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ABSTRACT

The South African sugar industry generates excessive amounts of sugar cane bagasse (~ 25 wt%
of feed) as a byproduct during the extraction of sugar juice from cane. Although bagasse is
extensively consumed in various processes, a substantial amount remains unexploited. The
industry’s core business is the production of refined sugar which involves among others, a step
of decolourising raw sugar liquor. Activated carbons are well known adsorbents and their
excellent decolourisation capabilities have been established since 1800 in the sugar industry.
The possibility of making suitable in-house activated carbons from sugar cane bagasse to aid
the decolourisation process of raw sugar liquor is of interest to the growing South African sugar

industry.

The purposes of this research study were to develop an understanding on the manufacture of
activated carbons from sugar cane bagasse, produce suitable activated carbons on a laboratory
scale, characterize them and subsequently determine their sugar decolourisation capabilities

under simulated conditions.

The application of the two-step physical method of processing was found to be the most
effective and feasible route to produce activated carbons from sugar cane bagasse for the
purposes of decolorizing unrefined sugar. A semi-batch process was developed whereby
compressed sugar cane bagasse was pyrolysed under a nitrogen atmosphere at a heating rate of
10 °C/min to the final pyrolysis temperature for a desired hold time resulting in bagasse chars
with a rudimentary pore structure. These bagasse chars were subsequently subjected to partial
and controlled gasification with a steam/nitrogen mixture at higher temperatures to produce the
final activated carbon product. Both pyrolysis and activation were carried out in a pyrolysis
furnace that was modified to represent a fixed bed reactor system. The process was designed

such that it included a steam supply and a gas cleaning system.

Feasible processing conditions were established by varying the temperature, hold time and
partial pressure of steam in the pyrolysis furnace. The bagasse chars and final activated carbons
were characterized with respect to surface area, pore volume, pore size distribution, methylene
blue number, iodine number and molasses number. The optimum pyrolysis conditions were
found to be at heating rate of 10 °C/min to the final pyrolysis temperature of 680 °C for a hold
time of 1 hour, which gave rise to microporous carbons. Increasing the steam partial pressure
and activation temperature during activation of bagasse chars resulted in the gasification
reaction proceeding at a much faster rate leading to well developed mesoporous activated

carbons having high adsorption capacity for large colour bodies present in molasses and sugar
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liquor. This was achieved by activating bagasse chars at a temperature of 900 °C for 2 hours

with a steam / nitrogen mixture of 1:0.6 which resulted in 50% burn-off being reached.

Excellent powder and granular activated carbons were produced from sugar cane bagasse fibres
by the established process with the latter being mixed with refined sugar prior to pyrolysis and
activating for half an hour extra. A typical final activated carbon produced in this research
possessed a BET surface area of 995 m’/g, pore volume of 0.82 cm’/g, iodine number of 994
mg/g, molasses number of 700 and methylene blue number of 256 mg/g. High ash content in
the bagasse raw material tends to decrease the surface area and pore volume for adsorption of

the final activated carbon.

Both granular and low ash bagasse activated carbons possess high adsorption capacity to
remove large colour bodies from molasses and brown liquor solutions and compare well with
commercial Norit N2 carbon. Approximately 80% colour removal was achieved using 0.5 g
carbon/ 100g brown liquor. The bagasse activated carbons were stable in acidic and basic
brown liquor solution and maintained their high decolourisation potential. The ability of

bagasse activated to replace commercial activated carbons has been proven in this study.

The option of producing both granular and powder activated carbons provide flexibility of the
sugar industry to choose between batch and continuous adsorption systems during sugar

decolourisation.

This research has established that the fact that excellent sugar decolourising activated carbons
can be produced from South African sugar cane bagasse fibres. However, more research needs
to be carried out in order for the sugar industry to take this project to the commercial stage and

it is suggested that a pilot study and an economic study be carried out.
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CHAPTER
ONE

INTRODUCTION

Activated carbon is the generic term referring to a wide range of amorphous carbon-based
products having a high degree of porosity and an extensive intraparticulate surface area.
Activated carbons are produced either chemically or physically from carbonaceous raw
materials by thermal decomposition or pyrolysis followed by combustion or partial and
controlled gasification with steam or carbon dioxide at high temperatures (700 — 1100 °C).
These products can be found either in the powder or granular form. Activated carbons are
unique and versatile adsorbents used extensively in industries such as food processing,
pharmaceuticals, chemical, petroleum, mining, nuclear, automobile, water treatment and
vacuum manufacturing. They are used to purify, decolourise, deodorise, dechlorinate,
detoxicate, filter, recover salts by concentration and separation and used as catalysts and

catalyst supports [Bansal et al, 1988].

These outstanding properties were discovered as early as 1550 BC by the Egyptians who used
activated carbons in the form of carbonised wood to purify oils and store drinking water in
charred wooden barrels on ships [Allen et al, 1998]. In India the ancient Hindus filtered their
drinking water through charcoal [Bansal ef a/, 1988]. In 1773 Scheele [Dietz, 1944] recognised
the adsorptive powers of carbon and charcoal by experiments with gases followed by Lowitz
[Lowitz, 1786] in 1786, who discovered their ability to decolourise solutions. Wood char was
used to purify cane sugar in 1808 [Hassler, 1974] and was applied to the developing sugar beet
industry but Figuers in 1811 [Dietz, 1944] found that bone char had a much greater
decolourising potential and thus was adopted by sugar industries. During the 19" century many
studies were performed to produce activated carbons from various types of raw materials
[Hassler, 1974]. In 1822 Busy [Busy, 1822] heated blood with potash in laboratory studies and
produced carbons with 20 to 50 times the decolourising capacity of bone char. Hunter [Hunter,

1865] in 1865 revealed that coconut char had great gas-adsorbing power and Stenhouse
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[Stenhouse, 1872] made a decolourising carbon from a mixture of flour, tar and magnesium
carbonate. Stenhouse [Stenhouse, 1856] in 1854 described the forerunner to the modern gas
mask using activated carbon for the protection against poisonous gases, which were used during
World War I [Mackay et al, 1982]. In the late 1930s, activated carbons were produced from
sawdust by chemically activating with zinc chloride for solvent recovery and removal of
benzene from tower gas [Bansal et al, 1988]. As the demand for better adsorbents in industry
increased so too did the development, manufacture and market for activated carbons from
different precursors on an industrial scale. Currently, activated carbons are produced
commercially from precursor materials such as coconut shells, coal, peat, nutshells, wood and
lignite by either chemical or physical activation or a combination of both these methods [Bansal
et al, 1988].

Activated carbons are manufactured such that they possess a large surface area, high degree of
surface reactivity, universal adsorption effect and favourable pore size, which adds to the
carbon’s adsorptive properties such that the internal surface is accessible and the adsorption rate
and mechanical strength are enhanced. These characteristics are also dependent on the type of
raw material used. Commercial carbons have specific surface areas in the range of 800-
1500m*/g predominately contributed by the pores less than 2nm in diameter (micropores).
Basically, an active carbon consists of a tortuous network of pores that can be differentiated into
micropores (diameters less than 2nm), mesopores (diameters between 2 and 50nm) and
macropores (diameters greater than 50nm). The macropores do not add significantly to the
surface area property, but act as passageways to the micro and meso pores. The manufacturing

process can be manipulated to obtain a specific pore size distribution of an activated carbon.

Activated carbons are used for both gas and liquid phase applications with 60000 tons/year
(1988) being consumed for gas phase applications and 220000 tons/year for the latter. The per
capita consumption of active carbon per year is [Bansal et al, 1988]:

e 0.5kg in Japan

e  (.4kg in United States

e 0.2kg in Europe

e (.03kg in the rest of the world

The South African sugar industry produces large quantities of bagasse at about 51% moisture,
after the extraction of sucrose from sugar cane. This fibrous by-product is utilised in several
processes such as energy generation, papermaking, furfural and animal feed production, and

landfill. However, excess bagasse still remains on some sugar mills and has to be removed.
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Since bagasse is a highly carbonaceous material it can be perceived as a potential raw material
in the production of activated carbon. Activated carbon has an extensive history in the sugar
industry and is currently used on a large scale in USA and France for decolourisation of brown
liquor in order to produce refined sugar. Another major contributing factor leading to research
in manufacturing activated carbon from bagasse, is that all activated carbon used in South
Africa is imported at a relatively high cost. Thus, manufacturing activated carbon locally from
this waste material would add value to a no-value by-product and thereby provide a significant

competitive advantage to the South African sugar industry.

South African bagasse is rather unique as it is generated via the diffuser process whereas most
sugar cane bagasse material is produced through the conventional milling process. Powder and
granular activated carbons have in fact been successfully produced from milled sugar cane
bagasse material in other countries. The option of producing powder activated carbons from
South African sugar bagasse offers the flexibility of burning spent powder activated carbon as
fuel in the boilers instead of regenerating them, thereby reducing costs and harm to the

environment.

Hence the objectives of this study were to:

e review the literature and the “state-of-the-art” manufacture of activated carbon from
bagasse,

e produce suitable activated carbons on a laboratory scale, and subsequently characterize
them,

e test the activated product under simulated conditions in the sugar environment and

e determine the activated carbon requirements of a local sugar-milling industry in terms of

specific volumes.

Consequently the body of this thesis encompasses all work carried out in meeting these
objectives, such that the next two chapters are dedicated to a literature survey on producing
activated carbon from bagasse and other precursors including various types of process methods
and equipment. The characterisation of activated carbon with respect to surface area, pore
volumes, pore size distribution, and their ability to adsorb methylene blue, iodine, and molasses
and decolourise sugar are also discussed together with their fundamental theories. A pyrolysis
furnace has been modified such that both pyrolysis and partial gasification take place batch-
wise in a single unit. A method has been established and adopted to produce high surface area

powder and granular activated carbon by varying process conditions and is described in the rest
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of this work accompanied by characterisation of the resulting activated carbons produced from

bagasse. Their applicability in the sugar industry has been tested and is presented in this work.



CHAPTER
TWO

OVERVIEW ON ACTIVATED CARBON PRODUCTION

Activated carbons are generally manufactured from carbonaceous raw materials in two main
steps, the thermal decomposition of the raw material in an oxygen depleted atmosphere at
temperatures below 800 °C and the activation of the resulting carbonised product [Bansal et al,
1988]. The final activated carbon product depends on the nature of the carbonaceous raw
material, the history of the carbonisation / pyrolysis process, the activating agent and the
conditions of the activating process. Figure 2.1 below illustrates a general flow diagram
summarised by Bansal et al [1988] for the production of activated carbon from any

carbonaceous raw material.

Fig 2.1: Basic process flow sheet for the production of activated carbon [Bansal et al, 1988]
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Sizing involves the breakdown of the raw material into lumps or granules to ensure effective
handling in the subsequent operations. In some cases the raw material is first pulverised and
then agglomerated by extrusion, briquetting or tableting in the reconstitution stage. During
carbonisation, most of the non-carbon elements such as hydrogen and oxygen are removed as
volatile gaseous products; leaving behind low surface area chars having a rudimentary pore
structure [Lua and Guo, 1999]. The pore structure is further enhanced in the activation section

by oxidising the resultant carbons with an oxidising agent at elevated temperatures.

The activation can be carried out using either a physical or chemical method or sometimes a
combination of both these methods [Mattson and Marck, 1971]. Physical activation subjects the
carbonised products to partial and controlled gasification at higher temperatures (above 800 °C)
with mild oxidising gases like steam, carbon dioxide (CO,), air, or a mixture of these to produce
final products with well developed porosities and high surface area. During chemical activation,
inorganic additives and metallic chlorides such as zinc chloride (ZnCl,), sulphuric acid
(H,S0O,), phosphoric acid (H;PO,) and potassium hydroxide (KOH) are incorporated into the
starting material prior to carbonisation [Allen et al, 1998]. These additives act as dehydrating
agents as well as oxidants so that carbonisation and activation takes place simultaneously

around 250- 650°C.

Factors that also affect the pore volume, pore size distribution, surface area and mean pore
diameter of the final activated carbon product [Bansal ef al, 1988] are:

e the heating rate during carbonisation,

e the final carbonisation temperature and hold-time,

e the temperature and length of the activation period.

2.1 Raw Materials

Any inexpensive raw material having a high carbon and low inorganic content can be used as a
precursor for the preparation of activated carbon [Bansal et al, 1988]. In early production
processes high quality activated carbons were produced from wood, peat, wastes of vegetable
origin (fruit stones, nutshells and sawdust) and bone material. The most common commercial
feedstocks for the production of activated carbons are wood, anthracite and bituminous coal,
lignite, coconut shell and peat, with wood having the greatest production capacity [Pollard et al,
1992]. Environmental awareness and the demand for low-cost carbons introduced the concept
of using agricultural by—products such as sugar cane bagasse, rice straw, soybean hulls, rice

hulls, olive and grape bagasse, palm wastes, etc.
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As can be seen in figure 2.1 activated carbons can exist in powder or granular form. The
properties and form of activated carbon produced, as well as its application in industry depend
very much on the nature of the raw material. Raw materials having low inorganics will reduce
the ash content in terms of percentage in the final product as the ash percentage increases many
times during the manufacturing process due to the loss of volatiles and carbon. Density and
volatile content tends to affect the manufacturing process [Bansal et al/, 1988]. Soft
compressible raw materials having low density and high volatile content such as rice hulls, rice
straw and sugar-cane bagasse produce large pore volume and low density activated carbons and
are used as a source of powder activated carbons for liquid phase applications [Pollard et al,
1992;, Yousseff and Mostafa, 1992; Teker et al, 1997; Lavarack, 1997; Bernado et al, 1997,
Mackay and Roberts, 1982a]. According to Johns et al [1998] these materials can be good
precursors for the production of granular activated carbon by being mixed with suitable binders
and compressed into pellets or briquettes thereby increasing their density before pyrolysis and
activation. Studies carried out by Morgan and Fink in 1946 [Morgan and Fink, 1946] on
different binders and base materials for granular activated carbon production indicated that the
characteristics before activation were due to the binder and after activation the characteristics

were of the raw material.

In contrast coconut shells, fruit pits and nutshells are hard, dense, not easily compressed and
have high volatile contents which produce hard, granular activated carbons with high micropore
volume and are used especially for vapour phase and some liquid phase applications usually

involving gold recovery in mineral processing.

Volume, cost, storage life and workability of the raw material are other vital factors that
contribute to producing high quality activated carbons. Raw materials, used to produce
activated carbons on a commercial scale, together with their properties and uses presented by

Bansal ef al [1988] are tabulated in table 2.1.

Bansal et al [1988], by his illustration clearly reinforces the concept that raw materials with
high carbon content and low ash content irrespective of their density produce activated carbons

with unique properties dependent on their applications in industry.
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Table 2.1: Properties of some raw materials used in the production of activated carbon
[Bansal et al, 1988]

Raw

Material

Carbon
%

Volatiles
%

Density
kg/litres

Texture of

activated Carbon

Uses of Activated

Carbon

Soft wood

0.4-0.5

Soft, large pore

volume

Aqueous phase

adsorption

Hard wood

0.55-0.8

Soft, large pore

volume

Aqueous phase

adsorption

Lignin

0.3-0.4

Soft, large pore

volume

Aqueous phase

adsorption

Nutshells
(Coconut)

Hard, large

micropore volume

Vapour phase
application

Lignite

Hard, small pore

volume

Waste
treatment

Soft coal

Medium hard,
medium

micropore volume

Liquid and vapour

phase adsorption

Hard coal

Hard, large pore

volume

Gas

adsorption

Petroleum Medium hard, | Waste water

coke medium pore | treatment

volume

2.2. Carbonisation

The carbonisation step involves the thermal decomposition of the carbonaceous raw material in
an inert atmosphere. During this stage all-volatile, non-carbon elements are removed, and a
non-graphitisable char with a fixed carbon skeleton made up of aromatic sheets and strips,
giving rise to a rudimentary pore structure, are produced. This process is usually carried out at
temperatures below 800°C in units like multiple hearth furnaces or rotary kilns using an inert

gas [Bansal ef al, 1988].

The quality of the resulting char depends on the following pyrolysis parameters:

e the nature and physical state of the raw material (as discussed above in Section 2.1)
e the heating rate to the final pyrolysis temperature

e the final pyrolysis temperature and

e the hold-time at the final pyrolysis temperature.
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Different raw materials with varying carbonisation conditions result in carbons with unique

characteristics and adsorption properties.

MacKay and Roberts, [1982] concluded in their studies that lower heating rate results in lower
volatilisation and higher carbon yields due to increased dehydration and more stable polymeric
components. In further studies they also found that the basic microporous structure of the char
was already created by 500 °C, even though some of these pores become blocked with
pyrolysis products because these could become available when the carbons are further subjected

to high temperature treatment.

Zulkarnain et al [1993] found that by varying the pyrolysis heating times and temperature for
mangrove wood, the optimum pyrolysis conditions were at a final pyrolysis temperature of
500°C and hold time of 3hours with respect to surface area and pore diameters. Their results
were based on the iodine number which is a relative indictor of porosity and surface area. The
resulting carbons possessed a higher iodine number (503m’/g) and larger pore diameters

(>10um) compared to a coconut carbon produced under the same set of conditions.

2.2.1. Effect on Activation

The history of the pyrolysis process has a profound effect on the activation step and the quality
of the activated carbon. Smisek et al [1970] investigated the effects of pyrolysis conditions on
the activation process and the final product. They found that the reactivity of the activating gas
in the activation stage was influenced by:

e the pyrolysis heating rate below 500 °C,

e the period of exposure to the pyrolysis temperature near 900 °C and

e the nature of the oxidising atmosphere.

Thus, during the initial stages of the activation process, chars produced a temperatures lower
than 500°C gasify at a faster rate due to the chars undergoing further pyrolytic decomposition
during activation resulting in weight loss independent of the activating gas. When the weight
loss reaches above 20-30%, the low temperature chars gasify at the same rate as the high
temperature chars. However, chars prepared at low heating rates reacted more slowly during the

activation step.

Preparing chars at low heating rates to final pyrolysis temperatures above 500°C would possibly

enable better control of the gasification reactions and increase reactivity of the activating gas
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during the activation step such that the desired properties of the final activated carbon can be

achieved.

2.2.2. Reactions during Pyrolysis

Smisek et al [1970], from their study also describe the phenomena that occur with increasing
temperature as carbonisation proceeds for the case of wood carbonisation. Dehydration of the
feedstock occurs up to a temperature of 170°C, followed by partial degradation above this
temperature such that carbon dioxide (CO,), carbon monoxide (CO) and acetic acid (C,H40O,)
are evolved. Between 270 and 280 °C, exothermal decomposition occurs and a large amount of
tar, methanol and other substances are released. Carbonisation is almost complete around 400-
600 °C. During this process, the resulting char has a carbon content of approximately 80%. The
carbonisation process is generally carried out at a fast enough rate to minimise the contact

between the pyrolysed and volatile product.

2.2.3. Effect on Final Product

According to Bansal et al,[1988], the pyrolysis step comprises of two stages having a great
effect on the final product. The first is the softening period whereby temperature control has a
major impact on the type of char obtained, followed by the second stage where the char begins
to harden and shrink. Shrinkage of the char influences the development of porosity in the char.
In the case of soft coal, a slow heating rate in the softening period will allow the gases to escape
through the pores without collapsing or deforming them. For wood, lignin and petroleum coke
(hard materials), low heating rate can produce denser and harder chars. During the softening
stage, compression can be applied to chars for the low-density materials in order to obtain
activated carbons with properties comparable to those prepared from dense materials (example
coconut carbon.) Low heating rates can promote shrinkage, which reduces pore volume, but this

can be later developed in the activating step.

Addition of other materials prior to carbonisation also influences the final product. Drozhalina
et al [1984], added peat to brown coal prior to carbonisation at 800-900 °C and discovered that
the strength of the carbon improved, porosity developed and as the temperature increased there

was an increase in micropore and macropore volume.

10
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Chars developed under specific pyrolysis conditions can also be used successfully without any
further processing, but their adsorptive potential (surface area, porosity and surface oxide

groups) can be increased by activation [Allen et al/, 1998].

2.3. Activation

Activation aims at enhancing the pore volume and enlarging the diameter of the pores, which
were created during the pyrolysis process and also to create new porosities. The large surface
area of an active carbon is the result of the activation process in which the char with little
internal surface area is oxidised at temperatures between 750-1000 °C. Here again it is re-
emphasised that the type of raw material and the carbonisation process predetermines the pore
structure and pore size distribution of the activated carbon. During the first phase of the
activation step, the active oxygen in the activating agent burns away the tarry pyrolysis off-
products trapped within the pores, thereby initialising porosity development (development of a
microporous structure). In the latter phase, the significant effect is the formation of large-sized
pores by the widening of existing pores or by the total burnout of the walls between adjacent
pores. The latter phase brings about a reduction in volume of micopores and an increase in

meso- and macropore volume [Allen ef al, 1998].

The degree of activation is measured by the extent of burn-off the carbon material. The type of

pores generated by the degree of activation is shown in table 2.2 [Dubnin and Zaverina, 1949].

Table 2.2: Pore types as function of degree of burn-off [Dubnin and Zaverina, 1949]

Degree of burn-off /(%) Pore Type Pore size

<50 Micropores <2nm

>75 Macropores > Snm

50-75 Mixed pores All types

The precise activation method of carbons are not known since they are mainly “kept under lock

and key” by each manufacturer.

Generally, there are two methods of activation, physical and chemical activation. Chemical
activation is a single step process incorporating both carbonisation and activation by thermal
decomposition of the raw material that has been impregnated with the chemical activating

agents. In contrast, physical activation is a two-step process involving partial and controlled

11
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gasification of the chars produced after the pyrolysis step with oxidising gases such as steam or

carbon dioxide in the temperature range of 800-1100 °C.

2.3.1. Chemical Activation

Chemical activation is a single-stage process and is carried out by the raw material being
impregnated with the activating agent in the form of a concentrated solution usually by mixing
or kneading followed by extruding and then pyrolysing in a rotary kiln between 400 and 800 °C
in an oxygen depleted atmosphere. The most widely used chemical activating agents are
phosphoric acid (H;PO,), zinc chloride (ZnCl,), sulphuric acid (H2SO,), chloride salts of
magnesium (Mg) and ferric iron, sodium carbonate (Na,CO3), sodium and calcium hydroxide,
and potassium sulphide. These chemicals act as dehydrating agents and influence the pyrolytic
decomposition and inhibit the formation of tars as well as decrease the formation of acetic acid,
methanol, etc. and increase the yield of carbon [Allen ef al, 1998, Bansal ef al, 1988]. After
calcination, the activated carbon product is cooled and washed to remove the activating agent,

which is recycled (see fig.2.2).

Energy

Raw
Activated

material Carbon

Chemical

Water

Figure 2.2: Process flow diagram for chemical activation

There have been claims that since activated carbons produced by chemical activation require a
lower temperature (400-800 °C) than physical activation (800-100 °C) and fewer stages; they
have a more developed porous structure [Rodriguez-Reinoso and Molina-Sabio, 1992, Allen et
al, 1998]. However, this developed pore structure is associated with wide micropores and
narrow mesopores [Allen et al, 1998] and its adsorption capacity seems to be limited towards
molecules in this particular range. The developed pore structure is also determined by the type

and amount of chemical activating agent used. Therefore, chemical activation is associated with

12
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high operating costs due the high cost of chemicals and the extra washing step needed in the

process.
2.3.1.1 Effects of Chemical Activators

Rodriguez-Reinoso and Molina-Sabio [1992], after working with zinc chloride (ZnCl,) as the
activating agent to produce activated carbons concluded from their observations of weight loss,
departure of volatiles, weakening of the structures and increased elasticity, that during
impregnation the chemical activator accesses the interior of the raw material and causes
hydrolysis reactions to occur. They also noticed that particle swelling accompanies these
hydrolysis reactions and the formation of tars was prevented during pyrolysis. ZnCl, causes
hydrogen and oxygen atoms to be stripped away as water instead of hydrocarbons or
oxygenated organic compounds leading to a high carbon yield. Furthermore, from their study
they were able to conclude that zinc chloride (ZnCl,) tends to produce an activated carbon

consisting of mainly of meso and micropores.

