 hrs Outgas Temp.. 300 °C station #.. 1
End of Run......
ISOTHERM
P/Po Volume
cc/g STP
0.0962 48.403
0.1472 51.398
0.2009 53.907
0.2526 56.043
0.3043 57 .941
0.3969% 61.036
0.4962 64 .089
0.6011 67 .503
0.7001 71.023
0.7989 75.443
0.8964 81.239
0.9909 91.611
0.8972 88.277
0.8001 86.017
0.7011 83.738
0.5952 81.010
0.4984 7.952
0.4003 6z 033
0.2955 = .389
0.1952 54 569
0.0942 49 .401
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Autosorb Data Summary for Untreated Coke Activated for 6 Hours,
Sample A-17.

UNIVERSITY OF ALBERTA
Quantachrome Autosorb Automated Gas Adscrption System Report
ASORB2PC Version 1.03

Sample ID.......cc0ccenn A-17

Ssample Description...... Untreated Coke

CommentS..ceeevancannsas 6 Hours Activation

Gas TyYPE...veeeesccnnces NITROGEN

Cross-Sec Area.. 16.2 A* Cory Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.8652 g P/Po Toler... 4 File Name.. ROB4.RAW
Analysis Time... 300.0 min Equil Time... 2 Operator... RDP
Outgas Time..... 4.0 hrs Outgas Temp.. O “cC Station #.. 1

End of Run......

AREA-~VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA

MULEI-POINt BET . ittt itet i s iiinerentoeeannosoneescnnnnns 3.186E+4+02 m"/g
Langmuir Surface Area. .. ... ...ttt oine i e e 7 .229E+02 m'/g
Meso Pore Area........... ettt it eastaces ittt 1.282E4+02 m’/g
* t-Method Micro Pore Area........ Cireserenana eeeeeeinaeaas 1.904E+02 m'/g
% MP-Method Micro POre Area......c.cciieerecrenrenccaanncanannn 1.542E+02 m°/g
DR-Method Micro Pore Area........cicircecnceceaceannaanacanns 4 .885€+4+02 m*/g
Cumulative Adsorption Surface Area......... ..ot ieiiinnennnn 2.115E+01 m’/g
Cumulative Desorption Surface Area..........ccciieerencennnn 1.722E+01 m*/g

PORE VOLUME DATA

Total Pore Volume for pores with Radius

less than 998.5 A at P/PO = 0.9903 . .. v v i eenocescnnveenanaes 2.438E-01 cc/¢g
Cumulative Adsorption Pore Volume for pores

in the range of 300.0 to 32.5 A Radius......cccuvcncenannnns 3.883E-02 cc/g
Cumulative Desorption Pore Volume for pores )

in the range of 300.0 to 25.0 A Radius..... e eeeeecaaraean 1.750E-02 cc/g
* t-Method Micro Pore Volume.......ccvviieeiinencncnennioane 9.701€-02 cc/g
* MP-Method Micro Pore Volume. .. ... ittt nnreenensannnansa 8.706E-02 cc/y

Average Pore RadiUS .. ... ..ttt ierineceaaconesnesenceasoannns 1.530E+01 A

* Note: MP and t-Method values based on data points with t-Tags.
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Adsorption and Desorption Isotherm Data for Figure 28,
Untreated Coke Activated for 6 Hours, Sample A-17.

UNIVERSITY OF ALBERTA
Quantachrome Autosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

Sample ID........c.oo..... A-17
Semple Description...... Untreated Coke
Comments................ 6 Hours Activation
Gas TypPe...cuveeeeennnens NITROGEN
Cross-Sec Area.. 16.2 A* Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.8652 ¢ P/Po Toler... 4 File Name.. ROB4 .RAW
Analysis Time... 300.0 min EqQuil Time... 2 Operator... ROP
Outgas Time..... 4.0 hrs Outgas Temp.. O °c Station #.. 1
End of Run......
ISOTHERM
P/Po Volume
cc/g STP
0.0972 88.931
0.1480 94 .450
0.1971 98 .856
0.2491 102.927
0.3009 106 .558
0.3998 112.732
0.5000 118.42¢
0.5972 124.119
0.6966 130.064
0.7971 137.062
0.8967 145.130
0.990u 157 .543
0.8¢43 153.626
0.7956 151.527
0.6974 149.278
0.6025 146.519
0.5014 142 .519
0.4024 114.302
0.2945 107 .105
0.1944 99.705
0.0960 90 .004
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Autosorb Data Summary for Potassium Treated Coke Activated for 2 Hours,
Sample A-11.