The degree of impregnation determines the pore size distribution in the final product. The
greater the degree of impregnation, the less ordered the distribution of the chemical within the
particle becomes thus, resulting in a heterogeneous pore size distribution. Teng et al [1999] also
found with his studies using potassium hydroxide (KOH) that the porosity development was
affected by the degree of impregnation.

Bansal et al, [1988] relates that in the case of sawdust, phosphoric acid was used as the
activator and the final product depended on the degree of impregnation, the heating rate of
wood-acid mixture, the temperature at which the wood-acid mixture was kept in the oven and
the composition of the combustion gases used for heating. et al, [1999] proved in their studies
that at a 50 % phosphoric acid concentration and temperature of 500°C mesoporous activated
carbons from cotton stalks could be prepared. Laine et al [1991] suggested that during
phosphoric acid activation, a “skin” of phosphate is formed protecting the internal carbon

structure and in so doing protects the carbon from excessive burn-off.

Hu et al, [1996] found that the surface area and porosity can be specifically modified by the use
of potassium hydroxide (KOH) activation and are dependent on the soak time and impregnation
ratios. Adding to this deduction Otowa et al, [1995] showed that an active carbon with a surface
area in excess of 3000m”/g could be prepared by mixing petroleum coke with excess potassium

hydroxide (KOH) prior to pyrolysis.

13
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Ahmadpour et al, [1998] did a comparative study using zinc chloride (ZnCl,) and potassium
hydroxide (KOH) to produce activated carbons from macadamia nutshells and found that
carbons activated with potassium hydroxide (KOH) resulted in a more microporous structure
while those activated with zinc chloride (ZnCl,) were more mesoporous. Hence, the type of
chemical activator is important in producing an activated carbon with a specific pore size

distribution.

2.3.2. Physical Activation

Physical or thermal activation generally follows the carbonisation process whereby the resultant
chars from pyrolysis develop an extended surface area and enhanced porosity of molecular
dimensions in this stage. The carbonisation stage is a pre-requisite as it dehydrates the precursor
material, thereby preparing it for activation [Allen, et al, 1998]. Activation is carried out at
elevated temperatures between 800 and 1100°C with oxidising gases such as steam, carbon
dioxide (CO,), and air and sometimes by a combination of these gases in process units such as
rotary kilns, multiple hearth furnaces or fluidised beds. Activation initialises porosity
development and then develops the microporous structure by partial and controlled gasification
of the pyrolysis off-products (tarry matter) that were trapped in the pores during pyrolysis and
the more reactive parts of the carbon skeleton to carbon monoxide (CO) and carbon
dioxide(CO,) [Bansal et al, 1988; Allen et al, 1998]. Buczek et al [1999] in his studies state that
activation is a heterogeneous gas-solid reaction that can be limited by diffusion, which brings

about the burning of the particle at the periphery rather the interior.

The oxidation reactions that occur with the oxidising gases steam, carbon dioxide and air are as
follows:

Steam:

C +H,0 —> CO+H, AH =-121.42 kJ @2.1)

This is accompanied by the water-shift-gas reaction that occurs on the solid surface [Tsai,

1982]:

CO + H,0 < CO, +H, AH =+41.87 kJ 2.2)
Carbon dioxide:

C +CO02 — 2CO AH =-163.29 kJ (2.3)
Air:

C +0, - CO, AH = +386.86 kJ 2.4)

14
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and

C +0, - 2CO AH =+225.67 kJ (2.5)

In activation with oxidizing agents, the properties of the activated carbon produced are

determined by [Hassler, 1974]:

the chemical characteristics and the concentration of the oxidising gas

the temperature at which the activation reaction occurs

the degree of activation ( activation time) and

the quantity and mineral matter in the precursor carbon

Reactions with steam and carbon dioxide are endothermic and thus can be easily controlled
during activation. On the other hand reactions with oxygen are highly exothermic and very
difficult to control and thus lead to non-uniform products. Hence manufacturers disregard

oxygen as the activating agent as it is seldom practicable.

Hassler [1974] in his publication stresses that while steam may be preferable to carbon dioxide;
the optimum conditions for an activated carbon are still directly linked to the activated carbon’s

ultimate function and to a much greater extent on the history of pyrolysis of the char.

Steam activation takes places place at high temperatures (800-900°C) to provide a rapid rate of
oxidation, but temperatures above 1000°C are avoided as they decrease the adsorptive power of
the activated carbon. From the studies of Garner ef al [1980] and Geogova ef al [1994] on steam
activated carbons it was deduced that the surface area and porosity increase with increasing

temperature and time, although product yield decreases with time.

Carbon dioxide (CO,) activation is less energetic than steam, and thus requires a higher
temperature. Rand and Marsh [1971] observed that by adding carbon monoxide (CO) to carbon
dioxide (CO,) in the gas stream slows down the rate of gasification and leads to a well
developed microporosity of the activated carbon. This increased microporosity is accompanied

by an increase in surface area [Jankowska et a/, 1996; Lu and Chung, 1996].

Steam activation is three times much faster than carbon dioxide (CO,) activation [Pashchenko
et al, 1996]. Tourkow et al [1977] have revealed that with increasing degree of activation, steam
activated carbons have a higher mesoporisity development compared to carbon dioxide
activated carbons. Therefore, physical activation with steam as the activating agent at high
temperatures tend to produce an activated carbon having a wide pore size distribution and high

surface area within a much shorter time. Thus, activated carbons produced via the steam
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activation process would show high adsorption potential for large colour bodies present in
unrefined sugar liquor. This assumption is based on their pore size distribution lying mainly in

the mesoporous range.

2.3.2.1. Mechanisms of Activation

Activation occurs by the activating agent initially burning off the disorganized carbon that leads
to the opening up of blocked pores and subsequently burns the aromatic ring system to widen
pores and produce more active sites. This leads to increased surface area and greater porosity
with the remaining carbon atoms arranged in configurations having specific affinities. The
adsorptive potential of the active carbon can be developed either at the initial period of

activation or at the late stages or at a consistent rate throughout the entire period.

Tourkow et al [1977] studied the effects of carbon dioxide, steam and oxygen as activating
agents on brown coals at 900 °C. He found that at a low burn-off (low weight loss) all three
produced microporous activated carbons but of varying pore size distribution, and the
micropore volume was the greatest with oxygen. As the percentage burn-off increased, the
varying pore size distributions became more pronounced. Progressive pore development was
observed with water vapour until 70% burn-off resulting in a wide pore size distribution such
that all pore sizes were present. Furthermore, with steam activation the pore volume increased
but surface area was not affected. The micropores contributed to 33 % of pore volume and 63 %
to surface area. Even though burn-off increased, the activation with carbon dioxide, maintained
the microporosity thus leading to a more uniform pore size distribution with 73% of the
micropores contributing to pore volume and 90% to surface area. However, the total pore
volume decreased. The effective surface area for carbon dioxide and steam activation was
almost the same. For oxygen, activation only occurred in the initial stages and as activation
increased the total adsorption potential decreased (low pore volume and surface area) due to the

blocking of the micropores as surface oxygen structures were produced at their entrances.

A detailed study on the steam activation of carbonised wood carried out at 950 °C by Caron
(1985) and communicated to Bansal ef al [1988] demonstrates the effect of varying degrees of
activation on the BET (nitrogen) surface area, the benzene index, methylene index and the
molasses index of the activated carbons produced (see fig. 2.3). Increasing weight loss resulted
in an increase in the activated carbons adsorption capacity for nitrogen, benzene, methylene

blue and molasses with the rate of adsorption being faster for the larger molecules.
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The formations of the different pore sizes in the final activated carbon produced via steam

activation were confirmed by the adsorption of molecules having different molecular

dimensions:
Nitrogen: 3_4A
Benzene: 5-64A
Methylene Blue: 8- 9A
Molasses: 12 - 20A
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Figure 2.3: Adsorption potential of activated carbon produced from pine wood char
activated with steam at 950 °C at different burn-off %. (Sgrr = surface area, BZ=Benzene

index, BM= Methylene Blue index, IM = molasses index) [From Bansal ez al, 1988]

However, as burn—off increases further there also lies a maximum adsorption capacity for each

molecule (see fig 2.4).
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molasses

The above figure (fig 2.4) illustrates that in the initial stages the tarry matter blocking the pores

and more accessible single aromatic sheets of the carbon skeleton is burned off producing

micropores (see BET surface area and benzene index. As these become limited, the walls of

adjacent micropores are burnt giving rise to macropores (see methylene blue number and

molasses index).From this study it was concluded that different properties of activated carbon

could be produced from the same carbonised material by varying the duration of the activation

process.
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In many countries sugar cane is the major raw material for the production of sugar. During
sugar processing many by-products are generated [Lutz ef a/, 1998]. In South Africa, the sugar
industries crush just over 21 million tons of sugar cane (1999 - 2000 seasonal period) and
generate about 5 million tons of bagasse (51 % moisture) as a by-product. Sugar-cane bagasse,
also called the cane chaff is the fibrous residue that remains behind after sucrose has been
extracted from sugar cane. This waste material is currently:

e burnt as fuel in order to provide energy required by the sugar factory since it is a high

energy source.

e processed into pulp for papermaking in the paper industry.

e compressed into furniture material in the furniture industry .

e used as a reactant in the chemical industry to produce furfural (CsH,40,) and

e mixed with animal feed.

In spite of being extensively used, quantities of bagasse still remain at the sugar mills and have
to be effectively disposed. Large piles of bagasse that remain over long periods lead to fires,
fermentation, etc which subsequently impacts on the environment. Since bagasse is a
lignocellulosic material having high carbon content, the possibility of it being a potential
feedstock in the production of activated carbon has been of great interest to the South African
sugar industry. Activated carbon’s excellent decolourising capabilities have been well known in
the sugar industry from as early as the late 1800°s when bone char was used to decolourise raw
sugar. Currently, sugar industries in France, Malawi and USA use commercial activated
carbons to remove colour from unrefined sugar. At present, the South African sugar industry
uses various alternative decolourisation processes to that of the activated carbon process. The
main contributing factor is that the use of activated carbons is associated with high operating

and capital costs since they have to be imported in South Africa.
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The advantages of successfully converting bagasse into activated carbons are that it would:
e add value to a low-value product,
e reduce costs in the decolourisation processes since in-house activated carbon would be
used and,
e the spent carbons can be burnt as fuel to generate energy thereby reducing

environmental concerns and eliminating costs with respect to regeneration.

No documented research has been found on South Africa bagasse with respect to activated
carbon manufacture and this research forms an integral basis on the utilization of SA bagasse in
the activated carbon market. However, due to increasing market demands for inexpensive
adsorbents and environmental consciousness, researchers have in fact investigated the use of
lignocellulosic wastes such as bagasse as alternative feedstocks for the production of activated
carbon in other countries [Pendyal et al, 1999]. In their studies sugar cane bagasse has been a
successfully converted into activated carbons and much of their investigations are elucidated

exclusively in this chapter.

3.1. Generation of Bagasse at a sugar mill in South Africa

The generation of bagasse during the sucrose extraction process at a typical South
African sugar mill is illustrated in fig 3.1. Sugar cane after being harvested at the sugar-cane
plantations is transported to the mill on trucks. The trucks containing the harvested sugar cane
are first weighed on a weighing bridge to determine the amount of cane that is delivered to the
mill. The cane is hoisted in bundles and placed on a conveyor. The cane is conveyed to the
particle reduction section where the cane is firstly cut into pieces by revolving cane knives
thereby exposing the cell tissues and structure to enable efficient juice extraction. The cane is
further reduced in size in a shredder. The crushed cane passes through passes through a
multicell countercurrent diffuser where the sugar juice is extracted and the fibrous residue is left
behind. The crushed cane proceeds through the diffuser by a countercurrent flow of water
known as water of imhibtion or maceration. The extracted juice combines with this water to
form a dilute concentration of sugar juice. The alternative to diffusion is milling extraction. In
this case, the shredded cane moves through a crusher machine consisting of a set of rollers that
crushes the cells and tissues and extract the sugar juice. The stream leaving the diffuser contains
a high percentage of sugar juice mixed with fine bagasse fibres. The fine bagasse called
bagacillo is separated from the juice by a juice screener. The bagacillo is sent back to the
diffuser. Bagasse fibres take approximately one hour to pass through the diffuser to the de-

watering mills where, bagasse is removed at approximately 51% moisture. The water from the
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dewatering mills is recycled to the diffuser and the bagasse is sent to storage. The bagasse is

usually stored in piles exposed to the atmosphere at the sugar factory.

Sugar Cane

Prepared Cane

Water
Mixed juice

Bagasse

> Bagasse to storage

Press water

Figure 3.1: Sub-flow sheet of a typical sugar mill in South Africa showing the production
of bagasse by-product.

3.2. Properties of Bagasse

Structurally, the cane stalk consists of various types of fibrous tissues that can be classified into
true fibres and pith (see fig. 3.2), which have the same chemical composition but different
structures. The true fibres are composed of tough, hard-walled, cylindrical cells of the rind and
vascular tissue. The true fibres have high length-to-diameter ratios (approximately 70) and
possess large coefficients of expansion and contraction upon wetting and drying. This leads to
close bonding of the fibers, which enhances its strength and cohesiveness characteristics. The
pith comprises of parenchyma cells of irregular size and shape with low length to diameter
ratios of 5 and is mainly a carrier of molasses. The pith can adsorb many times its weight of
liquid [Patarau, 1969]. These two types of fibres occur in bagasse and its physical appearance

can be seen in fig. 3.3.
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Figure 3.2: Microphotograph of cane section showing the fibrous sections [Patarau, 1969].

Figure 3.3: Bagasse after passing through the diffuser.

The properties of bagasse vary according to the variety of cane, its maturity, the method of
harvesting and finally the efficiency of the milling plant. For example, in South Africa, most
sugar cane passes through a diffuser instead of a conventional mill and the bagasse that is
generated has different physical and chemical properties to that of, say, Brazil. So one would
expect, that the activated carbons produced would also differ due to the raw material properties.
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A typical composition of bagasse is as follows:

e Moisture: 46-52 % (av. 50%)
e Fibre: 43-52 % (av. 47.7%) and
e Soluble solids (mostly sugar): 2-6 % (av.2.3%)

Bagasse fibres are known to be insoluble in water and have a chemical composition (on a dry
basis — db) of:

e cellulose [(CsH;005) ] :45.3 % (db),

e pentosans (CsHgOy) :24.1% (db) and

e lignin (C4Hs,014, possibly) : 22.1% (db).

Bagasse has a high calorific value on average of 19422 kJ/kg of ash free dry bagasse and 7850
kJ/kg moist bagasse [Chen and Chung-Chi, 1993]. Bagasse is a low-density, carbonaceous

material with a high volatile content as shown in table 3.1.

Table 3.1: Analysis of bagasse [Patarau, 1969]

Proximate Analysis Ultimate Analysis

/ (Weight %) / (Weight %)

Fixed Carbon . Carbon

Volatiles ’ Hydrogen

Moisture : Oxygen

Ash ) Moisture

Ash

Shemet ef al, [1984] report that the ultimate analysis and thermophysical properties of bagasse
are similar to those of firewood. Chen and Chung-Chi [1993] performed a comparative study on

the characteristics of bagasse and wood and their findings are tabulated below in table 3.2.

The properties of whole and fibre fractions of bagasse compare well with hard and soft wood.
However, the pith fraction fall short in the comparison but these fractions can be eliminated
from the rest of bagasse or combined with the fibre factions during processing. Both hard and
soft wood are excellent precursors for activated carbon (see Chapter2, table 2.1.) and thus, by
virtue of its properties and characteristics it is evident that bagasse possesses the desired pre-

requisites as a pre-cursor material for the production of activated carbon.
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Table 3.2: Comparison of wood and bagasse [Chen and Chung-Chi, 1993]

Bagasse

Characteristic Hardwood Softwood Fibre

a—cellulose(%) 38-48 40-45 38-43

Pentosans(%) 20-25 10-13 27-32

Lignin (%) 20-29 26-34 20-23

Ash (%) 0.3-1.2 0.2-0.8 0.6-1.2

Average fibre length (mm) 0.7-1.6 2.7-3.6 - 1.0-2.0

Average diameter ([) 20-40 32-43 - 14-28

Average density (kg/m’) 550 -800** 400-500** | 550 +£20* | 520+ 10*

* Rasul et al [1999]
** Bansal ef al [1988]

Xia et al [1998] concluded via electron microscopy that the surface of bagasse (Brazilian) fibres
contain approximately 16 000 pores / unit mm” of bagasse surface which vary from 0.7 — 1.5um
in diameter. This feature has also been observed in South African bagasse during this study (see
Chapter 6). Furthermore, this porous nature of the bagasse material enhances its capability as a
raw material in activated carbon manufacture since it is believed that these pores would act as
channels for gases to escape easily without deforming or collapsing the pores created under

processing conditions (pyrolysis and activation).

3.3. Pyrolysis of Bagasse

The pyrolysis process follows raw material preparation in activated carbon manufacture and the
history of the pyrolysis step is crucial since this step pre-determines the characteristic of the
produced activated carbon. It is in this stage that the fixed carbon skeleton is created and the
initial phases of pore development arise, which is further improved during activation. Heating

rate, pyrolysis temperature and hold time are the factors, which optimize char yield and develop

porosity.

Pyrolytic decomposition studies on lignocellulosic material, for example bagasse, have been
studied by using differential thermogravimetric (DTA) and thermogravimetric (TGA) analysis
techniques [Nassar et al, 1996, Khattab et al, 1993, Luo et al, 1992] in order determine the
transformations and reactions that occur at increasing temperatures. The mechanisms that occur
during bagasse pyrolysis are deemed to be difficult to determine due to the complex

composition of bagasse and the large number of complex reactions that occur during pyrolysis
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[Garcia-Perez, et al 2001]. Thermogravimetric analysis is also used to determine the kinetic and
thermodynamic parameters such as reaction rate constants, activation energy, entropy change,

enthalpy change and Gibbs free energy change for pyrolysis of bagasse [Nassar et a/, 1996].

3.3.1 Bagasse Pyrolysis Chemistry

The transformations that occur during biomass pyrolysis have been studied at low and high
heating rates. For the case of high heating rates, bagasse pyrolysis has been studied especially in
conjunction with combustion in suspension-fired and swirl burners [Stubington and Aiman,
1994; Rodriguez et al, 1993; Luo and Stanmore, 1994] since during real combustion conditions,
not all the fuel source comes in contact with oxygen indicating that anaerobic thermal
decomposition (pyrolysis) of the organics occur as well. Rodriguez ef al [1993] investigated the
thermal decomposition of pulverized bagasse in an Od-130 derivatograph heated in helium at
high heating rates in order to determine the reaction mechanisms of the process on a thermal
basis. They found that the process goes through the following physiochemical stages described
in table 3.3.

Table 3.3: Description of the various stages during pyrolysis of bagasse in helium

Temperature

Range / (°C) Description of transformation

25-110 Removal of moisture from the particle (drying)

110-170 Endothermal decomposition of polysaccharides with simultaneous vaporization of

water bound in colloids

170 - 250 Breaking of the weak bonds in oxygen—containing hydroxyl, carboxyl and methoxy
groups, thereby liberating CO,, CO and H,O. During this stage the reaction is

exothermic.

250 - 280 Decomposition of hydrocarbons (hemicellulose and cellulose).

280 - 310 Liberation of hydrocarbons and H,, accompanied by a decrease in CO and CO, yield.

310 - 450 Exothermic decomposition of lignin and of extractable substances. Reaction rate
greatest at 350°C. Products are rich in combustible gases (50% CO, 38% CH,, and
liquid tars).

450 - 900 Breaking of C-C chains and endothermal formation of coke residues.

The reactions that occur during the thermal decomposition of polysaccharides are divided into
cleavage of glycosidic, C-H, C-O, and C-C bonds, dehyration, decarboxylation, decarbonylation
reactions and the formation of C-C, C=C and C-O bonds, and carbonyl and carboxyl groups
[Garcia-Perez et al, 2001]. Stubington and Aiman [1994] discovered that at extremely high
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heating rates from 200-1000 °C/min, the primary products during pyrolysis of bagasse in a
nitrogen atmosphere are tar, water and carbon monoxide. At higher peak temperatures (870 °C)
secondary reaction of the tars occurs, thereby producing mainly carbon monoxide. They also

found that char yield declines with increasing heating rate.

Bilba and Ouensanga [1996] in their research used data from solid FTIR (Fourier Transform
Infrared) analysis to study thermal degradation of bagasse at low heating rates (10-30 °C/min).
They found that structure modifications took place around 200 °C with a decrease in the O-H,
C-0, C=C bonds and an increase in alkyl bonds. This structural change intensified between 300
- 400 °C with a dehydration of carbohydrates from 300 - 320 °C followed by the dehydration of
lignin between 340-380 °C. Further increase in temperature (340-380 °C) led to a saturation of
aromatic rings, breaking of the C-C bonds present in lignin, liberation of water, CO and CO,
and finally re-arrangement of the carbohydrates and lignin structures. As temperature
progresses (800 °C), a char containing organic acids is left behind. Their study also agrees that

at high heating rates hydrogen and hydrocarbon molecules are liberated.

The formation of the char end product is brought about by the decomposition of the lignin
fraction in bagasse at higher pyrolysis temperatures [Nassar and Mackay, 1984], whereas the
hydrocarbon fractions (cellulose and hemicellulose) are converted to volatile products
[Arseneau, 1981] that escape from the solid substrate. Nassar [1999] investigated the thermal
analysis kinetics of bagasse in a helium atmosphere at a heating rate of 5 °C/min and found by
using DTG and TGA analysis that two main regimes of weight loss exist: decomposition of
hemicellulose and the initial stages of cellulose decomposition occur in the lower temperature
regime, while the upper temperature regime is associated with late stages of cellulose and lignin

decomposition.

Studies have indicated that slight interactions between cellulose, hemicellulose, extractives and
lignin during biomass degradation do occur and that biomass pyrolysis behaviour is a
combination of these contributing fractions. Thermogravimetric and differential
thermogravimetric curves during the thermal decomposition of lignocellulosic material reveal
two to three distinct peaks due to hemicellulose, cellulose, and lignin decomposition [Roy et al,

1990; Raveendran et al, 1996; Caballero et al, 1997].

Similar results were discovered by Garcia-Pérez et a/ [2001] who investigated the thermal
decomposition of bagasse at various heating rates from 10 to 60 °C/min using a SSC/5200 TG /
DTG Seiko microbalance under a nitrogen flow of 150ml/min. They concluded that thermal

degradation started at 200 °C and cellulose degradation was almost complete at 373 °C at a
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heating rate of 10 °C/min (see fig 3.4.). Two peaks corresponding to hemicellulose (299 °C) and
cellulose (351 °C) could be observed quite distinctly with the lignin peak being overlapped by
the other two peaks in the derivative thermogravimetric curve (see fig 3.5.). The maximum
heating rate increased from 351 °C at 10 °C/min to 385 °C at 60 °C/min (see fig 3.6). They also,
found that lignin decomposition reactions occurred at higher temperatures. The charcoal yield

was approximately 16% for heating rates from 10 - 40 °C/min.
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Figure 3.4: TG of sugar-cane bagasse (particle diameter > 0.450mm) at different heating

rates [Garcia-Perez et al, 2001].
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Figure 3.6: DTG of sugar-cane bagasse (particle diameter > 0.450mm) at different heating

rates [Garcia-Perez et al, 2001]

Thermal degradation of bagasse comprises of two stages: volatilization and carbonization
[Nasser et al, 1996]. The formation and evaporation of the volatile products are attributed to the
cellulose component of bagasse during the volatilization stage [Tang et a/, 1967]. This was
further highlighted by Luo and Stanmore [1994], when studying the effects on particle size and
shape during the devolatilisation of bagasse. They found that the cellulose carbon skeleton
undergoes more drastic rearrangements compared to the lignin fraction during pyrolysis. This
was due to the cellulose having a relatively open structural unit of B-1,4 anhydroglucopyranose

whereas lignin is an amorphous compact material involving an aromatic ring.
3.3.1.1. Cellulose Pyrolysis Chemistry & Kinetics

It is was initially emphasized by Antal ef @/ [1991] that an understanding of cellulose pyrolysis
kinetics is beneficial in order to understand charcoal and activated carbon production. Antal and
Varhegyi [1995] proved that when whole biomass undergoes heat {reatment in order to remove
mineral matter, the pyrolysis kinetics of its cellulose components are similar to those of pure

cellulose.
Cellulose pyrolysis can proceed in two directions: one leading to formation of levoglucosan as a

relatively stable product and the second yielding glycoaldehyde [Antal and Varhegyi, 1995].

Degradation of the cellulose component during bagasse pyrolysis takes place after the

28



CHAPTER 3 BAGASSE

dehydration stage and occurs by fragmentation through random scission of the macromolecular
structure accompanied by the release of volatiles [Shukry ef al, 1991]. Scission of the glucosidic
linkages leads to the formation of a shortened chain, which is terminated by a resonance—
stabilized glucosyl cation. This cation stabilizes itself as levoglucosan and a subsequent scission
of the glucosidic linkage adjacent to the levoglucosan end group produces levoglucosan, which
rapidly escapes from the system due to its volatility. Cellulose pyrolysis is therefore selective

towards producing anhydrosugar [Essig et al, 1989].

Usually, the char yield is very low during pyrolysis of lignocellulosic material and Antal and
Varhegyi [1995] claim that proper control of the pyrolysis chemistry can indeed increase the
char yield to 40%, whereas other researchers argue that controlling the temperature-time history
of pyrolysis of the raw material influences the char yield. In support of their theory, Antal et al
[1991] had in fact increased the char yield in his research previously to 47% by controlling the
process conditions that influenced the release of vapours from the solid substrate during
pyrolysis. Char yield can be increased when vapours are held in contact with the solid substrate.
According to Bradbury et al [1979], “the residence time of volatiles in the cellulose during
pyrolysis reaction largely influences the extent of char formation.” Therefore, for pure cellulose

decomposition, the released pyrolytic vapours are the only sources of char.

Initially Broidio and Nelson [1975] discovered a competitive reaction model for cellulose

pyrolysis (see fig 3.7.), which was later, improved on by Bradbury ef a/ [1979].

Volatile Tars

L

k
Cellulose ———> Char + low molecular weight volatiles

Figure 3.7: Cellulose decomposition [Broidio and Nelson, 1975].

Bradbury et al [1979] heated 250mg samples of pure cellulose batch wise at temperatures
ranging from 259 to 407 °C in a vacuum, resulting in the cellulose model displayed in fig 3.8.
Their studies imply that char formation in cellulose pyrolysis is not a primary step, but occurs
because of the repolymerization of the volatile material. This basically means that increasing

the vapor-solid interaction would increase the char yield and it is believed that these are the key
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reactions that should be considered in the manufacture of charcoal from biomass [Antal and

Varhegyi, 1996].

k/ Volaﬁles
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Cellulose @—> Cellulose K
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Chars +gases

Figure 3.8: Cellulose pyrolysis model [Bradbury et al, 1979].

Another distinct feature was that volatilization of levoglucosan with char formation was
observed by a strong exothermic reaction. This was iterated by Mok et al [1992] who executed
tests to increase the char yield in closed containers and found that strong exotherms occur
below 350 °C associated with charcoal and hemicellulose. Cellulose pyrolysis was found to be
first order reaction with high activation energies of 238 kJ/mol when vapour-solid interactions
are minimized and much lower (~130 kJ/mol) when high heating rates apply. However, for
pyrolysis of bagasse, the activation energy of its cellulose component was found to be 215 - 226

kJ/mol [Varhegyi et al, 1989; Garcia-Perez et al, 2001].

3.3.1.2. Bagasse Hemicellulose Pyrolysis

Shafizadeh et al [1968] had reported that hemicellulose is less thermally stable than the
cellulose and lignin fractions in bagasse and its active degradation begins at a lower

temperature. A typical composition of hemicellulose present in bagasse is listed in table 3.4.

Table 3.4: Composition of hemicellulose [Shukry e al, 1991]

Component Composition /(wt %)

Xylose 54.8
Arabinose 18.0
Glucose 21.0

Galactose 6.2

Shukry et al, [1991] studied the thermal decomposition of bagasse hemicellulose at a heating

rate of 5 °C/min from room temperature to 600 °C/min in the presence of static air. They found
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at low temperatures (> 200 °C) endothermic decomposition occurred followed by prominent
exothermic reactions at higher temperatures. Between 200 and 320 °C, they found a 60 %
weight loss of the hemicellulose, which was subsequently followed, by a smaller weight loss at
higher temperatures (> 320 °C). The former case was related to the initial degradation reactions
of depolymerization, hydrolysis, oxidation, dehydration and decarboxylation while the latter
was suggested to proceed through combustion of the volatile degraded components and the

formation of the “char residue”.

3.3.1.3. Bagasse Lignin Pyrolysis

Lignins are phenolic polymers containing hydroxyl, carboxyl and carbonyl groups [Lin and
Dence, 1992]. Nassar and Mackay [1984] found that lignin thermally degrades to char with no
intermediates whereas lignin with hemicellulose and cellulose decomposition proceeds with the
intermediate levoglucosan. Even Mok et al [1992] found that a strong correlation existed
between char yield and lignin content of the feed. Furthermore, Nassar e a/ [1999] found that
addition of salts had no effect on lignin decomposition, but did influence the decomposition of

hemicellulose and cellulose.

Therefore, during bagasse pyrolysis, it can be deduced that increasing vapour-solid interactions
would increase char yield. By employing a slow heating rate, vapour-solid interactions are

favoured consequently increasing char yield.
Nassar et al [1999] have also related that the effects of bagasse pyrolysis are very much similar

to wood. The porous nature of charcoal is developed after 400 °C, whereby active pyrolysis

with evolution of volatile flammable products occurs.
3.3.2. Bagasse Pyrolysis Kinetics
Most kinetic studies performed on pyrolysis of bagasse are usually based on the weight loss

data obtained by thermogravimetric analysis. According to Tang [1967], a pseudo first order

reaction can be assumed for bagasse decomposition.
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This can be justified by the following assumptions:
e the internal and external diffusion of mass and heat are relatively fast
e the rate of solid decomposition is proportional to its specific surface
e the ratio of specific surface / non reacted biomass stays constant and

e the yield coefficient defined as the char formed / biomass reacted remains constant

[Caballero et al, 1995].

Therefore the reaction rate can be expressed as:

dC
-—=KC B.1)
dt
where: C = concentration of the reactant in moles
t = time of reaction in minutes and
K = rate constant in minutes™

By replacing the concentration by the observed weight w,, then equation (3.1) changes to:

d(wo B (WO B wf ))

=K(w, —(w, —w,))=Kw, (3.2)
dt
where: w, = initial weight of the preheated sample and
Wy = weight of the sample after time ¢
Integrating equation 3.2 leads to:
log e(We~lromm)) = log ™) = Kt + C. (3.3)
where: C, = an integration constant

Att=0, w,—w, =0
Hence, C, =—loge™
And loge™'™ = Kt
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If the amount of residue left at the end of heating w.. is considered, then:

1og(uj=m &)

W, — W,

Plotting log (W, — wo /(W — wo)) against time (¢) for a first order reaction should give a
straight line with slope equal to the reaction rate constant K at the related temperatures. The
above set of calculations were used by Nassar et al [1996] to determine the reaction rate
constants during the volatilization and carbonization stages for thermal decomposition of
bagasse in a nitrogen atmosphere. They heated the bagasse sample from room temperature to
800 °C at a heating rate of 5 °C/min. They also used the following set of equations to determine

the rate constant based on first order reaction:

The rate constant K can be calculated by:

K = . at temperature 7 (3.5
dt C

By using finite differences instead of differentials, the rate constant K can be calculated by:

K = _A_CL (3.6)
At C,

Tables 3.5 and 3.6 tabulate the results obtained by Nassar et al [1966] when using the
calculation procedure displayed above. They found that the rate constant was greater during the
volatilization stage than the carbonization stage. The activation energy during these two stages

were determined by using the integrated form of the famous Arrenhuis equation:

-E
InkK = L4nK 3.7
RT
where: R = gas constant and
E, = activation energy in kJ/mol
K, = Arrenhuis rate constant
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Table 3.5: Kinetic parameters for devolatilisation stage of bagasse pyrolysis in a nitrogen

atmosphere [Nassar et al, 1996]

Time (7) Residual weight

(min) (Wt %)
45 95.0
50 94.4
93.7
922
91.0
85.0
82.0
78.0
73.0
68.0
62.0

Table 3.6: Reaction rate constant for de-carbonization stage of bagasse in a nitrogen

atmosphere [Nassar ef al, 1996]

Residual weight K

(wt %) (min™ x 10%)
47 : J 10.360
45 : / 13.880
14.700
18.750
20.270
22.050
24.190
35.714
41.600

However, Garcia et al [2001] et al used thermogravimetric analysis at different heating rates
together with the Friedman plot to determine the kinetic parameters with respect to conversion
and deduced that the overall activation energy for bagasse pyrolysis was 150-200 kJ/mol (10-40
°C/min) over a wide range of conversions. Therefore, they were able to conclude that pyrolysis
occurs through a cleavage of linkages with similar energy bonds. In their calculations they

assumed that the bagasse pyrolysis rate was the sum of its component pyrolysis rates. Hence,
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each component, hemicellulose, cellulose and lignin contributed proportionally to the global
process. Therefore, for each set of heating rates, the rate constants, activation energy, including
the amount of gases released during pyrolysis for each component were obtained by considering

first order reaction and their results can be viewed in table 3.7.

Table 3.7: Kinetic parameters from each component used to determine sugar cane bagasse
kinetics [Garcia ef al, 2001]

Heating rate E,/ Weight fraction of

/(OC/min) Component (kJ/mol) released gases (z;,) / (%)

Cellulose 235 : 48
10 Hemicellulose 105 : 33.5

Lignin 26 ] 18.5

Cellulose ) 48

Hemicellulose ' 335

Lignin ] 18.5

Cellulose ; 45

Hemicellulose

Lignin

Cellulose

Hemicellulose

Lignin

Table 3.7 indicates that the high activation energy is associated with cellulose decomposition
compared to lignin in sugar cane bagasse. Decomposition of cellulose proceeds at a much faster
rate compared to lignin decomposition and this is verified by the higher fraction of gases
released from cellulose compared to lignin in sugar cane bagasse. This finding is comparative to
that observed by Nassar et al [1996] whereby the volatilization stage is associated with
cellulose and hemicellulose decomposition while the carbonization stage is related to lignin
decomposition. Furthermore, from Garcia-Perez et al’s [2001] work presented in the above
table, there seems to be a decrease in cellulose pyrolysis rate with a converse effect on
hemicellulose and lignin pyrolysis rates as heating rate increases but the total rate constant

remains the same.

However, Rodriguez et al [1993] calculated the order of the reaction as pyrolysis proceeded
instead of assuming first order kinetics, but still used the Arrrenhuis equation to determine
activation energy for bagasse pyrolysis at high heating rates. The activation energy required and

reaction orders for bagasse pyrolysis together with their released gaseous products at high
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heating rates from their study are shown in table 3.8. The activation energy and reaction orders
vary during the different stages of bagasse pyrolysis with first order kinetics occurring during

pyrolysis at 170-250 °C and 310-380 °C. However, the activation energy at the temperature

range falls into the range as obtained by Garciar — Perez ef al [2001] at high heating rates.

Table 3.8: Bagasse Pyrolysis Kinetics at high heating rates [Rodriguez, ez al, 1993]

Temperature Range in oc

110-170

170 - 250

250 - 310

310 - 380

Reaction order

0.1

1.0

0.4

1.0

E, /(kJ/mol)

21

14

64

188

Gaseous Products

H,0

CO, CO,, H,O

CO, H;, CO,

CO; CHy

3.3.3. Thermodynamic Properties of Bagasse Pyrolysis

According to the rate theory [Glassstone, 1980] the rate of reaction K can be expressed as:

K = k_Te—AG"/RT (3.8)
h
where: A = Plank’s constant = 6.6256 x 10™>* Js
R = 1ideal gas constant = 8.314 J/molK
T = temperature in Kelvin

AG® = change in Gibbs free energy J/mol
k = Boltzmann constant = 1.38408 x 10 J/K

The change in Gibbs free energy (AG°), is related the change in entropy (AS) and enthalpy

change (4H) of the system, thus equation 3.8 can be rewritten as:

szTTeAS/Re_AH/RT (3.9)

where: AS = change in entropy (kJ/mol.K)

AH = change in enthalpy (kJ/mol)
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According to Smith and van Ness [1987], for a first order reaction, the activation energy, E,, is

related to the change in enthalpy by:

E = AH + RT (3.10)

Therefore the reaction rate can also be determined by:

kT —(E-
K ITeAS/Re (E-RT)/RT

K =k7TeAS’Re‘E’RT (3.11)

Using the above calculations, Nassar et al [1996] determined thermodynamic properties for

pyrolysis of bagasse, which are displayed in table 3.9.

Table 3.9: Thermodynamic Properties of Bagasse Decomposition in Nitrogen [Nassar et al,
1996]

E, AH AS AG?

Stage

(kJ/mole)

(kJ/mole)

(kJ/mole K)

(kJ/mole)

Volatilization

87.90

83.011

-0.170

183.46

De-carbonization

46.68

40.050

-0.270

237.40

Positive values for Gibbs free energy were obtained as shown in table 3.9 thereby revealing the
non-spontaneous nature of the reactions and the free energy of the products is much greater than

the reactants.

3.3.4. Char Characteristics and Pyrolysis Process conditions

The chars produced under various pyrolysis conditions have a set of unique characteristics,
which are enhanced when they are subjected to activation. Some of these characteristics that
have been evaluated by various researchers are discussed in order to get brief idea of type of

chars that are produced during pyrolysis.

Luo et al [1992] found that char produced by the bagasse pyrolysis step acquired the properties
in table 3.10, which were similar to that of low rank coal. The total surface area is
approximately half of that of a commercial carbon (usually 1000m*/g). 80 % of this surface area

is contributed by the micropores that have developed due to the pyrolysis mechanisms as
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explained above. The macropores and sometimes the mesopores contribute to the external

surface area.

Table 3.10: Char properties [Luo ez al, 1992]

Property

Surface area (BET)

External Surface Area*

Micropore Area

Micropore Volume

Micropore Diameter

*Pores > 6um in diameter

High surface area chars produced from bagasse pyrolysis were also found by Xia et al [1998],
when they pyrolysed Brazilian bagasse at heating rates from 2 to 10 °C/min to temperatures
ranging from 800 —1000 °C in a nitrogen atmosphere. They found at the pyrolysis temperature
of 900 °C, the resultant char had an optimum surface area of 532 m?/g char which was
equivalent 101 m’/g bagasse having a pore volume of 280 cm’/g. They later show that the
char’s surface area and pore volume increased during the activation stage (see section 3.4.).
Minkova et al [2000] found that when bagasse was pyrolysed in a flow of nitrogen, the char’s
capacity to adsorb iodine was approximately 500 mg/g. Iodine number is related to
microporosity and surface area (see Chapter 4) and corroborates what has been found by other

researchers.

Petrie and Baldwin [1992] found that fibrous material bound with a binder, extrudated and then
pyrolysed produced more porous chars having a higher reactivity. Zandersons et al [1999]
increased the charcoal yield to 1.4 times by adding sulphuric acid to bagasse prior to
carbonization (pyrolysis). However, the bulk density of charcoal was low as 76- 108kg/m’. Lutz
et al [1998] converted bagasse to char batch wise under the exclusion of oxygen at 380 °C for 3
hours yielding 35.4% char. This char was later subjected to partial gasification at 850-900 °C
and yielded high surface area activated carbons. Different process conditions yield different

char yields.
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3.4. Activated Carbons from Bagasse

Activated carbons can be produced either through physical or chemical methods (see Chapter 2)
of activation and sometimes through a combination of both these methods. The aim of the
activation step is to increase the porosity and enlarge pore diameters in the resultant chars by
the selective removal of the disorganized carbon by the activating agent. The mechanism of
activation with different types of activating agents has been discussed early in Chapter 2.
Powder and granular activated carbons with unique properties have been successfully produced
from sugar cane bagasse by employing various process techniques. Successes will be briefly

explained in order to reach a generally consensus on the best processing practices.
3.4.1. Chemical Activation Processes

Activated carbons from bagasse have been produced by chemical activation [Girgis et al, 1994
and Tsai et al, 2001] with the major focus being on increasing carbon yield and microporosity.
Microporosity is linked to surface area available for adsorption of molecules less than 2nm. Xia
et al [1998] produced activated carbons from bagasse by chemically activating fibrous bagasse
with 0.9 zinc chloride (ZnCl,) and heating from room temperature to 600 °C at an activation
hold time of 1 hour in a one-stage process. This method produced a high yield of carbon (36.1
wt %) with the resultant carbons possessing surface areas as large as 1278 m*/g. The activated
carbons ability to adsorb iodine and methylene blue were recorded by the high iodine (1200
mg/g) and methylene blue (171 mg/g) numbers. The total pore volume of the carbon was 0.621
cm’/g with 50% contributed by micropores. Although the carbon possessed excellent adsorbing
characteristics, the activated carbon had to be washed prior to being used in order to remove

chemicals and this poses an effluent dilemma.

Lavarack [1997] impregnanted different fractions of bagasse (whole, bagacillo, rind and pith)
with phosphoric acid, sulphuric acid, zinc chloride and calcium chloride and chemically
activated them at pyrolysis temperature of 500 °C in a nitrogen atmosphere for 3 hours
producing powder activated carbons. Again in this process, the carbons prepared chemically
were washed to remove the impregnated chemicals. Phosphoric acid carbons gave the best
colour removal from brown sugar, but their acid contents contributed to a decrease of pH in the
syrup, thereby reducing its potential for sugar decolourisation in the sugar industry. It is worthy
to mention that a low pH would cause an irreversible reaction of sucrose to glucose and fructose
in sugar syrups, which is unacceptable. Bagacillo and the pith fractions bound with calcium

chloride, showed satisfactory results for brown sugar decolourisation.
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3.4.2. Physical Activation Processes

Adopting physical activation techniques in producing activated carbons have deemed to
produce far superior quality carbons than commercial carbons [Xia ef al, 1998]. Xia et al [1998]
also tested this theory by producing activated carbons firstly by the two-step physical method
and then by employing a one-step physical process with fibrous and compressed bagasse. Both
these methods used steam as the activating agent. With respect to hardness of the activated
carbon, they found that compressed bagasse subjected to activation with steam at 800 °C for 1
hour produced activated carbons with a hardness number of 2.5 x 10” kg/cm” and contained
878 m®/g of surface area with the micropores and mesopores contributing equally to pore
volume. Furthermore, they also reveal that the adsorption potential for phenol and acetic acid
adsorption was superior to that of a commercial coconut carbon. In keeping with this trend of
one-step physical activation of bagasse, Minkova et al [2001] also produced activated carbons
from bagasse in the presence of steam in a fixed bed pyrolysis reactor and in a horizontal
rotating reactor [Minkova ef al/, 2001]. They concluded that the water vapour has the ability to
penetrate the solid residue and aid in desorption and efficient removal of the volatile products
from the solid material. Their optimum processing conditions with respect to iodine adsorption
(~ 780 mg/g) were at a temperature of 750 °C and at a hold time of 2 hours. Minkova et al
[2001] also used a mixture of carbon dioxide and steam for activation the resulting carbon had a

much lower iodine number of 565 mg/g.

Lutz et al [1998] produced very high surface area (1035 m’/g) activated carbons by initially
converting 200-400 g of Brazilian bagasse to char at a temperature of 380 °C for 3 hours. About
5-10 g char was then activated with steam / nitrogen mixture at 850 —900 °C in a rotary furnace
for 150 min. This two-step process of physical activation produced activated carbons with the
ability to adsorb iodine and methylene blue of 1180 mg/g and 275 mg/g respectively. These
adsorption capacities were 2.3 and 4.2 times greater when compared to the commercial
Carbotech D47/4 and Norit D10 activated carbons. The carbons contained high micropore and

mesopores volumes of 0.5 and 0.2 cm’/g.

Pendyal et al [1999] produced granular activated carbons by mixing sugar cane bagasse and
other biomass materials with various types of binders (coal tar, sugar-cane molasses, sugar beet
molasses and corn-syrup) in cane to binder ratios (wt/wt) of 1:0.5 and 1:1 and subsequently
pressing them into briquettes. They used the generally two-step physical activation whereby
these briquettes were pyrolysed in nitrogen at 700 °C for 1 hr, crushed, sieved and then
activated with 13% CO, and 87% nitrogen at 800 °C for 6 hr. They found that activated carbons

from bagasse bound with sugar beet molasses removed approximately 68% of the colour from
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molasses whereas bagasse bound with coal tar removed about 55% colour from raw sugar.
However, these carbons had low surface areas ranging from 195 to 524 m?/g with total pore
volume of ranging from 0.132 to 0.314 cm’/g. A closer look at the pore size distribution reveals
that bagasse bound with sugar-beet molasses had a lower percentage of mesopores (24.5 %) and
macropores (1.3%) compared to bagasse bound with coal (mesopores —31.8%, macropore —
4.5%). The type of pore size distribution present in the activated carbon influences its
adsorption potential. They also concluded that the raw material rather than the binder exerted an
influence in adsorbing sugar colourants. Pendyl et a/ [1999] in his work indicated that with
respect to physical and chemical properties activated carbon from bagasse bound with corn
syrup ranked the highest followed by coal tar. However, Ahmedna et al [1999] by following the
procedures by Pendyal et al [1999] produced granular activated carbons from bagasse bound
with coal tar and corn syrup with much higher bagasse to binder (wt/wt) ratios of 1:1 and 1:2
and activated with CO, but at temperatures of 900 °C for 4hr and 20 hr. Again they found that
surface area was low (78 =314 m’/g) and the mesopores and macropore contribution to surface
area was 50%. However, bagasse bound with com syrup showed exceptional adsorption
potential to remove colour bodies from sugar (~ 60%) and molasses (~ 90%). Their adsorption
potential was linked to their relatively low surface charge (no carboxylic groups). Ahmenda et
al [2000] again reinforces that bagasse bound with corn syrup produces excellent granular

carbons for raw sugar and molasses colour decolourisation.