UNIVERSITY OF ALBERTA
Quantachrome Autosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

Sample ID.......ccouu... A-11

Sample Description...... Potassium Coke

Comments. . .......cc00ua.. 2 Hours Activation

GaS TYP@..ueeereiaeenenns NITROGEN

Cross-Sec Area.. 16.2 A" Corr Factor.. 6.580E~05 Molec Wgt.. 28.0134

Sample Weight... 1.0191 g
Analysis Time... 230.4 min
Outgas Time..... 4.0 hrs
End of Run......

P/Po Toler... 4
Equil Time... 2
Outgas Temp.. 300 °C

File Name.. ROBS .RAW
Operator... ROP
Station #.. 1

AREA~-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA

MULE I -POIME BET ittt ie ettt ittt et eeee e e eeeeeeecrananenn. 8.747E4+01 m"/9
Langmuiv Surface Area. ... ... ..ot ittt et iieniaannnan 1.916E+02 m"/g
Meso Pore Area....... ... ... e 2.575E+01 m°/¢g
* t-Method Micro Pore Area............i it eanaannnn 6.172E+01 m'/9
* MP-Method Micvro Pore Area..........c..cvvuuu... Ceeeiraaan 3.757E+01 m’/g
DR-Method Micro POTe Ared.......cvuietenennnneeeaennnnnns ... 1.358€E+02 m"/g
Cumulative Adsorption Surface Area.............. Ceeeiieaenaa 4.717E+00 m"/g
Cumulative DesorpLion SUrface ATea.........vuieeeeeurennnns 5.175E+00 m°/g

PORE VOLUME DATA

Total Pore Volume for
less than 1087.1 A at

Cumulative Adsorption

pores with Radius

P/PO = 0.9911..............

Pore Volume for pores

.o.. 6.887E-02 cc/9

in the range of 300.0 to 32.5 A Radius......covvvvnuruenn.. 1.174E-02 cc/g
Cumulative Desorption Pore Volume for pores

in the range of 300.0 to 25.0 A Radius......vovmvneeecneenn. 8.277E-03 cc/g
* t-Method Micro Pore Volume...........coivuiiieueunnnn., .. 3.24BE-02 cc/g
*x MP-Method Micro Pore Volume.............vviieninirnrnennnn. 2.044E-02 cc/g

Average Pore RAGIUS . ... ..ientn it neenneeeeeeeoannsenns

eev.. 1.575E401 A

* Note: MP and t-Method values based on data points with t-Tags.
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Adsorption and Desorption Isotherm Data for Figure 29,
Potassium Treated Coke Activated for 2 Hours, Sample A-11.

UNIVERSITY OF ALBERTA
Quantachrome Aautosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

Sample ID.........cu.... A-11
Sample Description...... Potassium Coke
Comments................ 2 Hours Activation
Gas Type................ NITROGEN
Cross-Sec Area.. 16.2 A* Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 1.0191 ] P/Po Toler... 4 File Name.. ROBS.RAW
Analysis Time... 230.4 min Equil Time... 2 Opervator... ROP
Outgas Time..... 4.0 hrs Outgas Temp.. 300 °C Station #.. 1
End of Run......
ISOTHERM
P/Po Volume
cc/g STP
0.1016 26.139
0.1515 27 .366
0.2043 28.38S8
0.2567 29.239
0.3078 29 .966
0.4036 31.147
0.5039 32.263
0.6029 33.392
0.7016 34 .585
0.7962 36.049
0.8946 38.393
0.9911 44 .507
0.9016 41 . 971
0.791% 40.519
0.6971 39.558
0.5961 38.652
0.4974 37.743
0.4009 31.742
0.2903 30.339
0.1900 28.881
0.0932 26 .88S
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Autosorb Data Summary for Potassium Treated Coke Activated for 4 Hours,
Sample A-14.