Therefore, based on the findings by various international researchers on the production of
activated carbon from sugar cane bagasse as illustrated above, the following can be concluded:

e Although chemical activation results in the final activated carbon having excellent
sugar decolourising potential, the pH of the final activated carbons tend to impact
negatively on the sugar solution during the decolourisation process. Thus, for the
purpose of manufacturing activated carbons from sugar cane bagasse for sugar
decolourisation, chemical activation techniques are undesirable. Furthermore, the high
costs associated with the chemical agents and the required washing step does not make
this type of activation economical.

e Physical activation with CO, requires long activation times (> 3 hours) to produce
satisfactory activated carbons from sugar cane bagasse. In terms of cost, efficiency,
time and effectiveness, CO, activation is not seen to be feasible.

e Qranular activated carbons can be produced from sugar cane bagasse, but again the
type of activation agent and the binder used influences the properties of the final

activated carbon.
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e Activating bagasse chars with steam produces excellent powder activated carbons
within a much shorter time. Their pore size distribution suggests that these carbons

would probably be effective sugar decolourising carbons.
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CHARACTERIZATION OF ACTIVATED CARBONS

Each activated carbon has a unique set of physical and chemical characteristics that are
dependent on the type of raw material and the processing methods (physical, chemical or a
combination) employed in its manufacture [Allen ef al, 1998]. According to Bansal ez al [1988],
activated carbons are classified by their high adsorption potentials, which can be as high as 0.6-
0.8 cm’/g. The effectiveness of an activated carbon as an adsorbent is accredited to its unique
qualities, which include, “large surface area, high degree of surface reactivity, universal
adsorption effect and favourable pore size distribution” [Bansal et al, 1988]. Hence an
activated carbon is usually characterised by the following criteria:

e total surface area

e pore size distribution (pore volume and pore size)

e impact hardness and

e ability to adsorb selected substances such as nitrogen, benzene, carbon tetrachloride

from the gaseous phase and iodine, methylene blue, phenol, and molasses from the

aqueous phase.

4.1. Adsorption in activated carbons

The method of adsorption of a gas by a solid is usually used to determine information on
surface area and porosity. When a porous solid (adsorbent) comes in contact with a gas or
vapour (adsorbate), the solid begins to adsorb the gas/vapour onto its surface and then into its
pores [Cal, 1995]. Adsorption involves the accumulation of substances at a surface or interface,
which occurs by the forces that are exerted by the large surface area of the solids [Suffet and
McGuire, 1981]. This occurs by two types of binding forces namely, physical and chemical
forces. Physical adsorption results from the action of the short-range attractive van der Waals

forces, comprising of London dispersion and classical electrostatic forces that draw the
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molecules in their vapour state until they condense into a liquid [Suffet and McGuire, 1981,
Dominguez and Hyndshaw, 1976]. Chemisorption is associated with the transfer and sharing of
electrons between adsorbate and adsorbent resulting in a chemisorptive bond. The chemical
bond is much stronger than van der Waals forces and transmigration of the adsorbate molecules
within the interface do not occur [Suffet and McGuire, 1981]. Chemisorption is used to assess

the area of active surfaces [Allen et al, 1998].

4.1.1. Pore Sizes

Pores are the tortuous micro-chambers that allow for increased surface area in activated carbon.
A schematic representation of the microstructure of an activated carbon is displayed in figure

4.1 [Bansal et al, 1988].

Figure 4.1: Schematic representation of an activated carbon [Bansal ez al, 1988].

The structure of activated carbon structure comprises principally of carbon atoms that are
grouped into stacks of flat, aromatic sheets or planes, randomly cross-linked by aliphatic
bridging groups. These sheets are irregularly arranged such that there are free interstices
between sheets which creates the porous structure. The width of the sheets is about Snm. [Baily

and Maggs, 1971;Bansal et al, 1988; Doying 1965; McEnaney, 1988 and Peters, 1966].
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Depending on their preparation activated carbons can possess a distribution of various size and
shape pores. They are usually characterized in terms of their width i.e. the diameter of a
cylindrical pore or the distance between the walls of slit shaped pores. Dubinin [1960] classified
these pores according to their widths (see table 4.1), which has been adopted by the
International Union of Pure and Applied Chemistry.

Table 4.1: Pore Classifications [Dubinin, 1960]

Pore Classification Pore Width

Micropores <2nm (20 A)

Mesopores Between 2 and 50nm (20 — 500 A)

Macropores > 50nm (500 A)

The physical adsorption of gases and vapours into microporous activated carbon is based on the
theory of micropore volume filling developed by Dubinin [1965, 1966, 1975]. Firstly, the gases
are adsorbed into the micropores by “volume-filling” due to the greater interaction potential in
micropores than larger pores because the pore walls are much closer which enhances adsorption
potential [Cal, 1995; Botha, 1992]. “The adsorption then shifts to the meso- and macropores
forming gradual multilayers, and exhibiting capillary condensation”, [Botha, 1992]. Stoeckli
[1990] denotes that the meso- and macropores are mainly used as transport channels although

liquid condensation may occur in these pores.
4.1.2. Functional Groups

During the activation of carbons, heteroatoms such as hydrogen and oxygen are incorporated
into the carbon structure and are located at the edges of carbon planes and form surface
functional groups. These functional groups can influence adsorption as well [Cookson, 1978,
Faust and Aly, 1983 and Mattson et al, 1969]. Boehm and Voll [1970, 1971] disclose that
functional groups and carbon deposits formed during pyrolysis can render certain areas of the
microporous network inaccessible. These leads to activated diffusion effects at low adsorption

temperatures such that the adsorbate has insufficient energy to penetrate into the micropores,

4.2. Adsorption Isotherms

In a closed system, the adsorption of a gas onto solid can be determined by either measuring the
decrease in adsorbate pressure within a known volume or by measuring the gain in adsorbent

mass due to the adsorption of the gas molecules. The amount of gas adsorbed (moles/gram) is
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related to the partial pressure of the adsorbate at a constant temperature and leads to the
construction of an adsorption isotherm. Adsorption isotherms are useful tools in characterising
the adsorbent with respect to the adsorbate [Cal, 1995]. Generally nitrogen adsorption at its
boiling point of 77 K is used as an adsorbate [Bansal et al, 1988; Gregg & Sing, 1982 and
Rodriguez-Reinso ef al, 1989] but other small molecule adsorbates such as Ar (77K), Xe (77K),
Kr (77K), CO, (195K), alkanes (298K) and O, (90K) have also been used. The adsorption
isotherms provide an insight of the porous nature of the adsorbent [Allen et al, 1998]. Brauner
et al [1940] classified the adsorption isotherms into 5 types known as the BDDT-classification.

which are presented in figure 4.2.

Type I Type II E

Type M Type IV

Amount Adsorbed

Type V

Relative Pressure

Figure 4.2: The five main types of adsorption isotherms according to the BDDT-

classification [Brauner e af, 1940]

Type I are reversible isotherms characteristic of microporous solids namely activated carbon
and zeolites. The uptake of adsorbate reaches a limiting value as relative pressure (P/P,) tends
to 1, which reveals that adsorption of adsorbate, is dependent on the micropore volume rather
than surface area.

Type II isotherms are attributed to non-porous or macroporous solids. These isotherms denote

that monolayer-multilayer adsorption takes place.
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Type III and V isotherms are related. They are not very common and may originate from the
adsorption of either polar or non-polar molecules, with the adsorbent-adsorbate interactions
being much weaker than the adsorbate-adsorbate interactions.

Type IV isotherms are recognised by the presence of a hysteresis loop. They are associated
frequently with physical adsorption of gases on mesoporous solids. Carbons having both micro

and mesopores show adsorption isotherms of this type.

Since, most activated carbons from bagasse fall in the type IV region; more detail on this

isotherm is presented.
4.2.1. Type 1V Isotherm

A more detailed illustration of the BDDT type IV isotherm is illustrated in figure fig 4.3. As
adsorption of a gas proceeds, the initial uptake of adsorbate into the micropores of the solid
follows the curve ABC. At about 0.4, relative pressure (P/P,), the isotherm deviates and moves
upward until saturation vapour pressure is reached at point F [Botha, 1992]. Micropores are
associated with reversible adsorption [Bansal ef al, 1988]. The hysteresis loop (curve FGC)
occurs upon desorption and is related to the distribution of mesopores in the solid. The
hysteresis loop occurrence was, first explained by Zsigsmondy [1911] in his capillary
condensation theory. According to his theory, when pores of unequal diameter are present, the

micropores (narrowest) pores fill at the lowest pressures.

Amount Adsorbed

Relative Pressure

Figure 4.3: Type IV BDDT isotherm [Botha, 1992].
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Increasing pressure follows a stepwise filling of larger and larger pores (capillaries) with liquid
adsorbate until saturation vapour pressure F is reached. The vapour in the capillaries would
condense to a liquid like state forming a meniscus at pressures below those required for normal
condensation. Upon desorption, the mechanism changes to capillary evaporation instead of
multilayer formation for adsorption, thereby forming a hysteresis effect. Evaporation in the pore

continues until the pore is empty [Botha, 1992].

4.3.Surface Area
4.3.1. Estimation of Surface Area by the BET model

The BET [Brauner et al, 1938] theory is based on the kinetic adsorption model proposed by
Langmuir [1916] whereby the surface of the solid is seen as an array of adsorption sites. When
the rate at which the molecules of gas arrive at the surface and condense or are adsorbed into
unoccupied sites, equals the rate at which molecules evaporate or desorb from occupied sites,
equilibrium is achieved. The amount adsorbed at equilibrium is dependent on:

e the average period of when the molecules condenses and its subsequent evaporation,

e the total area of solid, proportion of surface area that attracts molecules and its

accessibility,
e pressure of the gas and

e the number of layers adsorbed [Hassler, 1974].

For monolayer adsorption, the Langmuir equilibrium adsorption equation is expressed as

[Langmuir, 1916]:

BP
o 4.1
n, 1+BP
where: n = moles adsorbate adsorbed on 1g adsorbent
Nm = monolayer capacity (adsorption of one molecular layer of the adsorbate on

the adsorbent)
B = an empirical constant and

P = partial pressure of the adsorbate

However, physical adsorption generally involves multilayer adsorption. Multilayer adsorption

occurs at pressures below that required by monolayer coverage. Brauner et al [1938] proposed
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an equation (4.2) based on multiple adsorptive layers in order to determine surface area and

)

monolayer capacity:

L 4.2)
n, P
1-=— [ 1+(c-1 Cal
F, F,
where: P, = saturation vapour pressure of the adsorbate at the temperature of experiment
c = the BET constant expressed as:
(H 1 H, )
C =¢€X =————————— 4.3
P( RT (4.3)
H, = molar adsorption of enthalpy in the first layer
Hy = molar enthalpy for condensation
R = ideal gas law constant
T = temperature in Kelvin [Gregg and Sing, 1982]

Usually adsorption experiments measure volume adsorbed rather than moles adsorbed,

therefore, equation 4.2 is then converted to equation 4.4:

—= 4.4
v (4.4)
1-— [ 1+(c-1) =
PO PO
where: V = volume adsorbed per gram of adsorbent
Vi = monolayer adsorption capacity in terms of volume

4.3.2. Application of BET to experimental data:

Equation 4.4 can also be written as:

p__1 +(c—1)[_IiJ 4.5)

v(Pp,-P) V,c V. \P

o m [
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By plotting P/P, versus I/[V(P,/P —I)] over the range 0.05 < P/P, <0.35, a straight line is

generated with slope = (¢-1)/(V,,¢) and intercept = 1/(¥,,+c) such that the parameters V,, and ¢

can be determined by:

1
v, = - (4.6)
slope + intercept

[
and, c= .s& +1 4.7)
intercept

Using the value for monolayer capacity derived in equation 4.6, the surface area of the

adsorbent can be determined by:

V.,oN ,p
8 = A (4.8)
where: Sgzr = BET surface area of the adsorbent (mz/ 2)
o = average area occupied by the adsorbate molecule (A%
Ny = Avagrado’s number = 6.022 x 10* number/mole
P = adsorbate liquid density

MW  =molecular weight of the adsorbate

Many sorption analysers measure the amount of gas adsorbed and converts it to volume of gas
adsorbed at standard temperature and pressure (at STP - 273K and 1 atm). In this case, the BET

surface is calculated as follows:

V., oN
8 e = TA 4.9
where: V; = molar volume of the gas at STP = 22 4litres/mol
Vi =cm’ gas/g adsorbent

The equations above apply to any adsorbate used to obtain surface area with the most common
being nitrogen at 77K. The choice of adsorbate used to determine surface area depends on the

molecular packing and pore sieving effects. An adsorbate with a relatively large saturation
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pressure is considered a good choice since a wide range of relative pressures can be covered at a
particular adsorption temperature [Cal, 1995]. Table A-1 in Appendix A contains a list of
adsorbate molecules compiled by McClellan and Harnsberger [1967] and Myers and Praustniz
[1965].

The BET theory was based on the assumption that all adsorption sites on the solid surface are
energetically homogenous, and that the adsorbate-adsorbate reactions are negligible. In fact, in
reality it is quite the opposite, since most adsorption surfaces are heterogeneous and adsorbate-
adsorbate interactions do occur when the adsorption layer is near complete and the average
separation of molecules are small compared to their size [Gregg and Sing, 1982]. Nevertheless,
the BET surface area is still widely used and is an important value when dealing with activated

carbons.

4.4 Estimation of External surface area, Micropore Volume and

Micropore Area.
4.4.1 t —plot Method

The t-plot method, which is based on comparing the adsorption of a porous solid with that of a
non-porous solid, has been widely used to determine the micropore volume of porous solids.
Mikhail ef al [1968] demonstrated that these plots provide more detail on the porosity of a solid.
The t-plot method is attributed to Lippens and de-Boer [1965]. They discovered that the
multilayer adsorption curve for nitrogen at different pressures and constant temperature is
identical for wide variety of adsorbents, provided that no capillary condensation occurs. This
curve is referred to as the multi-molecular adsorption curve or t-curve. This curve provides a
relationship between the statistical thickness of the adsorbed film and the relative pressure
(P/P,). The experimental data points of this curve were found to be in agreement with the
isotherm equation of Harkins and Jura presented below. This equation is used in most

applications to determine the thickness of the adsorbed gas.

0.5

th = 13.99 (4.10)

P
log(—"j +0.034
P

where: th = statistical thickness in A
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Lippens and Boer suggested plotting the volume of nitrogen adsorbed at different relative
pressures (P/P,) versus statistical thickness determined from equation 4.10. If the multilayer
adsorption is applicable over the entire pressure range, a straight line passing through the origin
with slope equal to the surface area for a non-porous solid is generated. However, for a porous
solid with a pore size distribution, the smaller pores are filled with adsorbate molecules as
pressure increases. These pores become saturated and cannot accommodate more adsorbate
resulting in a decrease in the slope of the curve as adsorption progresses further. De Boer ef al
[1965] found that the surface areas still available can be related to the slope of the t-plot at a
considered P/P, point. For most materials the linear portion of the t-plot is when the statistical
thickness t is between 3.5 and 6 A. The external surface area (S .y, is related to slope of the t-
plot by:

S,, =15.47(v /th) (4.11)

The contribution to the external surface area in activated carbons is due to the meso- and
macropores and a typical value is between 10 and 200 m®/g [Bansal et al, 1988]. Extrapolation
of the linear portion of the t-plot to the y-axis, of which the intercept corresponds to the pores
that have been filled with nitrogen and this is then used to evaluate the micropore volume with

the use of a density correction factor for nitrogen when using nitrogen as the adsorbate.

Together with external surface area (equation 4.11) and the BET surface area (equation 4.9), the

micropore surface (Syi.o) area can be determined by:

= 8 ger =8 4.12)

micro

The statistical thickness th cannot be used to determine the mesopore sizes since capillary

condensation takes place at a certain pressure.

4.5. Estimation of Mesoporosity and Macroporosity

4.5.1 Mercury Porosimetry

Mercury porosimetry has been extensively used to determine macroporosity and almost the
entire range of mesoporosity [Bansal et al, 1988] in porous solids. Smetana [Ritter and Drake,
1945] when studying the porous nature of wood in 1842, first suggested using mercury
penetration methods to determine the pore size distribution. Later, Washburn [1921] and Ritter

and Drake [1945] proposed a method to determine the pore sizes. According to Washburn
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[1921], mercury is a non-wetting liquid having a contact angle 8 near 140 © and when subjected

under pressure (P), it fills the cylindrical pores of radii » > r, determined by:

_ 4
r, = —2(;) cosf (4.13)
where: 4 = contact angle between the solid and mercury
0% = surface tension of the liquid adsorbate
IE = pressure applied
s = pore radius

The Pressure P is the difference between the pressure of mercury in the liquid and gas phase (P
= Py, -P,). At any applied pressure, P;, a certain amount of mercury (¥;) penetrates the pores
having a radius r >r,, called the cumulative pore volume. A plot of cumulative pore volume
(V,) versus log r, gives a pore sized distribution graph. For activated carbons from agricultural
by-products, a bimodal distribution of pore sizes is typical. From a plot of V), versus r,, the
cumulative surface area (S.») of the pores filled by mercury can be determined. This value is
less than S,, due to mercury porosimetry being limited to 3.5 nm at 2000 atm. The limit of
mesoporosity is 2 nm; therefore, mercury porosimetry does not cover the range of 2 —3.5 nm,

which contributes significantly to external surface area.

A plot of log S..m versus log (7,) is a straight line in the region of 4-15nm from which total area
of mesopores (r, >2nm) can be extrapolated. Values obtained this way have agreed with values

from immersion calorimetry techniques and benzene adsorption [Bansal et al, 1988].

Ritter and Drake [Allen et al, 1998] have revealed that during desorption with a mercury
pressure volume relationship, a proportion of mercury stays behind in the pores thereby
displaying a hysteresis effect. Therefore, surface areas determined from mercury porosimetry

may be inaccurate.
4.5.2 BJH Adsorption and Desorption model [Barret ez al, 1951]
Almost all models make use of the fact that the pressure at which capillary condensation occurs

in a particular pore is related to the size of the pore. Barret et al [1951] proposed a set of

methods to determine the pore size of meso and macro-pores based on the Kelvin equation. The
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Kelvin equation is only applicable in the larger pore size ranges and breaks down when the

molecular texture of the fluid influences adsorption.

The fundamental Kelvin equation (4.14), relates the relative pressure with pore size based on

the assumption that perfect wetting occurs such that the contact angle is zero:

& 29V
n| 24 | = 22w (4.14)
P RTr,
where: P, = pressure at which a cylindrical pore of radius 7, is desorbed
Vi = molar volume
P, = saturation pressure of the liquid adsorbate at temperature 7'

For split shaped mesopores, the Kelvin radius, 7, is replaced by the width L, of the slits.
Adsorption occurs naturally on the walls of the mesopores. After, desorption a layer of

thickness #; is left behind and has to be also taken into consideration, therefore the dimensions

r,=r +t(PJ (4.15)
G I Il B
F,

of mesopores are:

and

P
L, =E, 25 (F] (4.16)

o

Bansal ef al [1988] provides an explanation of the above concept with the aid of figure 4.4.
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\ SOLID

LIQUID A

VAPOR 2 2r

t(p) V

Figure 4.4: Relation between the Kelvin radius r; and true radius, r, of a cylindrical

mesopores, t (p) — statistical thickness |Bansal, ez al, 1988].
When desorption occurs only the central core with cylinder of diameter 2 7, (or slice of width

L) will be desorbed and a multilayer of thickness of ¢ (P/P,) remains on the pore wall. This

thickness function corresponds to the natural adsorption isotherm of the same solid whereby the

P P
l, = =On, [,T n, (417)
[() [()

On the basis of experiments carried out in various open spaces, equation 4.18 has been

average thickness is:

expressed for nitrogen at 77K:

0.33
f,(ﬁJ:oss o (4.18)
P f
9 In(—)
P, ]

The above equation has found to be a good approximation in equation 4.19, which, indicates
that the total volume adsorbed by an adsorbent (in this case activated carbon) is a contribution

from the filling of micropores and adsorption on the external surface area..

I/ T’£ = I/mi('r() T’_P_ + S(’\'/[/ ﬁ (419)
b L, .
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The Kelvin radius, for nitrogen desorption at 78K, becomes:

0.940
r, = 0 (4.20)
b
In[f =
since: 7y = 8.72 mN/m for nitrogen at 78 K
Vi = 34.68 cm’/mol of pure liquid

Equations 4.18, 4.20 and 4.15 or 4.16 are then used yield information on the mesopores size
distribution using nitrogen adsorption. Adsorption in mesopores is related to surface area rather
than pore volume [Bansal et al, 1988]. Mesopore surface area and pore volume have been
determined by for both adsorption and desorption using the plotting techniques related in

section 4.5.1 on mercury porosity.

The pore size distribution can be determined by the relationship between cumulative pore

volume (V) versus pore radius (7,). The pore size distribution is usually defined as:

chum
f(r,)= 7 (4.21)
chum
f(r,)= ddogr) 7] (4.22)

4.6. Calculation of average Pore Sizes (Mean pore radius)

Different pores have walls and the types of surfaces associated with them i.e. the microporous
surface area (internal area) which is represented by the walls of slits and the second is the non-

microporous or external surface area which includes the walls of meso- and macropores.

The mean pore radius can be determined from the pore size distribution by the condition of

equal catalytic surfaces for a cylindrical pore by:

277, L =27 [r, f(r,)dr, (4.23)
0
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where the total pore length (L) is:

L= mf f(r,)dr, (4.24)

Thus, the mean pore radius is found by:

O]rp Sf(r,)dr,

Fp =

_ (4.25)
[£@,)dr,

When the pore size distribution is not known, the mean pore radius is determined by:

F = Volume 4.26)
SurfaceArea

Therefore for a mesoporous cylindrical pore, the average pore diameter can be determined by:

- il 14
D =2y =4 = A 5, 4.27
g (ZﬂrLj S (327)

pore

and for a split shaped micropore, the diameter is:

L =2x*2"— (4.28)

4.7. Topography

The porous nature of an activated carbon’s exterior can be pointed out by topographical studies.
It has been mentioned on several occasions that the external pores (meso — and macropore) of
an activated carbon normally are the transport pores allowing the passage of the adsorbing
species into the internal microporous structure of the carbon. Scanning electron microscope

(SEM) techniques can be used to identify these transport pores on the surface. SEM’s provide a
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three-dimensional picture of the surface structure and, are very effective and accurate method of
surface investigations [Allen et al, 1998]. Stoeckli et al [1989] have also used transmission
electron microscopy (TEM) to confirm results in adsorption experiments. But in this study,

SEM techniques were adopted.

4.8. Adsorption from Solutions by Activated Carbon
4.8.1 Freundlich Isotherm

Bansal et al [1988] relate that it is rather difficult to assess the whether nature of adsorption of
solution is monomolecular or multimolecular since this is usually determined by:

e the porosity and chemical nature of the adsorbent

e the nature of components in solution

e the concentration of the solution and

e the mutual solubility of the components

Freundlich and Heller in 1939 [Treybal, 1980] investigated the adsorption of solutions on
activated carbons in their early studies. They developed an empirical correlation for adsorption
isotherms for which there is a linear correlation between the adsorption capacity and the

adsorbate concentration shown by:

% =K,C'" (4.29)
where: X = the mass of solute adsorbed
M = mass of adsorbent
K = adsorption capacity of adsorbent
ne = effect of concentration on adsorption capacity
C = equilibrium concentration of the adsorbate in the bulk phase

The valid concentration range that applies to the Freudlich equation depends on the adsorbate-
adsorbent combination. By plotting X/M versus C on a log-log axis will generate a straight line
with slope = 1/n. and intercept =K. The limitation of the Freudlich plot is that each isotherm is

unique for every adsorbate-adsorbent combination.
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4.8.2. Iodine Adsorption

Iodine adsorption test method is used to determine the iodine number (mg iodine adsorbed/ g
activated carbon) for an activated carbon. Iodine is a small molecule and this test is a measure
of the number of pores greater then 10 A [Bansal et al, 1988]. Basically, the iodine number is a
relative indicator of microporosity in an activated carbon. For activated carbons having a large
surface area (> 900 m*/g), the iodine is comparable to the BET surface area value, but for very

low surface area carbons, this one-one correlation of surface area is not applicable.
4.8.3. Methylene Blue

Methylene Blue is a soluble azine dye with a low charge density that is rapidly adsorbed by the
meso- and macropores of an activated carbon. Adsorption of methylene provides an estimation
of the surface area contribution by pores in this size range and also is an indicator of the
activated carbon’s ability to adsorb molecules of the methylene blue size and smaller. The
adsorption test of methylene blue gives rise to the methylene blue number defined as the mass

of methylene blue adsorbed per gram of activated carbon.
4.8.4. Molasses Number

The molasses number in contrast to the iodine number represents the amount of large pores in
an activated carbon. It is an indicator of the decolourising capacity of the activated carbon. The
molasses number is based on a single point comparison and is calculated from the ratio of the
optical densities of the molasses solution treated with a standard active carbon and the one with
the activated carbon in question. This test is limited to the concentration of the molasses

solution used and is dependent on the standard activated carbon.

4.9. Adsorption of colour bodies from sugar

Activated carbons in the sugar industry are mainly used to remove colouring matter from sugar
syrups thereby improving the appearance of sugar and its processing properties. Active carbons
help in removing surface-active agents and colloidal substances thus raising their surface
tension and decreasing viscosity. This leads to higher rates of sugar crystallization and

improved separation of syrups from crystals during centrifugation [Bansal,et a/, 1988].
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A typical activated carbons pore size distribution is shown in fig 4.5. Comparatively to a gas
carbon, a sugar carbon contains more meso-macropores that are responsible for the removal of
large colour bodies. Pores greater than 30 A and larger are active in decolourisation. Treumper
[1968] indicates that pores make up diffusion barriers for the colour bodies. According to
Dominguez and Hyndshaw [1976], a granular or powder activated carbon should generally have
the same surface area, pore structure and surface complex when produced from the same parent
raw material and when either applied to sugar decolourisation both would produce the same

effect [Treumper, 1968].
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4.9.1. Factors affecting sugar decolourisation

The most important criteria in sugar decolourisation is pH of the activated carbon. Low pH
activated carbons tend cause the irreversible reaction of converting sucrose to fructose and
glucose [Mead and Chen, 1977]. These sugars do not form solid crystals and in fact stay in the
in the liquid phase. Even an alkaline carbon would not be favourable since during sugar
decolourisation colour development could occur by the alteration of the molecular structure of
the sugar impurities [Bernadin, 1985]. A carbon having a pH of 7 is deemed to be more
appropriate for sugar decolourization. A high ash content of activated carbon is also unsuitable
for decolourisation as it could interfere with carbon utilization through competitive adsorption

and blockage of pores [Marshall, 1999].
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4.9.2. Activated Carbon Application

Powder activated carbon is used on a batch operation, whereby the carbon dosage is determined
by the desired purity. The process involves adding the activated carbon to the sugar melt,
dispersing it and keeping it in contact with the liquor for a predetermined length of time before
being separated from the melt by separation. On the other hand granular carbons are continuous
processes whereby the unwanted impurities are in intimate contact with the activated carbon’s
surface as the liquor passes through the packed column of granular carbon. There are many
disadvantages associated with granular activated carbons, which include:

e its ability to catalyse a reaction resulting in the formation of an acid which consequently

lowers the pH of the solution.
e its response to regeneration, since during regeneration, approximately 5% of the

activated carbon is lost and even its porous characteristics are reduced.
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5.1. Process
5.1.1 Choice of Process

Keeping in context that the final use of the activated carbon from South African sugar-cane
bagasse would be to decolorize raw sugar liquor, the two-step physical method of activation, i.e.
pyrolysis followed by activation with steam was adopted. Chemical activation was seen
negatively as a result of it being associated with the generation of large amounts of effluent due
to the subsequent washing of the produced activated carbon in order to remove the chemical
activating agent. In view of the fact that sugar is a food product, the risk of chemical
contamination during decolourisation with chemically activated carbons may lead to higher
costs by possibly adding a further step of purification in trying to meet specifications of sugar

quality.

Steam was chosen as the activating agent because many sugar mills produce excess steam,
which is readily available. Studies performed with using carbon dioxide as activated agent
indicated that low surface area activated carbons were produced from bagasse and that the
activation time was much longer in order to reach a certain burn-off percentage [Pendyal et al,
1999]. It has been alleged that steam is more reactive than carbon dioxide [Rodriguez-Reinoso
and Molina-Sabio, 1992] and confirmation was received by Gergova et al, [1992] when they
found that the reaction rate is three times faster than carbon dioxide at 800 °C thereby lowering
activation time. The water molecule has a smaller dimension than carbon dioxide leading to a
much faster diffusion into the porous structure created during pyrolysis and hence a faster

reaction rate.
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Finally, the option of using the physical method was also based on making a low-cost adsorbent
seeing as the spent activated carbon will be burnt as a fuel source in the boilers instead of being

regenerated.

Fig 5.1 illustrates the specific processing options that have been generated to produce activated

carbon from South African sugar cane bagasse. A more generalized set of process options has

been presented by Bansal ef al [1988].

Bagasse Bagasse Bagasse

Activated Carbon

Activated Carbon

Activated Carbon

Figure 5.1: Processing options generated for producing activated carbon from sugar-cane

bagasse.

5.1.2. Activated carbon manufacturing process from sugar cane bagasse

From fig. 5.1, option C indicates that much longer activation times are required compared to A
and B by the pyrolysis process being split into two and the chances of developed pores
becoming filled with the binder material is much greater. These pores can become available
during activation, but the chances of a microporous activated carbon being produced is much

greater compared to the desired mesoporous carbon. Options A and B reveal, that a
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microporous carbon produced during the pyrolysis can be further developed into meso-
macroporous carbons during activation. Hence, with respect to time, cost and desired properties
of the final activated carbon, processes A and B were chosen from fig 5.1. A generalized block
flow diagram of the established activated carbon processes from bagasse is presented in figure
5.2.

Volatiles,
> off gases

Activated
> Carbon

Bagasse

Nitrogen

Steam

Energy

Figure 5.2: Block Flow Diagram of Activated carbon production from S.A. Bagasse.

---- Raw material Preparation
5.2. Raw Material Preparation

Received bagasse was initially hand-sieved in order to determine the particle size distribution of
the bagasse fibres. Manual sieving was employed since bagasse fibres tend to mat due the shape
factor of high length to diameter ratios. The particle size distribution of raw bagasse is

presented in fig 5.3. The majority of the fibres have diameters less than 710pum.

Bagasse is a low-density material with a small mass occupying a large volume and it has been
anticipated that if processed directly, low yields of activated carbon would be obtained. In order
to increase char yield; it was decided to compress bagasse fibres into pellets. Compressed

bagasse will enhance vapour-solid interactions during pyrolysis, which will subsequently
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increase char yield. This decision was also based on Xia et al’s [1998] work, who found that

high surface area activated carbons can be produced from lumped bagasse.

35%

30% -

25% A

20% A

Mass

15%

10% -

5% A

0%

+2360/-4000 +1000/-2360 +710/-1000 -710

Particle size range (wrt. diameter)/pm

Figure 5.3: Particle Size Distribution of South African sugar received from Sezela mill.

Initially, as received bagasse was formed into pellets, but these did not form compact pellets.

Therefore, a size reduction stage was introduced prior to pelletization.

The received bagasse was initially dried to constant weight in an oven set at 110 °C. The dried
bagasse was then crushed in a “Kenwood food processor” for 15 minutes and sieved, giving rise
to a bagasse particle size distribution presented in table 5.1. A plot of cumulative mass % of
bagasse versus average particle size revealed that the average bagasse particle size after

crushing was 420pum.

Table 5.1: Size distribution of crushed sugar cane bagasse

Size Range / pm Average diameter /um Cumulative mass %
+1000 1189.2 18
+710/-1000 842.6 26
+500/-710 595.8 38
+355/-500 4213 54
+250/-355 297.9 69
+180/-250 212.1 79

-180 151.4
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Approximately 20 g of crushed bagasse comprising of the above size distribution were fed into
a die and piston (see fig 5.4) and compressed into cylindrical pellets in a hydraulic press (see fig
5.5) at a rate of 0.333cnv/s by applying a force of 110 kN. The resulting pellets were 30 mm in
diameter and between 35-38mm in length having a bulk density of 700-900kg/mr’. The pellets
were extremely compact and did not lose shape. The pellets resistance to shatter when dropped
from a height of approximately 1.3m to the ground provided a good indication of its
compactness. The pellets were housed in a dessicator prior to use since some void spaces still
existed in the pellet and if exposed to the atmosphere for lengthy periods, adsorption would

occur, thereby causing the pellets to loose their compactness and expand.

In the production of granular activated carbons, two types of binders were readily obtainable at
the sugar mill, one being molasses and the other being sucrose. Molasses has high ash content
and studies performed with bagasse bound with molasses as the binder produced satisfactory
activated carbons but having even higher ash contents. However, Evans et al [1999] produced
very high surface area (1500 m%/g) activated carbons from sucrose. Based on his findings, the
option of using household grade sugar crystals were chosen as a binder with bagasse instead.
The sugar crystals were mixed with crushed bagasse prior to pelletizing. Pellets formed with the
binder displayed similar characteristics as portrayed for bagasse with no binders.

Figure 5.4: Photo of die and piston used to form cylindrical bagasse pellets
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Figure 5.5: Photo of the hydraulic press used to compress bagasse into pellets. A — Control

panel; B — Hydraulic press with die and piston set —up.

5.3. Pyrolysis and Activation Process Flow Diagram

After raw material preparation, the bagasse pellets were firstly pyrolysed under a nitrogen
atmosphere and the resultant chars were subjected to partial gasification with steam. A process
flow diagram of the pyrolysis and activation sections is presented in figure 5.6. The basic
control and instrumentation information are also presented in figure 5.6. Process units for
pyrolysis of lignocellulosic material and bagasse used by other researchers consist mainly of
four components; a pyrolysis furnace, a gas treatment and supply system, an electrical system to
record temperature-time history and a products collection system [Stubington and Aiman, 1994;
Conti et al, 1994, Encinar et al, 1997].
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The process flow diagram illustrated in fig 5.6 also includes the following major equipment:
e steam supply unit
e pyrolysis furnace

e downstream units: condenser, gas-liquid separator, gas filter system and gas sampling

unit

5.4. Equipment

5.4.1. Pyrolysis Furnace

An existing thermobalance had been modified such that it depicted a vertical pyrolysis furnace.
A diagram of the pyrolysis furnace is shown below in fig. 5.7.

T Gas outlet

< Thermocouple

< Steam

DO

Glass wool insunlation [*

Ceramic mould
Heating coil

Wire mesh basket

Ceramic tube

Steel housing
Work tube
- Gas/steam inlet

7

Steam

4
NN

N

Neoprene bellows

Gas inlet

Balance

T —
Figure 5.7: Diagram and photo of the pyrolysis furnace.
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The pyrolysis furnace comprises of:

e An electronic Mettler, top—pan mass balance encased in a metal box that has a see
through panel made of Perspex for a mass readout. Provision had been made for a flow
rate of gas to pass through the balance housing thereby ensuring that it is in the correct
temperature range for proper operation.

e A 410 pm wire mesh, cylindrical, basket sample holder (see fig 5.8) designed and
constructed such it allows for the rapid diffusion of gases into and out of the sample.
The sample holder also contains a wire mesh lid, such that the entire sample is encased
in the basket, which allows for increased vapour-solid interaction during pyrolysis. The
wire mesh basket is attached to a ceramic tube, which connects it to the mass balance.
The sample holder with support rod is allowed to move freely into and out of the hot
zone of the reaction chamber. This represents a fixed bed reactor configuration.
Minkova et al [2000] in their studies have indicated that a rotary furnace is used to
generate more gaseous product whereas, a fixed bed reactor for the production of char.
Their results of low surface area activated carbons in a rotary reactor prompted the
decision to choose a fixed bed reactor system.

e A 55mm (i.d) stainless cylindrical pipe called the reaction chamber (work tube). Three
layers of insulation, namely air, ceramic and glass wool, surround the upper section of
the work tube. This section is referred to as the thermal section of the unit. A 4kW-
heating coil is embedded in the ceramic mould such it provides heat required to heat up
the unit and for the reaction. The coil is embedded in order to avoid resistance from the
metal tube if the heating coils and metal tube come in contact, which results in power
breakage. The allowance for a space of air insulation between the tube and the ceramic
is mainly for the purposes of heat transfer during cooling.

e An R-type thermocouple encased in a ceramic rod, which is placed in the hot zone of
the work tube. The thermocouple sits just above the sample because placing the
thermocouple in the sample would lead to recording of incorrect mass readings. The
thermocouple is linked to a PID Eurotherm temperature controller that controls the
amount heat inputted by the heating coils by the signals received from the
thermocouple. The controller is designed to reach 1200 °C.

e Neoprene bellows that allows flexibility in raising or lowering the sample when the unit
is closed. The neoprene bellows are bolted between the balance housing and the lower
end of the reaction chamber which also links them both.

e A set of coils above and below the thermal section which allows either steam or cooling

water to flow through during heating and cooling stages of the process.
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During operation, the upper section of the unit is again thermally insulated with a layer of glass

wool insulation as an extra precaution.

Both the temperature and mass units are linked through the RS232 ports to a computer, which
logs both the mass and temperature in one-second intervals. The interface program for

recording mass and temperature was written in visual basic and can be viewed in Appendix B-1.

Figure 5.8: Photo of the wire mesh Sample holder with lid.

5.4.2. Steam Supply

The steam supply in Xia et al’s [1998] studies on producing activated carbon from bagasse was
done by pouring water at the entrance of the reactor. Although simple, this method was seen to
be difficult to control However, Lutz et al [1998] during their experiments of activation of
bagasse chars used a mixture of steam and nitrogen. The steam was supplied by bubbling
nitrogen gas through a water bath at 92 °C in order to obtain a steam to nitrogen ratio of 1:1 that

enters the reactor. Their experimental set-up is shown below in fig 5.9
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Figure 5.9: Experimental set-up for bagasse char activation by Lutz ez al [1998] 1 — Gas
inlet, 2 - water bath, 3 — heating belt, 4 — sample, 5 — oven, 6 — quartz tube, 7 — controller,
8 — drive motor, 9 — condenser, 10 — exhaust gas.

Following their work, a system of dreschel bottles with sintered glass fittings were filled with
water, linked and immersed in a water bath. Nitrogen gas was bubbled through these sets of
dreschel bottle such that a steam and nitrogen mixture exited the system and entered the reactor.
The water bath has a temperature controller and heating element and the temperature was set
around 92 °C. The amount of steam supplied was regulated by controlling the nitrogen flowrate.
The steam flowrate was measured by allowing the steam/nitrogen gas to flow through a vessel
immersed in an ice bath for a specific time. The amount of water condensed was weighed and

the steam flow rate recorded at set nitrogen gas flow rates.

5.4.3. Downstream Units

Gases exiting the reactor during pyrolysis also include tars and condensable vapours. After
exiting the reactor the gases are usually condensed and passed through a tar trap before being
sampled or vented (see fig 5.9.). Initially a U-tube filled with glass wool and immersed in an ice
bath was used to remove condensable gases and tarry matter. This concept was based on earlier
work by Hajaligol et al [1982] in their experimental set-up to determine the kinetics of cellulose
pyrolysis. However, during the commissioning stage this system broke down since the tube
blocked leading to a pressure runaway in the Pyrolysis furnace. However, this was solved by
replacing the system with three separate units in the gas treatment section. These are discussed

below.
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5.4.3.1. Condenser

The condenser type used for cooling the exiting reactor gases was a double-pipe heat
exchanger. A diagram of the condenser type is displayed in fig.5.10. Crushed ice was
used as the heat transfer medium to condense the condensable gases inside the tube between 0
and 5 °C. The shell side containing the ice was open to the atmosphere and temperature was
regulated on the shell side with the aid of a thermometer and manual addition of ice. The

equipment includes a valve that allows for fluid on the shell side to be drained.

Gas inlet

Pipe with
condensable gases

Ice layer

Glass wool
insulation

Fluid to
drain

Gas / Liquid
outlet

Figure 5.10: Schematic diagram of the condenser

5.4.3.2. Gas-Liquid Separator

The gas-liquid medium exiting the condenser flows into a gas-liquid separator. A separating
funnel was modified with a side arm that allows the gas to exit the separator (see fig 5.11). As
the fluid flows into the separator, the liquid flows and settles in the vessel due to gravity,
whereas, the gaseous stream separates and flows through the side arm. The side arm contains a

splashguard that ensures that no liquid is carried with the exiting gas stream. The lower section
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of the vessel that contains the liquid/gas interface is kept at a low temperature by being placed

in an ice bath.

Gas/liquid inlet

Rubber bung

Gas exit

Splashguard

Separating
funnel

Liquid
collection

Liquid exit

Ice bath

Figure 5.11: Schematic Diagram of the Gas-Liquid Separator.

At the end of the run, the liquid that collects in the vessel is drained and its mass is weighed.

5.4.3.3. Gas Filter

The light gases exiting the separator unit, is further treated in the gas filtering system. This
system is a Pyrex vessel that contains glass wool that sits on a wire mesh. The glass wool traps
the last traces of tarry matter so that virtually clean gases flow to the gas analyzers, or vented to
the atmosphere. A diagram of this set-up is illustrated in fig 5.12. Many researchers have used

glass wool as a means of cleaning the gas streams (Antal and Varhegi, 1995).
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l Gas inlet

Glass Wool bed

Flange

Stainless Steel mesh

Gas outlet

Figure 5.12: Diagram of the Gas Cleaning unit

The mass of the glass wool is weighed prior to being inserted in the unit and after completion of

experimental run in order to attain the amount of tarry matter that is left behind.
After passing through the gas filter, the exiting gases were either sampled or vented.

A diagram of the experimental set displaying the equipment mentioned above is presented in

fig. 5.13. To get a more realistic idea of the equipment set-up, a photo was taken and can be

seen in fig 5.14.
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Figure 5.13: Schematic
diagram of the equipment
set-up.

1 - Nitrogen gas,

2 & 3 - rotameters,

4 — pyrolysis furnace,

5 - mass balance,

6 — steam / nitrogen set-
up,

7 - steam sampling valve,
8 - exit gases,

9 - condenser,

10 - separator,

11 - liquid,

12 - gas filter system,

13 - gases to vent,

14 - gases to gas analyzer,
15 - wire mesh basket,

16 -thermocouple,

17 - Eurotherm Temp
controller,

18 — Computer
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Figure 5.14: Photo of the Equipment Set-up.

5.5. Pyrolysis of Bagasse

After raw material preparation, bagasse pellets were inserted into the wire mesh basket holder.
This was then placed inside the hot zone of work tube of the pyrolysis furnace. The mass of
bagasse (approximately 20g) was recorded. Nitrogen gas was introduced to the balance housing
via rotameters 3 and through rotameters 2 with valve the V1 being opened and valves V2 and
V3 closed. The total flow rate of nitrogen flowing through the work tube was 235ml/min
during pyrolysis. The nitrogen flow rate was chosen such that gases that exit will escape easily
and also such that no buoyancy effects will be experienced by the sample during pyrolysis.
After purging with nitrogen, the temperature controller was switched on to the desired set point
temperature at a heating rate of 10 °C/min. Heating rate of 10 °C/min was chosen, since from
various studies, a low heating would bring about a greater char yield and also ensure that
deformation of pores created during pyrolysis is avoided. The temperature was determined by
the thermocouple (8) that sits approximately 4 mm above the sample. The sample was kept at

the set point for a specific hold time. Pyrolysis was carried out at atmospheric pressure.
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The gases exiting the reactor during pyrolysis were cooled by being passed through the
condenser. The gas/liquid stream was separated and the exiting gas from the separating unit was
further cleaned before being sent to the gas analyzer or vented. The entire system is set —up

under a fume hood and the gases were vented through the extraction unit.

After pyrolysis time had elapsed, the sample is lowered such that it does not sit in the hot zone
of the furnace. Heating is shut-off and the sample is allowed to cool under a nitrogen
atmosphere to room temperature. The char samples were subsequently characterized and the

optimum pyrolysis process conditions were determined.
5.6. Activation of bagasse chars

The same equipment used for pyrolysis was also used for activation. After the chars were
produced at the optimum temperature and hold time, they were then subjected to partial
gasification with steam, which took place in the same pyrolysis furnace. The steam entered the
reactor by bubbling nitrogen gas through a set of dreschel bottles filled with water that were
kept at a constant temperature of 92 °C. The temperature in the pyrolysis furnace was set to the
desired set point. Valve V1 was closed while V2 and V3 were open. The nitrogen gas bubbles
through the dreschel bottle set-up, picking up water vapour as it flows and this nitrogen/steam
stream flows and enters the furnace. The lines from the steam supply unit to the reactor entrance
are heated with nichrome heating wire and insulated with glass wool in order to prevent steam

from condensing in the lines.

The steam/nitrogen mixture flows through the reaction chamber and reacts with the bagasse
chars in the wire mesh sample holder. The reaction gaseous products and un-reacted steam exits
the reactor and follows the same path as in pyrolysis.

The partial pressure of steam in the reaction chamber was varied and controlled by controlling
the nitrogen flow rate by adjusting rotameter2. The activation step proceeded for varying

temperatures and activation times. The mass and temperature was also logged during this step.

The burn off % was determined by [Pendyal et al, 1999]:
Burn —off = [u}xl 00 (5.1)
Wbu
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and the activated carbon yield was determined by:

w
Yield = I: = }xlOO 5.2)
Wrm
where: wp, = dry weight before activation
Waa = dry weight after activation
Wrm = dry weight of raw material after activation

At the end of activation, the sample was again moved away from the hot zone, by lowering the
bottom section of the unit. The sample was cooled to room temperature with nitrogen before
being removed. The samples were analyzed following the characterization criteria listed in

chapter 4 to obtain the best activation process conditions.

Both pyrolysis and activation takes place on a semi batch scale.

5.6.1 Activation Experiments

According to Hassler [1974], the properties of the final activated carbon are affected by the
concentration of the oxidizing gas, the activation temperature, activating time and the mineral
matter present in the precursor carbon. Thus, to obtain the best activation process conditions
that would yield high surface area activated carbons consisting of a combination of micro, meso
and macropores, required for adsorption of colour bodies from raw sugar, activation
experiments were conducted isothermally at varying steam partial pressures, activation
temperatures and activation times. The effect of chars prepared at a final pyrolysis temperature
of 680 °C and different pyrolysis exposure times on the final activated carbons were also
investigated at varying activation times. Tables 5.2 to 5.5 summarize the activation experiments

that were carried out.
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Table 5.2: Pyrolysis and Activating Conditions for the production of powder activated

carbons at varying steam partial pressures from sugar-cane bagasse

Binder

Pyrolysis

Activation

Heating

Rate
/ °C/min)

Temperature

/1 (°C)

Steam /
Nitrogen

ratio

Temperature

120

10

680

1.0:0.6

800

10

680

(:550:5

800

Binder

10

680

Pyrolysis

04:1.0

Sugar-cane bagasse at different pyrolysis and activation hold-times

Activation

800

Table 5.3: Pyrolysis and Activation Conditions of Activated Carbons produced from

Heating
Rate
/ °C/min)

Temperature

/(°C)

Steam /
Nitrogen

ratio

Temperature

1 (°C)

10

680

0.56 : 044

800

10

680

0.56 : 0.44

800

10

680

0.56:0.44

800

10

680

0.56:0.44

800

10

680

0.56:0.44

800

Binder

10

680

at different activation temperatures

Pyrolysis

0.56: 0.44

Activation

800

Table 5.4: Pyrolysis and Activation conditions used to produce powder activated carbons

Heating
Rate
/ °C/min)

Temperature

1(°C)

Steam /
Nitrogen

ratio

Temperature

/(°C)

10

680

1:06

900

10

680

800

10

680

80

700
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Table 5.5: Processing conditions used to prepare powder and granular activated carbons

from sugar-cane bagasse.