UNIVERSITY OF ALBERTA
Quantachrome Autosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

Sample ID............ ... A=-14

Sample Description...... Potassium Coke

comments........cauieennn 4 Hours Activation

Gas TYPE€..c.vieeannennae NITROGEN

Cross-Sec Area.. 16.2 At Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.9122 g P/Po Tolavr... 4 File Name.. ROBS.RAW
Analysis Time... 258.5 min Equil Time... 2 Operator ... RDP
Outgas Time..... 4.0 hrs Outgas Temp.. 300 °C Station #.. 1

End of Run......

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA

Multi-Point BET............ tacreasteesssenssssasctssannsanns 1.674E+02 m'"/g
Langmuir Surface Area........ ittt nicennnnennnneennnnaennnn 3.521E+02 m'/g
Meso PoTe Area..... ... ... it i e 4.355E+01 m'/g
* t-Method Micro Pore Area............ciimiiiiinneeanonannn. 1.239E+02 m*/g
* MP-Method Micro Pore Area....... e etseecetan st anan .. BL.113E+01 m'/g
DR-Method Micro Pore Aru8.....ieiiiiuiieeerenenenesnenncennns 2.576E+02 m"/g
Cumulative Adsorption Surface Area........c.c.uieeeincuceennnas 7.541E+400 m'/g
Cumulative Desorption Surface Area.........ccoitirinnenennnn. 7 .699E+00 m'/g

PORE VOLUME DATA

Total Pore Volume for pores with Radius

less than 978.6 A at P/P0 = 0.9901 . . . ..ot eneennannnn eee.. 1.304E-01 cc/g
Cumulative Adsorption Pore Volume for pores

in the range of 300.0 to 32.5 A Radius.......ccviienrnnnnn 2.255€-02 c¢c/g
Cumulative Desorption Pore Volume for pores

in the range of 300.0 t0 25.0 A RadiusS. ... c.iivieeernanne e.. 1.504E-02 cc/9
* t—Method Micro POore Volume....v.vieeetinenueeonaenancnnmas 6.413E-02 cc/g
* MP-Method Micro Pore Volume. .. ......cooivrnrreneonneeannnnn 4 .351E-02 <cc/¢9

Average Pore RadiUS......cevernenececencnnns Cee et s 1.557E+01 A

* Note: MP and t-Method values based on data points with t-Tags.
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Adsorption and Desorption Isotherm Data for Figure 30,
Potassium Treated Coke Activated for 4 Hours, Sample A-14.

UNIVERSITY OF ALBERTA
Guantachrome Autosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

sample ID....cccceeinaes A-14
sample Description...... Potassium Coke
cCommentsS.....coveeacacas 4 Hours Activation
Gas TYP€...icerneanannns MNMITROGEN
Cross-5ec Area.. 16.2 At Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
sample Weight... 0.9122 g P/Po Toler... 4 File Name.. ROBS8.RAW
Analysis Time... 258.5 min Equil Time... 2 Operator ... RDP
Outgas Time..... 4.0 hrs Outgas Temp.. 300 °C Station #.. 1
End of Run......
ISOTHERM
P/Po Volume
cc/g STP

0.0985 49.530

0.1507 52.061

0.2042 54,030

0.2512 55,445

0.3020 56 .764

0.4040 58.953

0.4969 60.615

0.5955 62.297

0.7072 64,278

0.8012 66 .411

0.9013 70.484

0.9901 84 .250

0.8975 78.397

0.8007 76 .057

0.6949 74 .353

0.5915 72.996

0.5024 71.818

$5.3976 59.624

0.2968 §7 .395

0.1985 54 .747

0.0973 50.612
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Autosorb Data Summary for Potassium Treated Coke Activated for 6 Hours,
Sample A-18.

UNIVERSITY OF ALBERTA
Quantachrome Autosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

Sample ID....ccoceecnnnn A-18 .