Binder/
Bagasse

ratio

Pyrolysis

Activation

Heating

Rate /
(°C/min)

Temp
)

Steam /
Nitrogen

ratio

Temp
/(°C)

10

680

1:06

900

10

680

1:0.6

900

10

680

1 :0:6

900

The resulting activated carbons were consequently characterized by the methods discussed in
chapters 4 and section 5.7 to determine the effect of activation and pyrolysis process conditions

on their properties.

5.7. Gas and Liquid Adsorption
5.7.1. Gas Adsorption

Bagasse chars and activated carbons were submitted to nitrogen adsorption at 77K using an
ASAP 2010 Surface Area Analyzer to determine, their surface area, pore areas, pore volumes
and average pore size. This equipment contains a pressure transducer that detects the changes
in pressure and an analyzer, which determines the number of adsorbed gas molecules from the
changes in pressure, temperature of the gas and the volume of the container. This unit is
connected to a computer which controls the analysis, collects data, stores the sample and
operating conditions on a file and generates reports and is based on Windows software [Particle
and Surface Sciences, Pty Ltd). The Nitrogen gas adsorption testing was performed at the
University of Potchefstroom.

5.7.2. Iodine Numbers

The iodine adsorption test method is based upon a three-point adsorption isotherm. A standard
iodine solution (0.100 +- 0.001N) was treated with varying weights of activated carbon under
specific conditions (time and temperature). The carbon treated solution was filtered, and the
filtrate (residual solution) concentration determined. The concentration of the residual iodine
solution was determined by titrating with a known concentration of sodium thiosulphate
solution (0.100 N). The amount of iodine adsorbed per gram carbon was measured for each

dosage and plotted as a Freudlich adsorption isotherm. The iodine number was determined from
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the isotherm plot as the mg iodine adsorbed per gram of carbon at the residual iodine

concentration of 0.02N.

The procedure used was an ASTM standard test method to determine the iodine number of

activated carbon and is clearly described in more detail in ASTM D4607 —86.
5.7.3. Methylene Blue Number

This test was performed on dried pulverised carbon. 25 cm’ of Methylene blue solution was
added to 100mg of activated carbon samples. This mixture was shaken in a linear shaker at
medium speed for 25 minutes. The samples were filtered through a Whatman No.2 filter paper
with the first Sem® being discarded. 10 cm3 of the residual methylene blue solution were diluted
with acetic acid solution and their absorbance was measured at 620nm in a lcm cell in a
spectrophotometer. A calibration graph of absorbance, at a wavelength of 620nm, versus
concentration was plotted for the methylene blue solution prior to running the test with
activated carbon. This plot was used to determine the concentration of the final methylene blue

solution.

The methylene number was obtained by:

MBno.———[(] - )]x[ Vs ) (5.3)

M 1000

4

where: MBno. = methylene blue number (mg/g)

I = initial methylene blue concentration (mg/1)
F = final sample methylene blue concentration (mg/1) from graph x dilution
Vs = volume of contacting stock solution (acetic acid) (litres)

Various methods have been used to determine the methylene blue number and one of the many

was developed and used by Aktasorb Systems (Pty) Ltd and has been used in this study.
5.7.4. Molasses Number
0.46g of pulverized activated carbon and a standard activated carbon were treated with 50 ml of

blackstrap molasses solution. The standard activated carbon used was Chemviron CaneCal (coal

parent material, patented activation, granular) carbon. The samples were boiled for 30seconds
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and then filtered through a prepared Whatman No 3 filter paper suspension. The initial 20 ml of
filtrate solution was discarded. The absorbance of the rest of the filtrate was measured in a

spectrophotometer at 425nm wavelength.

The molasses number was calculated as:

M xA
Molasses — no. = tA 2 (5.4)
where: M, = molasses number of standard activated carbon (usually 400)
A, = absorbance of filtrate from the standard activated carbon
A = absorbance of the filtrate of the test activated carbon.

The procedure followed was a tried and tested method written by Pawlowski [1971].

5.7.5. Adsorption of Colour Bodies from Sugar

These tests were carried out at the Sugar Milling Research Institute (SMRI) on a batch scale.
Varying dosages of pulverised activated carbon samples were added to 66 Brix sugar liquor.
The sugar liquor-activated carbon slurry mixture was stirred for 24 hr at a contant temperature
of 80 °C. A blank containing only the 66 Brix sugar liquor was subjected to the same treatment.
A photo of the equipment that was used is displayed in fig 5.15.

Figure 5.15: Photo of the equipment used to perform the sugar decolourisation tests, A —

unit, B — sample holders.
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The samples were then filtered to remove the suspended carbon particles, adjusted to a pH of
7.00 and the colour was measured at 420nm using a UV-VIS spectrophotometer. Standard Norit

PN2 (peat parent material, steam activated, powder) activated carbon was also subjected to the

same experimental treatment.

The percent colour removed was determined by:

C -C
Y%colour — removed = [%}xl 00 (5.5
b
where: C, = colour of blank
@ = colour of sample

An isotherm of percent colour removed versus g activated carbon/100g Brix brown liquor was

plotted for all carbons tested.

5.8. Ash and Moisture tests

Portions of received bagasse were weighed and inserted into a drying oven set at 110 °C until
constant weight was reached. The weight of the sample prior to and after drying was recorded

and the moisture determined.

Dried bagasse samples were inserted into a preheated muffle furnace set at 850 °C. After 10
minutes, the door of the muffle furnace was kept open to allow oxygen from the atmosphere to
react. After one hour, the samples were removed and placed in a dessicator to cool. The weight
of the ashed samples was measured and the ash content determined from the difference in

weight.
Similiarly, the ash content of the carbons were measured by placing dried carbon samples in the

muffle furnace set at 850 °C. This was left in the furnace for one hour and cooled in a

dessicator. The ash content was measured by the difference in weight.
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5.9. Scanning Electron Micrographs

Scanning electron microscopes creates magnified images by using electrons instead of light by

a light microscope.

Samples of bagasse and carbons were initially attached to aluminium stubs. These samples were
then dried and sputter coated with gold in a Polaron sputter coater. This was done in order to
make the samples electrically conductive. These samples (specimens) were then placed inside
the microscope’s vacuum column through an air tight door. After air was pumped out of the
column, a beam of high energy electrons were emitted by an electron gun at the top of the
column. This beam travelled downwards through a series of magnetic lenses designed to focus
the electrons to a particular spot. Near the bottom of the column, a set of scanning coils moved
the focused beam back and forth across the specimen, row by row. As the electron beam hit
each spot on the sample, secondary electrons were knocked loose from its surface. A detector
counted these electrons and sent the signals to an amplifier. The final image was built up on a

monitor screen from the number of electrons emitted from each spot on the sample.
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SIX

RESULTS AND DISCUSSION

6.1. Raw Material
6.1.1. Bagasse Analysis

Ash and moisture tests were performed on the sugar cane bagasse received from the dewatering
mills. These tests indicated that the sugar cane bagasse contained 48 % (average) moisture. Ash
testing revealed that received bagasse contained 1.9% ash (average). These results are in
agreement to those recorded in literature [Patarau, 1969]. An approximate elemental analysis of
untreated sugar cane bagasse samples were determined by scanning electron microscopy on a

moisture free basis and is tabulated in table 6.1.

Table 6.1: Approximate analysis of raw sugar-cane bagasse

Element % Moisture free (Excluding hydrogen)

Carbon 17.89

Oxygen 75.60

Aluminum 1.47

Silica 2.67

Phosphorous 0.75

Sulfur 0.07

Potassium 0.04

Calcium 0.58

Iron 0.40

Unfortunately, the scanning electron microscope was not able to detect the hydrogen elements
present in the raw bagasse. However, from the analysis in table 6.1, the elements contributing to

ash content were detected with silica being the major component. The calcium fraction found in
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bagasse is as a result of lime being added during sucrose extraction process to alter the pH of

the sugar juice.

6.1.2. SEM study on raw sugar-cane bagasse

Dry, untreated sugar cane bagasse samples were subjected to topographical characterization
using scanning electron microscopy. As foretold in the literature, bagasse has a large number of

pores on its surface [Xia et al, 1998] and similar findings were observed in fig 6.1.

Figure 6.1: Scanning electron micrograph of raw sugar-cane bagasse showing pores on its

surface.
An investigation was carried out to determine the source of this porous characteristic of bagasse

by comparing sugar cane bagasse fibres with samples of fresh sugar cane stalks. Scanning

electron micrographs were taken of different sections of the fresh sugar cane.
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s~

Figure 6.2: SEM of a cross-section through the node of fresh sugar cane showing P-

Parenchyma and Z — xylem.

A scanning electron micrograph of a cross-sectional view through the node of fresh sugar cane
in fig 6.2 shows secondary xylem (Z) and parenchymal cells (P). Secondary xylem is composed
of two types of cells called tracheids and vessels. The trachieds are cylindrical, thick walled
cells while their vessel segments are generally wider, shorter and thin walled. The trachieds
transport water through the plant. These cells do not have living protoplasts [Porter and
Ledbetter 1970] and this is evident in figure 6.2. The primary walls and middle lamella of
adjacent tracheids are indistinguishable in the figure 6.2 due to the low magnification of the
micrograph. However, along their sidewalls, adjacent trachieds do establish connections via pits
which are channels allowing for the passage of food and nutrients. A longitudinal view of the
sugar cane stalk was looked at via the scanning electron microscope and is presented in figures
6.3 to 6.5.
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Figure 6.3: SEM of a longitudinal section through the node of a sugar cane stalk.

Figure 6.3 displays the intact parenchymal cells of the cane stalk, which consist of short, cell
groups of square or rhomboid shaped cells. A noticeable feature is the cell wall linking cells
together. Zooming in at a higher magnification, provided a much more detailed view of the cells
and cell wall structure, and is presented in figure 6.4.
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Figure 6.4: SEM of a longitudinal section of fresh sugar cane showing: CW — cell wall, X —

parenchyma cells, P —pores, IAS — intercellular air spaces.

The longitudinal section of fresh cane shown in fig 6.4 at higher magnification under the
scanning electron microscope, again confirms the intact parenchymal tissue. Clearly visible is
the cell wall (CW) and the most noticeable feature is the pores (P) in the cell tissue and walls. A
lighter colour rim around the pore mouth of each cell is observed and according to Delavier and
Shokrani, [1970] this presents a “ring bulge” which indicates that, the rim of pores has a higher
level than the cell wall. The distribution of the pores seems to be relatively uniform and also a
part of the cell wall. These observations indicate that the porous nature of bagasse is an inherent
feature of the cane stalk and has not been created during the sugar extraction process. These
pores act as transport channels through which living matter is exchanged and transported
through the cells [Delavier and Shokrani, 1970]. At an even higher magnification in fig 6.5, a
much more detailed view of the pores on the cell wall can be seen enabling the evaluation of the

pore sizes.
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Figure 6.5: SEM of a longitudinal section of fresh cane at a higher magnification.

The pore sizes vary from less than 1 pm to around 3 pm in size. These pore sizes also seem to
be around the maximum values determined by Delavier and Shokrani [1970] who found that the
pore sizes were between 0.3 to 1.0um. However, it must be pointed out that the type of cane
differs for each country and it may perhaps be that larger pore sizes are found in South African
bagasse. Furthermore, the variation in pore sizes could also be due to the variety of cane and the

difference in processing i.e. diffuser versus milling process.

Pressed cane leads to the generation of bagasse fibres which show the same type of porous
nature as observed on fresh cane. Figures 6.6 to 6.7 are scanning electron micrographs of sugar-
cane bagasse fibres. From figure 6.6, it can be seen that pores are enlarged and more oval in
shape. The pores on the fibre surfaces are not uniformly distributed. This difference between the
pore size and shapes of original and pressed cane can be due to the cell contents such as
sucrose, hemicellulose and pectins (at higher temperatures), etc, being squeezed through these
openings [Delavier and Shokrani, 1974]. The diameter of a sucrose molecule is 0.44nm, which

would be the smallest pore diameter that allows sucrose to pass through [Delavier and Shokrani,
1974].
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Figure 6.6: SEM of bagasse fibers showing an array of pores on its surface — phloem

tissue.

According to Frey-Wyssling, these pores could also be plasmodesmata since they show no
cytoplasm [Frey-Wyssling, 1958]. Plasmodesmata allows for direct communication between

adjacent cells [Delavier and Shokrani, 1974].

The cluster of pores seen in fig 6.7, are associated with the sieve areas (sieve plate) which
provide a connection between vascular elements (phloem tissue). These sieve tubes are closely
related to the parenchymal cells. The tubes are involved with the transportation of organic
nutrients from the sites of photosynthesis and storage to regions of growth. The organic nutrient
can have as high as 30 % sucrose concentration [Porter and Ledbetter, 1970]. The lighter rim
around the pores is more pronounced in pressed cane. Plasmodesmata are also a common
feature in the primary walls of these cells and sieve elements. Plasmodesmata actually provide
for the intercellular movements of large and small molecules and for the transport of particles as

large as viruses from cell to cell [Porter and Ledbetter, 1970].
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Figure 6.7: SEM of pressed bagasse showing SP - sieve plates and PL — Plasmodesmata.

From the above study, it can be concluded that the porous feature seen on the surface of bagasse
fibres are in fact characteristics passed on from their parent material. These pores are part of the
cell wall and are dedicated to the transport of species from cell to cell along the cane stalk. The
pores found on bagasse are larger and more oval in shape as a result of the forced extraction of

the sugar cane juice (sucrose) from the cells.

6.2. Bagasse Pyrolysis

According to Bansal et al [1988], the heating rate, the final pyrolysis temperature and the hold
time at the final temperature are important parameters that influence the surface area, pore size
distribution and pore volume of the final activated carbon produced from the resultant pyrolysis
chars. Experiments were carried out in order to establish the best pyrolysis process conditions
that produce chars having a positive impact in producing high surface area activated carbons.
Bagasse pellets were pyrolysed at a constant heating rate of 10 °C/min to different final
pyrolysis temperatures and hold times in a nitrogen atmosphere.
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6.2.1. Thermogravimetric simulation of the pyrolysis process

The pyrolysis behaviour of bagasse pellets heated to different final pyrolysis temperatures were
simulated by thermogravimetric experiments. The bagasse pellets were heated at a rate of 10
OC/min up to final temperatures ranging from 500 °C to 900 °C. Once this final temperature was
reached, the sample was held at this temperature for one hour. The recording of mass and
temperature during all experiments in one-second intervals enabled thermograms to be

generated and are given in fig 6.8.
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Figure 6.8: Thermograms of bagasse pellets at a heating rate of 10°C/min during pyrolysis

process.

Two thermograms are shown here, one for experiments at a final pyrolysis temperature of 680
°C and the other for 611 °C. Both thermograms are similar which confirms the equipment and
the established process’s ability to produce repeatable results. The above thermograms show
that a small mass loss of 4% occurs from room temperature to 200 °C. This initial weight loss is
attributed to the release of inherent water vapour and endothermic decomposition of
polysaccharides. The release of water vapour was verified by water collecting in the gas-liquid
separating vessel during this stage. Rapid thermal degradation of South African bagasse begins

around 280 °C and ends around 450 °C. This is due to the release of volatile matter from the
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bagasse samples. At temperatures greater than 450 °C, smaller decreases in mass loss are
observed. The final mass of char remaining was 23.56 % at 611 °C. Increasing the pyrolysis
temperature to 680 °C, yielded 21.48 % char from bagasse. The shape of the thermograms is
comparable to those observed by Garcia et al/ [2001]. The yield is much higher than 16.0%
obtained by Garcia et al [2001]. A differential thermogram was plotted in fig 6.9 in order to

obtain more details of bagasse pyrolysis.
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Figure 6.9: Differential Thermogram (DTG) of South African sugar cane bagasse pellets

at a heating rate of 10 °C/min.

Only a single peak at 384 °C is observed in the DTG curve for pyrolysis of South African
bagasse pellets. This corresponds to a cellulose peak according to the work presented by Antal
and Varhegyi [1995]. However, pyrolysis of sugar cane bagasse occurs by the combined
degradation of hemicellulose, cellulose and lignin. The hemicellulose peak is usually observed
around 300 °C [Garcia et al, 2001]. But, in this case, the hemicellulose peak cannot be
distinguished in fig 6.9 and is perhaps merged into one broad peak. Decomposition of lignin
does occur, but its peak cannot be seen which is in agreement to Evans and Milne [1987] who
have pointed out that lignin decomposition occurs slowly over a broad range of temperatures
and is overlapped by the cellulose peak. This featureless, broad, single peak for pyrolysis of
bagasse is representative of samples that have not been pretreated [Antal and Varhegyi, 1995].
Another possibility for the difference in the DTG curves presented in fig 6.9 and that reported
by Garcia et al [2001] is that these are compact bagasse pellets whereas most pyrolysis studies

are carried out on de-ashed and loose bagasse fibres. Lumping bagasse fibres together increases
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the vapour-solid interactions during pyrolysis such that the vapour product formed during
hemicellulose and cellulose decomposition is converted into char instead of escaping. It is
perhaps possible that enhancing vapour-solid interactions would lead to a single peak as seen in
the DTG curve in fig 6.9. Similar DTG curves were found in this study for all bagasse pellet

samples that were pyrolysed. It is also evident that vapour-solid interactions were enhanced

since the char yields were high.

The mass remaining for each set of experimental runs at the final pyrolysis temperatures and

soak time of 1 hour were plotted and is shown below in fig 6.10.
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Figure 6.10: Bagasse char yields at different final pyrolysis temperatures at an initial

heating rate of 10 °C/min.

Again the equipment’s and the established process’s abilities to reproduce results remarkable
well is illustrated clearly in fig 6.10. This is confirmed by the general trend of rapid mass loss
between 2000 and 3000 seconds observed in all experimental runs. The final percentage of char

remaining decreases with increasing temperature from 25 % at 500 °C to 21% at 800 °C.
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6.2.2. Bagasse Pyrolysis Kinetic Parameters

The kinetic parameters such as rate constant, activation energy and the thermodynamic
properties such as entropy change, enthalpy change and Gibbs free energy were calculated for
the pyrolysis of bagasse in a nitrogen atmosphere at a heating rate of 10 °C to a final pyrolysis
temperature of 680 °C. In relation to Nassar ef al’s [1996] work, bagasse pyrolysis was found
to occur through two stages namely volatilization and decarbonization. By assuming that both
these stages are first order reactions and following the calculation procedure outlined in Chapter
3, section 3.3.2, and using the mass loss curves in fig 6.10, figures 6.11 and 6.12 were produced

in order to determine the rate constants for both these stages.
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Figure 6.11: Plot used to determine the rate constant for the volatilization stage of bagasse

pyrolysis.

From fig 6.9 and 6.10, the maximum weight loss occurs around at 384 °C and the mass
remaining at this point, 62%, was considered to be w., for the volatilization stage. A slight
curvature is observed in the beginning of the volatilization graph in fig 6.11, which is attributed
to the initiation of the reactions. This plot is comparable to those obtained by Nassar et al
[1996] who used the same method to determine the rate constants. They also found a slight

curve at the start of the plot. However, a straight line is obtained after the initial curve.
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Neglecting the initial section of the graph, the rate constant determined from straight line of the
graph is 0.4099/min for the volatilization stage during bagasse pyrolysis.
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Figure 6.12: Plot to used to determine the rate constant for the decarbonization stage of

bagasse pyrolysis

For the decarbonization stage, 23.5 % remaining mass was used as W, A straight-line plot was
generated giving rise to the decarbonization rate constant of 0.187 /min for the temperature
range from 384 to 588 °C. This straight line coincides with the initial assumption of a first order
reaction. The rate constant is much lower for decarbonization than volatilization. Similar

findings were observed by Nassar ef al [1996].

The rate constant at temperature 7" was determined by the equations obeying first order kinetics
(see chapter 3, section 3.3.2). The Arrenhuis plot of In (K) versus 1/T (see fig 6.13) was
generated for volatilization and decarbonization stages in order to determine the activation

energies.
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Figure 6.13: Arrenhuis plot for the pyrolysis of S.A sugar cane bagasse.

The activation energies determined from the Arrenhuis plot are tabulated in table 6.2. The plot
for the decarbonization stage is not as distinguishable as that for volatilization. This could be as
a consequence of the degradation peaks not being distinguishable in the DTG curves in fig 6.9.
Furthermore, it must be taken into account that the aim of bagasse pyrolysis was to increase
char yield and develop porosities instead of completing gasifying sugar cane bagasse into liquid
and gaseous products. Using the rate constants, the thermodynamic properties; change in
enthalpy, entropy and Gibbs free energy for each stage were also calculated and tabulated in

table 6.2.

Table 6.2: Thermodynamic Properties of S.A bagasse pyrolysis in a nitrogen atmosphere

E, AH AS AG°

Stage

(kJ/mole)

(kJ/mole)

(kJ/mole °K)

(kJ/mole)

Volatilization

70.42

65.48

-0.195

181.19

De-carbonization

61.19

54.84

-0.254

248.52

The rate constants in table 6.2 represent the average rate constant at the chosen temperature
range. Positive values for Gibbs free energy are found indicating the non-spontaneous nature of
the reactions. This also points out that the free energy of the products is higher than for the
reactants (bagasse). With respect to the results presented by Nassar et al [1996], who pyrolysed
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bagasse at a heating rate of 5 °C/min, the values obtained in this study for activation energy in
the decarbonization stage is approximately 15 kJ/mole higher, but in contrast the volatilization
activation energy is approximately 17 kJ/mole lower. The net effect is about 2 kJ/mole lower in
comparison. At twice the heating rate the rate constants are approximately two times greater.
However, all other thermodynamic properties, change in Gibbs free energy, change in entropy
and change in enthalpy are very close to those obtained by Nassar et al, [1996] which are
tabulated in table 3.9 in chapter 3.

6.2.3. Determination of Pyrolysis Temperature

Bagasse was pyrolysed to final temperatures ranging from 500 to 900 °C at a heating rate of 10
°C /min and held at the final pyrolysis temperature for one hour. The resulting bagasse chars
were subsequently characterized in terms of iodine and methylene blue numbers to identify the
best pyrolysis temperature that would yield activated carbons with the desired properties. These
two characterization methods were used because these characterization techniques are generally
accepted methods and are much easier, cheaper and quicker to apply when gaining information
on microporosity and mesoporosity of the carbon. The iodine molecule is representative of
pores less than 20 A and its adsorption is indicative of the microporosity of the carbon and

methylene blue is related to the mesoporosity of the carbon.