Sample Description...... Potassium Coke

Comments...occeeas Ceeaen é Hours Activation

Gas Type....... reresanee NITROGEN

Cross~-Sec Area.. 16.2 A* Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.7819 g P/Po Toler... 4 File Name.. ROB6.RAW
Analysis Time... 250.3 min Equil Time... 2 Operator... ROP
Qutgas Time..... 4.0 hrs Outgas Temp.. 300 °C station #.. 1

£nd of Run......

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA

Multi-Point BET....c.vvvveecennanane eeees ceececsasacennaanns 1.763E402 m'"/9
Langmuir SUYface ATea.....c.ictieriecanncacacscaacasoananssas 4 .406E+02 m"/9
MESO POTE ATEB......uueenrn ittt 6.783E+01 m’/g
* t-Method MICro POTEe Aread.......c.cieetiinecannacnnssaanssans 1.085€E+02 m'/g
* MP-Method Micro Pore Area....... hecctciescaananasann eve. 9.393E+01 m'/@
DR-Method MiIcro POvEe Are8.......cccivecencncarssacacscacanas 2.720E402 m'/g
Cumulative Adsorption Surface Area.......... Cheeaseaanen eee. 1.221E401 m'/g
Cumulative Desorption Surface Area.........cciicenncesccnen. 1.527E+01 m'/g

PORE VOLUME DATA

Total Pore Volume for pores with Radius

less than 978.6 A at P/Po = 0.9901 ... ..cccceccecececnnns vee. 1.635E-01 cc/g9
Cumulative Adsorption Pore Volume for pores

in the range of 300.0 to 32.5 A Radius............. cesanneas 3.805E-02 cc/@
Cumulative Desorption Pore Volume for pores

in the range of 300.0 to 25.0 ARadius.......o0cveeceene ee.. 3.339E-02 cc/9
x t-Method Micro Pore Volume........c i eetenecoctnncccacans 5.510E-02 cc/¢g
* MP-Method Micro Pore Volume........ Ceeeecmecseresassranses 5.300E-02 cc/9

Average Pore Radius........... ecsessencensseencesncsnonons 1.855E+01 A

* Note: MP and t-Method values based on data points with t-Tags.
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Adsorption and Desorption Isotherm Data for Figure 31,
Potassium Treated Coke Activated for 2 Hours, Sample A-18.

UNIVERSITY OF ALBERTA
Quantachrome Autosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

Sample ID............... A-18
Sample Description...... Potassium Coke
Comments........... vere. & Hours Activation
Gas Type.......... eee-es NITROGEN
Cross-Sec Area.. 16.2 At Corr Factor.. 6.580E-05 Mclec Wgt.. 28.0134
Sample Weight... 0.7819 ¢ P/Po Toler... 4 File Name.. ROB6 .RAl
Analysis Time... 250.3 min Equil Time... 2 Operator ... ROP
Outgas Time..... 4.0 hrs Outgas Temp.. 300 °C Station #.. 1
End of Run......
ISOTHERM
P/Po Volume
cc/g STP
0.1032 49.343
0.1526 52.360
0.2043 54 .974
0.2561 57 .236
0.3008 58.978
0.4013 62.397
0.5013 65.397
0.6020 68,307
0.7002 71.227
0.8011 74 .981
0.8981 81 .207
0.9901 105.671
0.9002 90 .444
0.7987 85.169
0.6957 81 .801
0.5984 79.308
0.4991 76 .892
0.4038 63.309
0.2950 59.313
0.1950 55.136
0.0935 49 .409
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Autosorb Data Summary for Fisher Coconut Charcoal.

UNIVERSITY OF ALBERTA
Quantachrome Autosorb Automated Gas Adsorption Systes Report
ASORB2PC Version 1.03

Sample I0...... eeese..-. Fisher 690B-8

sample Description...... Commercial Activated Carbon
Comments.....c.c000un.n 50 - 200 Mesh

Gas TypPO...cvoceeccnnnnen NITROGEN

Cross-Sec Area.. 16.2 AT Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
sample Weight... 0.3524 ¢ P/Po Toler... 4 File Name.. ROB9.RAW
Analysis Time... 430.4 min Equil Time... 2 Operatcr... ROP
Outgas Time..... 4.0 hrs Outgas Temp.. 300 °C Station #.. 1

€End of Run......