The iodine adsorption isotherms for carbons produced at different pyrolysis temperatures were
plotted and is presented in fig 6.14. All carbons were treated with 0.1 N iodine solutions. Each
set of carbons that were produced has a unique isotherm associated with it. The mass of carbons
used to obtain a residual iodine solution of 0.03N is similar for carbons produced at the final
pyrolysis temperatures of 800, 680 and 611 °C. Carbons produced at 500 and 900 °C have very
low affinities for iodine because large quantities of carbon are used to reduce the iodine

concentration from 0.1 N to 0.03 N as shown by their isotherms in fig 6.14.
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Figure 6.14: Iodine isotherms of carbons produced from bagasse at different pyrolysis

temperatures at a heating rate of 10 °C/min and a hold time of 1 hour

The Freudlich parameters for each carbon were determined from the isotherm plots in figure
6.14 and are tabulated in table 6.3. Carbon produced at final pyrolysis temperature of 800 °C,
has the greatest adsorption capacity (k) with the effect of concentration (n) being small on
adsorption capacity.

Table 6.3: Freundlich isotherm parameters for bagasse carbons

Carbon produced at
Temperature / °C

500
611
680
800
900

Carbon at 900 °C has the lowest adsorption capacity and the effects of concentration on
adsorption capacity are large. A balance between concentration and adsorption capacity would

indicate a more stable carbon, which corresponds to carbons produced at 680 °C.

101



CHAPTER 6 RESULTS & DISCUSSION

The iodine number was determined as the mg iodine adsorbed / g carbon at the residual
concentration of 0.02 N from the isotherm plot portrayed in fig 6.14. A plot of iodine number

and methylene number versus final pyrolysis temperature was produced and is presented in fig
6.15.

10 300
y =-0.0025x? + 3.3784x - 912.15 .
9 R* =0.9928 7

- 250

- 200

(=)}
!

W
L

- 150

Methylene Blue No./(mg Methylene Blu
adsorbed/g carbon)
AN
Todine No./(mg Iodine adsorbed/g carbo

;| . y = 0.0001x? - 0.1368x + 48.773 100
R? = 0.9842
2 -
50
1 4
0 : : : . l . . SO ¥
500 550 600 650 700 750 800 850 900

Temperature / °C

— — —-Methylene Blue Number Iodine Number

Figure 6.15: Methylene Blue and Iodine characterization of bagasse chars at produced at

a heating rate of 10 °C/min and different pyrolysis temperatures at a hold time of 1 hour.

Fig 6.15 indicates that as the final pyrolysis temperature increases from 500 to 900 °C, an
increase in iodine number occurs until 680 °C and then decreases at higher temperatures. The
opposite effect is observed with respect to methylene blue number at increasing final pyrolysis
temperatures. Chars produced at 680 °C possessed the highest iodine number (240 mg/g carbon)
and the lowest methylene blue number (3.13 mg/g carbon). A carbon having a high iodine
number indicates a char consisting of a large quantity of micropores. Upon activation of
microporous chars, surface areas increases and the meso-macropores are also created by pore
widening of micropores. However, high methylene blue numbers indicate high amounts of
mesopores and upon activation these pore sizes will be further increased leading to macropores
which act as channels for adsorbates to reach adsorption sites instead of taking part in
adsorption. This results in a decrease in surface area available for adsorption. Thus, the desired
pyrolysis temperature of 680 °C was seen as the optimum pyrolysis temperature in terms of
producing activated carbons from sugar cane bagasse. The optimum pyrolysis temperature

obtained for this case is comparable to those used by many researchers who have produced
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bagasse chars at pyrolysis temperatures ranging from 700-800 °C [Pendy et al, 1999; Minkova
et al, 2000; Xia et al, 1998].

Furthermore, from the results presented in fig 6.15, a second order polynomial correlation exists
between final pyrolysis temperature and methylene blue and iodine numbers. If for instance, an
estimate of the pore structure of a carbon produced between final pyrolysis temperatures of 500
to 900 °C at the specific hold time of 1 hour and heating rate of 10 °C/min needs to be known,
the above correlations for methylene blue number and iodine number can be used a relative

indicators of meso and microporosity.

Pyrolysis hold time has also been identified as an influencing factor on the properties of the
activated carbon produced during activated. The impact of exposure times at the final pyrolysis
temperature on the surface area, pore volume and pore size distribution is discussed in section

6.3.2.
6.2.4. Characterization of Bagasse Chars
The best bagasse carbons produced at the final pyrolysis temperature 680 ©C and hold time of

one hour were further characterized by adsorption of nitrogen at 77K. A typical isotherm for

the sorption of Nitrogen onto the bagasse carbon is displayed in fig 6.16.
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Figure 6.16: Nitrogen sorption isotherms at 77 K for chars prepared from bagasse at a

heating rate of 10 °C /min to a pyrolysis temperature of 680 °C and hold time of 1 hour
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By visual inspection, the shape of the isotherm corresponds to Type I in the BDDT
classification [Brauner et al, 1940] indicating that the carbon is predominately microporous.
This was foreseen in the methylene blue and iodine adsorption tests. As the relative pressure
approaches 1.0, the upswing in the curve reveals that the adsorption of nitrogen in the gaseous
phase has shifted to capillary condensation with pores being filled with liquid adsorbate. Open—
loop hysteresis occurs at low relative pressures indicating that activated diffusion of nitrogen
through the narrow openings in the microporous network occur, because of the aperture size
being similar to that of a nitrogen molecule. The steep fall and closure of the desorption
isotherm at a relative pressure of ~ 0.45 can be seen. According to Schoefield [1948], the
relative pressure at which closure occurs is due to the tensile strengths of the adsorbate whereby

the adsorbate undergoes a phase transition from liquid-like to a gaseous-like state.

The surface area, pore volume and pore size distribution of the bagasse char were determined
by the volume of nitrogen adsorbed or desorbed at 77K at different relative pressures. These
characteristics of the resultant bagasse chars are tabulated in table 6.4. The total, external, and
micropore surface areas and micropore volumes listed in table 6.4 were evaluated by using the
slopes and intercepts from linear plots which can be found in fig C-1 to C-3 in Appendix C-1.1
and C-1.2.

Table 6.4: Characteristics of bagasse char produced at a heating rate of 10 °C/min to the

final pyrolysis temperature of 680 °C and hold time of 1 hour

Parameter

Method Used

Total Surface Area

Single point

Total Surface Area

BET

Total Surface Area

Langmuir

Micropore Surface Area

t-plot

External Surface Area

t-plot

Cumulative Surface Area

BJH Adsorption’

Cumulative Surface Area

BJH Desorption’

Total Pore Volume’

Single point

Micropore Volume

t-plot

Cumulative Pore Volume

BJH Adsorption’

Cumulative Pore Volume

BJH Desorption’

Ave Micropore Diameter

Single point / BET

Ave Meso-Diameter

BJH Adsorption’

Ave Meso-Diameter

between 17.0 and 3000.0 A

BJH Desorption’

- ?pore volume of pores less than 816. 1A diameter and P/P,=0.0976
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Table 6.3 points out that the bagasse carbons have high surface area with micropore
contribution being 84 % (of BET surface area). The surface area created for adsorption
corresponds to approximately one third of a commercial activated carbon (Norit PN2 — 1000
m?/g). The graphs used to evaluate the cumulative surface area by the BJH method for pores in
the range of 17 - 3000 A shown above in table 6.3, can be found in fig C-4 to C-6 in Appendix
C-1.3. Pores in this size range contribute to 9 % of the total surface area. The micropore
contribution to total pore volume amounts to 75% with rest being from the mesopores which
further classifies South African bagasse chars from optimum pyrolysis conditions as
microporous carbons. Slightly higher values for cumulative surface area and pore volume are
depicted during adsorption than desorption when using the BJH methods. However, the average
pore size is slightly greater during desorption as it takes into account the layer of thickness that
is left behind on the walls of the pores. The pore size distribution of the bagasse carbon in terms
of dV .,,/dD and dV / d(logD) versus pore diameter between 17 and 3000 A are given in fig 6.17
and 6.18.

Both figures 6.17 and 6.18 show maxima’s below 20 A corroborating that the highest pore
volume contribution is from the micropores. A second smaller maximum is observed in the
desorption curves in the pore range of 30-40 A revealing that the initial development of

mesopore begins but the contribution is extremely low.
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Figure 6.17: Pore size Distribution (dV_,,,/dD versus pore diameter) of bagasse chars
produced at a heating rate of 10 °C/min to a final pyrolysis temperature of 680 °C and
hold time of 1 hour.
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Figure 6.18: Pore size Distribution (dV.,,/d(logD)) versus pore diameter of bagasse chars
produced at a heating rate of 10 °C/min to a final pyrolysis temperature of 680 °C and
hold time of 1 hour.

The pore size distribution in terms of cumulative pore volume versus pore diameter has also
been plotted and is added in fig C-7 in Appendix C-1.1.3. The pore area distribution plots are
also included in Appendix C-1.1.3 (see fig C 4-6) and can be viewed if required.

6.2.5 Topographical Study

Scanning electron microscopy was used to determine the elemental analysis of the bagasse char

on a dry basis and is tabulated in table 6.5.

Table 6.5: Elemental Analysis of Bagasse char produced at a heating rate of 10 °C/min to
a final pyrolysis temperature of 680 °C and hold time of 1 hour

% (dry basis
Element excluding Hydrogen)

Carbon 22.36
Nitrogen 30.69
Oxygen 30.52

Ash 291
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Comparison of the elemental analysis of bagasse char to that of sugar—cane bagasse raw
material reveals that a decrease in oxygen content, increase in carbon and ash % results after
bagasse has been pyrolysed. These differences are attributed to the removal of volatiles and

development of the carbon skeleton.

An SEM of the bagasse char is shown in fig 6.19. The scanning electron micrograph in this
figure verifies the rudimentary pore structure of the bagasse char that was by created by
pyrolysis. A large number of randomly distributed and oval shaped pores are shown on the
surface of the bagasse chars. In comparison to raw bagasse, these pores are larger and the
collapsing of walls between adjacent pores can be seen which give rise to meso and

Macropores.
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Figure 6.19: Scanning electron micrograph of bagasse chars producing at a heating rate of

10 °C/min to a final pyrolysis temperature of 680 °C and hold time of 1 hour.
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6.3 Activation of Bagasse chars

The bagasse chars that were produced at a heating rate of 10 °C/min to a final pyrolysis
temperature of 680 °C, for a specific hold time were subsequently subjected to partial
gasification with steam as the activating agent during the activation stage. The results from the
activation experiments that were carried out at different steam partial pressures, activation
times, activation temperatures and the effect of pyrolysis conditions on the final activated

carbon are presented and discussed in this section.

6.3.1. Effect of Steam Partial Pressure on the Activated Carbons

Three types of final activated carbons were produced from the activation experiments on
bagasse chars that were carried out at different steam partial pressures at an activating
temperature of 800 °C for an activation time of 4 hours (see table 5.2 in chapter 5) in order to
establish the steam partial pressure that gives rise to activated carbons having the desired

properties for sugar decolourisation.

The amount of steam being passed through the system at the different nitrogen flows was
determined by methods explained in chapter 5, section 5.6. A direct proportional relationship
between the steam/nitrogen ratio and steam partial pressure exists. The steam concentration
was converted to steam to nitrogen ratios by using the flow rates and densities of both

components.

The percentage burn-off reached for each set of conditions at the varying steam/nitrogen ratios

are expressed in table 6.6.

Table 6.6: Extent of activation at varying steam partial pressures

Steam / Nitrogen ratio Burn-off / (%)

1.0: 0.6 30.0

0:5 ;05 26.0

04:1.0 24.5

As the steam / nitrogen ratio increases in the reactor, indicating increasing steam partial
pressure, so too does the burn-off percentage increase. A higher burn-off percentage in
gasification reactions is associated with high surface area and porosity. Increasing burn-off

percentage results in a decreasing yield of product as well. A higher burn-off percentage
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resulted in activated carbon J and implies that the surface area and porosity is much higher than

carbons L and G.

Fig 6.20 shows the nitrogen adsorption isotherms obtained at 77K for the powder activated
carbons J, L and G that were prepared from bagasse chars activated at different steam partial
pressures. The nitrogen adsorption isotherms displayed in fig 6.20 are representative of Type IV
isotherms in the BDDT classification [Brunauer et al, 1940] related to activated carbons having
both micro and mesopores. As the steam/nitrogen ratio increases from G to J, the increase in
adsorbed volume becomes more gradual indicating that the pores are widened and the pore size
distribution becomes wider. The development of mesoporosity is clearly revealed by the
increase in slope of the isotherms at higher relative pressures and the pronounced hysteresis
loop effect that occurs during desorption for activated carbons J and L produced at higher steam
partial pressures. The increase in uptake of nitrogen at low relative pressures reflects an
increase in microporosity as steam partial pressure increases. Therefore, the extent of adsorption
increases with an increase in steam concentration which is shown by the increase in micro and

mesoporosity in the adsorption isotherms.
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Figure 6.20: Nitrogen Adsorption isotherms at 77 K for activated carbons produced from
bagasse chars activated for 4 hours at 800 °C at varying steam partial pressures

(steam/nitrogen ratios), (w) J — 1:06, (A) L -0.5:0.5 & (¢) G — 0.4:1.
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The physical values for activated carbons J, L and G were determined from the nitrogen
adsorption isotherm plots and are given in table 6.7. The total, external and micropore surface
areas, and micropore volumes for each activated carbon listed in table 6.7 were calculated from
the slopes and intercepts of the straight line BET, Langmuir and t-plots in fig C-8 to C-10 in
Appendix C-2.1.1 and C-2.1.2. Liquid adsorption tests with methylene blue and iodine as the
adsorbates were also carried to verify the adsorption capacity and porosity of the activated

carbons which are identified by their methylene blue and iodine numbers included in table 6.7.

Table 6.7: Characteristics of the powder activated carbons produced from sugar-cane at

varying steam partial pressures.

Parameter J Method Used

Total Surface Area 773.41 Single point

Total Surface Area 760.95 BET

Total Surface Area 1026.34 Langmuir

Micropore Surface Area 445.16 t-plot

External Surface Area 315.80 t-plot

Micro- Area / Total Area 59

Cumulative Surface Area BJH Adsorption’

Cumulative Surface Area BJH Desorption”

Total Pore Volume Single point

Micropore Volume t-plot

Vmicro/ Vtotal

Cumulative Pore Volume BJH Adsorption’

Cumulative Pore Volume BJH Desorption’

Ave Micropore Diameter Single point / BET

Ave Meso-Diameter BJH Adsorption’

Ave Meso-Diameter BJH Desorption’

Methylene Blue No Aktasorb Systems

Todine No. ASTM method

between 17.0 and 3000.0 A diameter

Increasing steam partial pressure, results in an increase in total surface area and pore volume,
micro and mesopore surface area and volume. However, with an increasing steam partial
pressure a decrease in the micropore surface area and pore volume contributions occur with a
subsequent increase in the fraction of mesopores. Higher steam partial pressure results in an
increase in burn-off % which leads to the opening up of blocked pores to form more micropores

and pore widening creating mesopores resulting in the increase in meso-macropore volumes.
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From the liquid adsorption tests, increasing steam partial pressures increases the adsorptive
capacity and porosity which is confirmed by the increase in methylene blue and iodine
numbers. The pore size distributions of the activated carbons J, G and L determined by the BJH
adsorption and desorption techniques are presented in figures 6.21 to 6.24. Fig 6.21 and 6.22
illustrates the pore size distributions in terms of the average pore volume contributed by a
certain diameter range, whereas fig 6.23 and 6.24 illustrates the pore area contribution by on the
average pore diameter range. The illustration of pore size distribution shown below has been

evaluated by using equations 4.21.
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Figure 6.21: Pore size distribution (dV_,, /dD versus pore diameter) determined by BJH

adsorption for activated carbons produced at varying partial pressures (steam/nitrogen

ratios), J — 1:06, L. -0.5:0.5 & G - 0.4:1.
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Figure 6.22: Pore Volume distribution (dV,,, /dD versus pore diameter) determined by
BJH desorption for activated carbons produced at varying partial pressures

(steam/nitrogen ratios), J — 1:06, L. -0.5:0.5 & G- 0.4:1.
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Figure 6.23: Pore Area distribution (dA4.,, /dD versus pore diameter) determined by BJH
adsorption for activated carbons produced at varying partial pressures (steam/nitrogen

ratios), J — 1:06, L. -0.5:0.5 & G- 0.4:1.
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Figure 6.24: Pore Area distribution (dA4.,,, /dD versus pore diameter) determined by BJH
desorption for activated carbons produced at varying partial pressures (steam/nitrogen

ratios), J — 1:06, L -0.5:0.5 & G — 0.4:1.

From the pore size distribution curves of volume and area it can be seen that upon adsorption, a
maxima lies around 22 A (fig 6.22 and 6.23) for carbon J and for desorption which includes the
layer left behind on the pore walls, the prominent peak is around 40 A (fig 6.23 and 6.24). The
pore size distribution for activated carbons L and G includes maxima below 20 A but also
includes smaller peaks in the mesopore region at 40A. However in both adsorption curves
smaller peaks at 30 A are observed and are indicative of incipient mesoporosity. The pore
volumes and areas in the specific pore size ranges increase with increasing steam partial
pressures. This effect can be attributed to the increasing burn-off % as partial pressure increases
which lead to a greater amount of mesopores being converted. However, the pore size
distribution (area and volume) trends are the same for all the activated carbons produced at the
activating temperature of 800 °C for a reaction time of 4 hours with carbon J having highest
pore volume and area distributions among meso and micropores. More graphical plots of pore
area and volume distribution for these activated carbons are included in fig C-11 to C-18 in

Appendix C-2.1.3.

Based on these set of experiments, the steam to nitrogen ratio of 1:0.6 was subsequently
employed in further experiments that were performed to obtain activated carbons with higher

adsorption capacities for large molecules.
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6.3.2. Effect of Pyrolysis and Activation Hold times on Activated carbons

The history of the pyrolysis process with respect to temperature and the exposure period during
the final pyrolysis temperature has been known to effect to the quality of the activated carbon
produced. The effects of pyrolysis hold-times, 1 and 2 hours on the activated carbons produced
from sugar-cane bagasse were investigated (see chapter5, table 5.7). Concurrently, the effect of
the activation time on the quality of the activated carbons produced from bagasse chars

prepared at different pyrolysis exposure times were also explored (see chapter 5, table 5.7).

The burn-off percentages reached from these experiments are presented in table 6.8. Increasing
the activation time resulted in an increase in burn-off percentage of carbons produced at
pyrolysis exposure times of 1 and 2 hours. However, the burn-off percentage was much higher
from chars that were prepared at a pyrolysis exposure time of one hour compared to those
prepared at 2 hours. Chars produced from a pyrolysis exposure time of 2 hours and then
activated for 3 and 4 hours reach almost the same burn-off % indicating very little difference in
their pore structures and that further increase in activation time will probable impact negatively
on the activated carbon. Chars prepared from a pyrolysis exposure time of 1 hour and activated
for 4 hours leads to the greatest percentage burn-off, which implies that activated carbon, C, has

a greater surface area and possibly a more pronounced pore size distribution.

Table 6.8: Extent of activation for different pyrolysis exposure times and activation times

Pyrolysis Hold time /(hr) | Activation Hold Time /(hr) Burn-off (%)

1 9.9

1 21.5

26.0

8.7

The nitrogen adsorption isotherms at 77 K for these activated carbons are given in fig 6.25.

Activated carbons A and D pyrolysed at different exposure times, but activated for the same
amount of time closely resemble Type I isotherms in the BDDT classification [Brunauer, et al,
1940] showing that these activated carbons predominately consist of micropores. A slight slope
in their isotherms at higher relative pressures reveals the initial development of mesopores. The

uptake of nitrogen is much greater for activated carbon A compared to B. Activated carbons B,
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E and F isotherms lie very closely to each other on the isotherm plot and exhibit Type IV
isotherms in the BDDT classification [Brunauer et a/, 1940] having large hysteresis loops. Even
though carbon F was exposed for a longer pyrolysis exposure time but activated for a much
longer time than B and E, the carbon seems to show more microporosity than mesoporosity
development. This is attributed to the burn-off percentages being similar to the other carbons.
The adsorption isotherm for carbon C displays a Type IV 1sotherm consisting of both micro and
mesopores. The increased uptake of nitrogen at low relative pressures compared to carbons A,
B, C, D and E reveal a much higher amount of micropores and the increase in the slope of the

isotherm also reinforces the fact that this carbon contains much more mesopores.

280 ~

Volume Adsorbed /(cm3/g ) STP

100 T T T T T T T T T n
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Relative Pressure / (P/P,)
— Adsorption. e Desorption

Figure 6.25: Nitrogen Adsorption isotherms at 77 K for activated carbons produced from
bagasse at different pyrolysis and activation hold-times. (0)A -pyrolysis time 1hr,
activation time 1hr, (A)B - pyrolysis time 1hr, activation time 3hr, (#)C - pyrolysis time
1hr, activation time 4hr, (<)D -pyrolysis time 2hr, activation time 1hr, (A)E - pyrolysis

time 1hr, activation time 3hr, (*¢)F -pyrolysis time 1hr, activation time 1hr
The pronounced hysteresis loop in activated carbon C is also attributed to well-developed

porosities. Pyrolysis exposure times of 1 hour for a constant activation time, has a positive

impact on the activated carbon produced compared to exposure time of 2hours. The extent of
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adsorption increases with increasing activation time as shown by the increase in micro and

mesoporosity in the isotherm plots in fig 6.25.

The characteristics of these activated carbons are tabulated in table 6.9. The graphical plots used
in evaluating the BET, Langmuir and t-plots presented in table 6.9 are included in fig C-19 to
C-21 in Appendix C-2.2.1 and C-2.2.2.

Table 6.9: Characteristics of the powder activated carbons produced from sugar-cane

bagasse for a combination of pyrolysis exposure times and activation times

Parameter

Single Point Surface Area

BET Surface Area

Langmuir Surface Area

Micropore Surface Area

External Surface Area

Micropore Area/ Total Area

BJH Cumulative Surface Area’

BJH Cumulative Surface Area’

Mesopore Area/ Total Area

Total Pore Volume

Micropore Volume

BJH Cumulative Pore Volume’

BJH Cumulative Pore Volume’

Vmeso/V total

Ave Pore Diameter (by BET)

BJH Ave Meso-Diameter’

BJH Ave Meso-Diameter'

Methylene Blue No

Todine No.

between 17.0 and 3000.0 A diameter
Table 6.10 shows that increasing the activation time from 1 to 4 hours at a constant activation
temperature results in an increase in surface area and pore volumes for activated carbons (A, B
and C) prepared from chars produced at a pyrolysis exposure time of 1 hour. The micropore
contribution decreases with a subsequent increase in mesopore contribution due to the widening
of micropores to form mesopores. Activating chars prepared at a pyrolysis exposure time of 2

hours at increasing activation times result in an increase in total surface area and micropore
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volume of the final activated carbons (E, F and G) However, as the activation time increases
from 1 to 3 hours for chars prepared at a pyrolysis exposure time of 2 hours, an increase in
external surface area and mesopore volume occurs and further increase in activation time to 4
hours results in a decrease in these properties. This indicates that the maximum activation time
has been reached and chars pyrolysed for an exposure time of 2 hours give rise to microporous
activated carbons with very little mesopores. Activated carbons prepared by this method fall

short in fulfilling the role of sugar carbons.

As the activation time increases, greater burn-off percentages occur as shown in table 6.8,
which brings about the increased mesoporosity (reduced microporosity), higher pore volumes
and surface areas and larger pore diameters as seen in table 6.9. Furthermore, increasing
activation time, also results in greater adsorption capacity and porosity which is evident by the
increase in methylene blue and iodine numbers. Comparison of the pyrolysis exposure times
revealed that the activated carbons prepared at the pyrolysis exposure time of one hour resulted

in much higher methylene and iodine numbers.
From the characteristics listed in table 6.9, carbon C activated for 4 hours and prepared from
bagasse chars exposed at the final pyrolysis temperature of one hour have the best properties

and could be possible sugar carbons.