AREA-VOLUME-PORE SIZE SUMMARY

SURFACE AREA DATA

Multi-Point BET.....iicinieeienenoncnnnannans Chieseecenaaane 1.237E+03 m'/g

Langmuir Surface Area........ciiiiiiieiiineeanesasncnsncanns 2.208E+03 m'/g

MESO POTE ATea..........i.iiiiiiiiiai it 3.685E+402 m'/g

* t-Method MIicCro POre ATrea........ it rineeeeeancenanncnanns 8.680E+02 m'/g

* MP-Method Micro Pore ATE8.......iiieiinirencacnscosaconnns 1.167E403 m"/g

DR-Method Micro POTE ATOa.......cuiiintiicieaseaacaannsnaons 1.823E+03 m'/g

Cumulative Adsorption Surface Area.........ccciiiiiecnceanns 3.384E+01 m"/g

Cumulative Desorption Surface Area........ ...t iiennnanns 2.839€+01 m'/g
PORE VOLUME DATA

Total Pore Volume for pores with Radius

less than 950.2 A at P/Po = 0.9898............. e tieeeeaenas 7.678E-01 cc/9

Cumulative Adsorption Pore Volume for pores

in the range of 300.0 to 25.0 A Radius.......covivivernnnnns 7 .233E-02 cc/g

Cumulative Desorption Pore Volume for pores

in the range of 300.0 to 25.0 A Radius................ cenenn 6.486E-02 cc/g

x t-Method Micro Pore Volume...............cciiuiicnnan eee. @ .164E-01 cc/g

% MP-Method Micro Pore Volume. .......cciivinerecnnocnnaannns 6 .083E-01 cc/g
PORE SIZE DATA

Average Pors Radius......c..cvitirmenecanaccannccncnes cacaees 1.242E+01 A

% Note: MP and t-Method values based on data points with t-Tags.
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Adsorption and Desorption Isotherm Data for Fisher Coconut Charcoal.

UNIVERSITY OF ALBERTA
auantachrome Autosorb Automated Gas Adsorption System Report
ASORB2PC Version 1.03

Sample ID.....ccavenuen- Flisher 6908-8
sample Description..... . Commercial Activated Cavbon
CommMENtS . . .coreanseocass 50 - 200 Mesh
Gas Type.......-» ceeenne NI TROGEN
Cross-Sec Area.. 16.2 A* Corr Factor.. 6.580E-05 Molec Wgt.. 28.0134
Sample Weight... 0.3%524 ¢ P/Po Toler... 4 File Name.. ROB9.RAW
Analysis Time... 430.4 min Equil Time... 2 Operator... RDP
Outgas Time..... 4.0 hrs outgas Temp.. 300 °C Station #.. 1
End of Run......
ISOTHERM
P/Po Volume P/PoO volume
cc/g STP cc/g STP

0.0516 298.G76 0.0464 295.216

0.0989 331.424

0.1493 357.747

0.1979 377.639

0.2476 394 .010

0.2969 407 .035

0.3503 418.610

0.3986 427.225

0.4454 433.879

0.4975 439.963

0.5518 445 .219

0.5963 448.998

0.6471 452 .662

0.6988 456 .098

0.7486 459 .484

0.7962 463.056

0.8533 4¢c; ., 16

0.8998 472.781

0.9462 480.423

0.9898 496.232

0.9546 487 .965

0.9037 479.211

0.8512 473.570

©.8039 469.722

0.7519 466 .257

0.6996 463.138

0.6492 460.221

0.5986 457 .313

0.5492 454 .305

0.5012 451 .061

0.4538 442 .256

0.4036 430.394

0.3492 419 .838

0.2990 409.100

0.2508 396 .583

0.1976 379.319

0.1476 358.805

0.0969 332.094
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