The pore size distributions (area and volume) for activated carbons A, B, C, D, E and F are

plotted in fig 6.26 to 6.29.
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Figure 6.26: Pore volume distribution (dV,,, /dD )determined by BJH adsorption for
activated carbons produced at different pyrolysis exposure times and varying activation
times, A -pyrolysis time lhr, activation time 1hr, B - pyrolysis time 1hr, activation time
3hr, C - pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr, activation time 1hr,

E - pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr, activation time 1hr.

0.01

S
=
S
et

0.008 -

0.007 -

0.006 -

0.005 -

0.004 -

0.003 -

0.002 -

0.001 -

Pore Volume [dV,,,/dD]/ (cm’/g A)

L ods A |

10 100 _ 1000 10000
Pore Diameter / (A)

—_ - — A . =l 23 —— —_ o —D ) P o o)

Figure 6.27: Pore volume distribution (dV,,, /dD )determined by BJH desorption for
activated carbons produced at different pyrolysis exposure times and varying activation
times, A -pyrolysis time 1hr, activation time 1hr, B - pyrolysis time 1hr, activation time
3hr, C - pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr, activation time 1hr,

E - pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr, activation time 1hr.
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Figure 6.28: Pore area distribution (dA4.,, /dD) determined by BJH adsorption for
activated carbons produced at different pyrolysis exposure times and varying activation
times, A -pyrolysis time lhr, activation time 1hr, B - pyrolysis time 1hr, activation time
3hr, C - pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr, activation time 1hr,

E - pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr, activation time 1hr.
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Figure 6.29: Pore area distribution (dA4.,. /dD) determined by BJH desorption for
activated carbons produced at different pyrolysis exposure times and varying activation
times, A -pyrolysis time 1hr, activation time 1hr, B - pyrolysis time 1hr, activation time
3hr, C - pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr, activation time 1hr,

E - pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr, activation time 1hr.
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The pore size distribution curves displayed by the BJH adsorption in fig 6.26 and 6.28 indicate
that that maximum contribution to total pore volume and area are from pores having diameters
around 20 and 30 A. The BJH desorption curves show that the maximum contribution in the
mesopore range results from pores of 40A in diameter since this method takes into account the
layer of thickness left behind on the walls. All plots show similar trends in pore size distribution

for carbons A to F.

The pore size distribution of activated carbon C has the highest pore volume and area and the
mesopore development is much greater, which further emphasizes the possibility of this carbons
capability of adsorbing colour bodies from raw sugar. Thus, chars prepared at a pyrolysis
exposure time of one hour and then activated for a longer time produce high surface area

carbons with well developed mesoporosites.

The pore volume and area distribution can be plotted in different ways and these are included in

figures C-22 to C-29 in Appendix C-2.2.3.
6.3.3. Effect of Activation Temperature

The effect of activating temperature on the properties of bagasse activated carbons was
investigated by partially gasifying bagasse chars prepared at the pyrolysis exposure time of 1
hour at 680 °C, with the a mixture of steam/nitrogen in the ratio of 1:06 and activated at
temperatures for an activation time of 4 hours. The experimental process conditions that were

used can be seen in table 5.8 in Chapter 5.

The burn-off percentages reached for the different sets of activation temperatures are recorded
in table 6.10. For chars activated at 900 °C, (I), a burn-off percentage of 50% was reached
within 2 hours whereas by the end of 4 hours chars activated at lower temperatures (700 and
800 °C) reached lower burn-off percentages. A mixture of micro and mesopores are usually
formed at a burn-off % around 50 — 75 %. The higher the temperature, the faster the reaction

rate which leads to a greater activation extent in a shorter space of time.
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Table 6.10: Effect of activation temperature on the extent of activation

Activation

Hold Time | Temperature | Burn-off (%)
/(hr) 1(°C)

900

800

700

The pyrolysis furnace was equipped such that the mass and temperature were also recorded in
one second intervals during the activation. A typical mass and temperature profile generated at
the activation temperature of 900 °C generated activated carbon I, is included in figure 6.30.
The curves plotted also include the pyrolysis history and the heating up to the final activation

temperature.

Fig 6.30 reveals excellent temperature control in the reactor which was provided by the
Eurotherm PID controller. The partial gasification reaction at a constant steam/nitrogen ratio of
1:0.6 proceeded initially at a constant rate of 0.2 / min and then decreased to 0.11 /min. This
change in rate could be attributed to the burning off the disorganized carbons resulting in
increasing microporosity in the initial stages and the diffusion of steam into these micropores,
consequently increasing pore sizes by burning of the aromatic ring system which leads to the
formation of mesopores. From figure 6.30, it can be seen that the final yield with a 50 % burn-
off occurring at the end of 2 hour activation time was 10%. The mass and temperature profiles

also provide an indication of the stability of the activation process.
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CHAPTER 6 RESULTS & DISCUSSION

The characteristics of the surface area and pore development in activated carbons I, J and K
produced at different activation temperatures were evaluated by nitrogen adsorption at 77 K.

The nitrogen adsorption isotherms for carbons I, J and K are given in fig 6.31.

Volume Adsorbed /(cm3/g ) STP

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure / (P/P ,)

------ Desorption Adsorption

Figure 6.31: Nitrogen adsorption isotherms of carbons produced at different
activation temperatures with steam as the activating agent, ()I — 900 °C, 2hr,

(A)J - 800 °C, 4hr & (0)K — 700 °C, 4hr.

Activated carbon K activated at 700 °C resembles a Type I isotherm in the BDDT classification
[Brunauer et al, 1940]. This carbon appears to consist mainly of micropores. The reversible
adsorption and desorption trend of Type I isotherms is evident in this particular activated
carbon. Carbon I produced at 900 °C closely resembles a Type IV isotherm in the BDDT
classification consisting of both micro and mesopores. The microporous feature is depicted by
the reversible sorption shown by the nitrogen isotherm. At higher relative pressures a rapid
increase in the slope of the isotherm and the pronounced hysteresis loop common to well
developed, mesoporous adsorbents are observed for activated carbon I. According to Gregg and
Sing [1982] the pore widening of microporous apertures is shown by the reduction in low
pressure hysteresis which shown is evident in activated I and J. Activated carbon, J, produced at
the temperature of 800 °C also resembles a Type IV isotherm having micro and mesopores
present but porosities are much lower than that shown for I. The uptake of nitrogen is much
greater in carbon I than the other two activated carbons prepared at lower temperatures
indicating greater surface area and higher porosities are produced by the increase in extent of

activation brought about increasing temperature.
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The properties of activated carbons I, J and K are quantified and compared in table 6.11. By
applying the procedures discussed in chapter 4, graphical plots (included in figures C-30 to C-
40 in Appendix C-2.3) were used to obtain the surface areas and pore areas and volumes listed

in table 6.11.

Table 6.11: Characteristics of the powder activated carbons produced from sugar-cane at

different activation temperatures

Sample

Parameter I J Method Used

Total Surface Area 1000.08 773.41 Single point

Total Surface Area 995.38 760.95 BET

Total Surface Area 1345.39 1026.34 Langmuir

Micropore Surface Area 479.19 445.16 t-plot

External Surface Area 516.19 315.80 t-plot

Cumulative Surface Area 462.65 253.40 BJH Adsorption’

Cumulative Surface Area 517.37 280.14 BJH Desorption’

Total Pore Volume” 0.8199 0.4729 Single point

Micropore Volume 0.2207 0.2075 t-plot

VmicroN total 28 43

Cumulative Pore Volume BJH Adsorption’

Cumulative Pore Volume BJH Desorption’

Vmeso/ Vtotal

Ave Micropore Diameter Single point / BET

Ave Meso-Diameter BJH Adsorption’

Ave Meso-Diameter BJH Desorption’

Methylene Blue No : Aktasorb Systems

Todine No. ASTM method

Ash

- between 17.0 and 3000.0 A diameter

The total surface area and pore volumes increase with increasing activation temperature. As
temperature increases, the micropore volume decreases with a subsequent increase in mesopore
volume. Activated carbon J has an equal distribution in pore volume between micro and
mesopores indicating high adsorption potential for molecules of both sizes. The distribution of
pore volume by mesopores are about twice that of the micropores in activated carbon I, pointing
out that the structure of this carbon can be classified as a mesoporous carbon. Its affinity for

mesoporous molecules is demonstrated by its high methylene blue number. The iodine number
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for this carbon can be considered to have a one to one correlation with BET surface area.
Although a mesoporous activated carbon, carbon I does in fact have a larger amount of
micropores and is confirmed by the high iodine number. Therefore adsorption of molecules in

the micro and mesopore range is high.

Comparing carbon K produced at 700 °C to that of carbon I reveals that at higher activation
temperature the surface area is twice that of the lower temperature. Carbon K can be classified

as a microporous carbon and can be considered as unacceptable sugar decolourising carbons.

As activation temperature increases, an increase in burn-off occurs and the final activated
carbon ash % increases as shown in table 6.11 which corresponds to discussions by Bansal et al

[1988].
At this stage bagasse chars activated at 900 °C for 2 hours seem to possess the desirable
properties required for sugar decolourisation as depicted by their characteristics in table 6.13

and is confirmed with decolourisation tests in the subsequent sections of this chapter.

The pore size distribution in terms of pore volume and area for activated carbons, I, J and K are

shown in figures 6.32 to 6.35.
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Figure 6.32: Pore volume distribution (dV,,, /dD) determined by BJH adsorption for
activated carbons produced at different activation temperatures with steam as the

activating agent, I — 900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.
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Figure 6.33: Pore volume distribution (dV_,, /dD) determined by BJH desorption for
activated carbons produced at different activation temperatures with steam as the

activating agent, I — 900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.
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Figure 6.34: Pore area distribution (d4.,. /dD) determined by BJH adsorption for

activated carbons produced at different activation temperatures with steam as the

activating agent, I — 900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.
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Figure 6.35: Pore Area distribution (dA.,, /dD) determined by BJH desorption for

activated carbons produced at different activation temperatures with steam as the

activating agent, I — 900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.

For the adsorption case maximum peaks are observed in the micropore range of 20 A and

smaller peaks around 30A. Figures 6.33 and 6.35 reveal that activated carbon I has greater pore

127



CHAPTER 6 RESULTS & DISCUSSION

volume and area contribution by pores in the ranging from 30 to 100A. This same effect is
shown by all activated carbons in the distribution plots in fig 6.33 and 6.35. However, the
maximum peak at 40A shows the highest contribution of pore volume and area occurring from
the mesopore region in the desorption distribution plots. The trend in the pore size distribution
plot is the same for all activated carbons I, J and K, but activated carbon I has the highest pore
volume and area, and a much wider pore range. The size distribution of activated carbon, I, is

comparable to that of a typical sugar cane carbon pore size distribution presented in chapter 5.

6.3.4 Comparison of South African Bagasse Activated Carbons with Commercial

Carbons

Granular activated carbons were also produced by using refined sugar as a binder. The
processing methods were similar to those produced for powder activated carbons but the
activation time was increased to 2.5 hours in order to obtain the same burn-off %. Table 5.9 in
chapter 5 provides information on the final processing conditions that were used to prepare
powder activated carbons and granular activated carbons from sugar-cane bagasse based on the
results of experiments investigated above. Table 6.12 includes the extent of activation for these

activated carbons.

Table 6.12: Extent of activation achieved during preparation of powder and granular

activated carbons from sugar-cane bagasse.

Binder/Bagasse Activation Burn Off /
ratio Time /(hr) (%)

2 50
2 50
25 50

A longer time was required to obtain the same burn-off % with bagasse bound with refined
sugar than without a binder. This could be attributed to the reaction with dense and large
particle chars produced from pyrolysis, thereby limiting the diffusion of steam into the
micropores of the carbon skeleton.

Activated carbons were also prepared from high ash sugar-cane bagasse (O) and their effect on
the final activated carbon was also investigated. A comparison between low and high ash
powder bagasse activated carbons, granular bagasse activated carbons and a granular standard
Chemviron Cane Cal (coal parent material, patented activation) carbon were performed. The

nitrogen adsorption isotherms for these carbons are presented in fig 6.36.
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Figure 6.36: Nitrogen adsorption isotherms of bagasse activated carbons; (A) O -
56% ash, powder, (0) P — granular sugar/bagasse, (m) I — 28% ash, powder and a

standard granular Chemviron CaneCal carbon (e),

Bagasse carbons all resemble type IV isotherms in the BDDT classification [Brunauer ef al,
1940]. Increasing slopes and the pronounced desorption hysteresis loops indicate that these
carbons have high mesoporosity. The low uptake of nitrogen at low relative pressures for
carbon (O) suggests activated diffusion occurs. All carbons display reversible sorption
isotherms at low relative pressures. The standard Chemviron Canecal carbon also seems to
resemble a Type IV isotherm but it’s desorption hysteresis loop is not as pronounced as those
presented by the bagasse carbons. The highest adsorption of nitrogen occurs with activated
carbon I which is a low ash bagasse carbon. However, the initial uptake of nitrogen at low
relative pressures is less than the Chemviron carbon. High ash bagasse activated carbon O
isotherms suggest that the micro and mesoporosity is far less than that observed for the other
carbons. Activated carbons I and P adsorption isotherms suggests that these carbons have

greater mesoporosity but lower microposity compared to the standard Chemviron Canecal.
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The characteristics of these carbons are quantified in table 6.13. The BET, Langmuir, t-plots

and the pore area and volume plots used to calculate the values presented in table 6.15 can be

seen in fig C-41 to C-51 in Appendix C-5.

Table 6.13: Comparison of powder and granular bagasse activated carbons and a

standard Chemviron Canecal carbon [Devnarain ez al, 2002]

Parameter

Chemviron

CaneCal

Method Used

Total Surface Area

1000.08

954.78

1077.60

Single point

Total Surface Area

995.38

942.34

1063.62

BET

Total Surface Area

1345.39

1273.46

1429.42

Langmuir

Micropore Surface Area

479.19

529.54

733.80

t-plot

Micro Area/ Total Area

48

56

69

External Surface Area

t-plot

Cumulative Surface Area

BJH Adsorption’

Cumulative Surface Area

BJH Desorption’

Total Pore Volume

Single point

Micropore Volume

t-plot

Vmicro/ Vtota]

Cumulative Pore Volume

BJH Adsorption]

Cumulative Pore Volume

BJH Desorption’

Vmeso / Vtotal

Ave Micropore Diameter

Single point / BET

Ave Meso-Diameter

BJH Adsorption’

Ave Meso-Diameter

BJH Desorption’

Methylene Blue No

Aktasorb Systems

Iodine No.

ASTM method

Molasses No.

Ash

between 17.0 and 3000.0 A

diameter

The standard Chemviron Canecal possessed the greatest surface area which is attributed the

highest concentration of micropores in its structure. Irrespective of their ash contents, powder

bagasse activated carbons (I and O) prepared by the same process method have the same

percentage of micropore and mesopore area and volumes. However, in terms of quantities the

high ash bagasse values are much lower. This can be attributed to the ash content in the sample

that blocks pores and them inaccessible thus rendering lower values. The possibility of adding a
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de-ashing step prior to pyrolysis may be necessary when ash levels become too high. The
granular bagasse activated carbon (P) is also a very high surface area carbon with well
developed porosities but contain slightly lower percentage of mesopores. The highest methylene
blue numbers are found for the low ash prepared activated carbons (I) revealing its potential to
adsorb molecules in the same size range as the methylene blue molecule. The granular
sugar/bagasse carbons (P) have the greatest iodine number and display its ability to adsorb
smaller molecules. The prepared powder and granular bagasse carbons exhibit higher molasses
number than the standard carbon. This value indicates the bagasse carbons contain larger
amount of meso and macropores and are therby able to adsorb large colour bodies present in
molasses solution. This has been reflected in the increased values for BJH surface area and pore
volumes in table 6.13. The higher ash carbon gave similar molasses value to the standard
carbon. The molasses number is an initial indicator of the carbon’s ability to decolourise raw

sugar.

The pore size distributions of these carbons in terms of pore area and volume are compared in

fig 6.37 to 6.40.
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Figure 6.37: Pore volume distribution (dV,,, /dD) determined by BJH adsorption of
bagasse activated carbons; (A) O — 56% ash, powder, (0) P — granular sugar/bagasse, (m)

I -28% ash, powder and a standard granular Chemviron CaneCal carbon(e).
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Figure 6.38: Pore volume distribution (dV,,, /dD) determined by BJH desorption of
bagasse activated carbons; (A) O — 56% ash, powder,(0) P — granular sugar/bagasse, (m)
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Figure 6.39: Pore area distribution (dA4,,,, /dD) determined by BJH adsorption of bagasse
activated carbons; (A) O —56% ash, powder, () P — granular sugar/bagasse, (m) I — 28%

ash, powder and a standard granular Chemviron CaneCal carbon (o).
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Figure 6.40: Pore area distribution (dA4.,,, /dD) determined by BJH desorption of bagasse
activated carbons; (A) O — 56% ash, powder,(0) P — granular sugar/bagasse, (m) I — 28%

ash, powder and a standard granular Chemviron CaneCal carbon(e).

The pore size distributions by the BJH adsorption methods (fig 6.37 and 6.39) reveal that the
highest pore volume and area contribution are from pores of size 23 and 30A. However, their
desorption pore size distributions (fig 3.8 and 3.40) indicate that pore of 40A in diameter
contribution to pore volume and area is highest. The pore size distribution curves follow the
same trend, but activated carbon I, has the largest pore size distribution with meso and
macropores contributing largely to pore volume and external surface area. These pore size
distribution curves further emphasizes the ability of the prepared powder and granular activated
carbons to adsorb large colour bodies present raw sugar solutions. The bagasse activated
carbon’s porous structure in displayed in the above figures proves to be much more superior

than the standard Chemviron Canecal carbon.

Scanning electron micrographs were also taken for the prepared low ash powder and granular
bagasse activated carbons I and P, and the Chemviron carbon which are presented in figures

6.41 to 6.43.
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25000 K X EHT = 10.00 k¥

Figure 6.41: Scanning electron micrograph of low ash powder bagasse activated carbon, I.

Mag = 240,00 K X EHT =

Figure 6.42: Scanning electron micrograph of granular sugar/ bagasse activated carbon,
P,
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Mag = 22000 K X EHT = 10.00 kV

Figure 6.43: Scanning electron micrograph of commercial Chemviron CaneCal activated

carbon.

High surface area and porosity can be seen in all scanning electron micrographs. Macroporous
openings are observed for prepared low ash activated carbons indicating their ability to capture
large molecules as proved by their molasses test. These pores also act as transport pores
directing smaller molecules to be adsorbed into their internal micro and mesopore structure.
These electron micrographs provide evidence of the porous nature of the prepared activated

carbon’s exterior.

6.4 Decolourisation of sugar solutions

The potential of the prepared powder and granular powder activated carbons from sugar cane
bagasse and reference carbons, to decolourise raw sugar were tested on a batch scale. The

procedure followed is described in chapter 5.

The activated carbons have a very high decolourising potential as shown by their isotherms in
figure 6.44.
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Figure 6.44: Decolourisation isotherms of prepared powder and granular South
African bagasse carbons, (A) O — 56% ash, powder,(0) P — granular sugar/bagasse, (m)

I - 28% ash, powder and commercial Norit PN2 carbon (e) [Devnarain, ef al, 2002].

The commercial carbons (Chemviron CaneCal and powder Norit PN2) were tested in parallel
with the prepared carbons, but problems were experienced with the Chemviron CaneCal carbon
and are not presented. Both the low ash powder and granular activated carbons are excellent
sugar decolourisers and compare extremely well with the commercial Norit PN2 carbon. Even
the high ash bagasse carbon’s decolourising potential is high. Approximately 80% colour
removal was achieved by using 0.5g carbon /100 Brix brown liquor coinciding with the value
obtained for the commercial Norit PN2 carbon. Tests were also carried out by using activated
carbons in acidic and basic brown sugar solutions to determine the effect on decolourisation by
the carbons. Figures 6.45 and 6.46 show the decolourisation potential of all activated carbons

contacted in acidic and basic solutions.
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Figure 6.45: Brown Liquor decolourisation at pH 2 with prepared powder and

granular South African bagasse carbons,

O — 56% ash, powder, P — granular

sugar/bagasse, I — 28% ash, powder and commercial Norit PN2 carbon .

Acidic solutions treated with 0.13% activated carbons removed approximately 40-50% colour

with the low ash bagasse carbon and granular carbon showing the greatest decolourising

percentage of 50%. Acidic solutions treated with 2 % carbon removed 80% colour from the

brown liquor for all carbons. Again the prepared carbons are comparable with the commercial

carbon.
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Figure 6.46: Brown Liquor decolourisation at pH 9 with prepared powder and
granular South African bagasse carbons, O - 56% ash, powder, P — granular

sugar/bagasse, I — 28% ash, powder and commercial Norit PN2 carbon .

0.13% activated carbon in contact with basic sugar liquors brought about 60% colour removal
for low ash powder and granular activated carbons compared to the lower removals of 40 and
30% by the high ash powder bagasse carbon and commercial Norit PN2 carbon. Increasing the
carbon percentage to 2%, brought about a 93% colour removal for the bagasse prepared carbons
and a 95% removal for the commercial carbon. These tests again show that the bagasse

activated carbons are excellent sugar decolourisers.

The sugar decolourisation tests above prove that the activated carbons prepared from sugar-cane

bagasse have the ability to replace existing commercial carbons [Devnarain et al, 2002].
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7.1 Conclusion

This research has shown that South African sugar cane bagasse can be successfully converted
into unique activated carbons having excellent sugar decolorizing capacity. The quality of the
final activated carbon produced from sugar-cane bagasse is dependent on the nature of the raw
material used, the method and processing conditions such as heating rate, temperature, exposure

time and activating medium.

The employment of the two step physical processing method comprising of bagasse pellets
pyrolysed under a nitrogen atmosphere and their resulting chars being subjected to partial and
controlled gasification with steam as the activating agent enabled high surface area carbons

with well developed porosities to be produced from sugar cane bagasse raw material.

By using compressed bagasse fibres in the form of pellets and employing a low heating rate of
10 °C/min to the final pyrolysis temperature, enhanced the vapour-solid interactions during
pyrolysis bringing about high char yields. Thermal degradation of bagasse fibres at a heating
rate of 10 °C/min under a nitrogen atmosphere proceeds by a first order reaction generating
char, gaseous and liquid products. Based on the fact that microporous chars will allow further
development of surface area and conversion of micropores to mesopores, the optimum pyrolysis
processing conditions were found to be a heating rate of 10 °C/min to the final pyrolysis
temperature of 680 °C and exposure time of one hour. The optimum pyrolysis conditions
generated chars having high microporosity and very little meso-macroporosity. Increasing the
exposure time at the optimum pyrolysis temperature results in chars reaching a maximum burn-
off % during activation with steam at 800 °C, such that the final activated consists of mainly

micropores, thus not meeting the specifications of a sugar decolorizing carbon.
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Increasing the steam partial pressure, activation temperature and activation time during the
activation step increases the burn-off %, which consequently results in higher surface areas,
pore volumes and an enhanced pore size distribution of micro, meso and macropores to be
produced. A combination of high steam partial pressures and temperatures results in the
gasification reaction proceeding at a faster rate, giving rise to the most well developed
mesoporous activated carbons from bagasse having high adsorption capacity for large colour

bodies present in molasses.

High ash bagasse raw material results in the final activated carbons having high ash contents
that tend to block the pores making the internal surface inaccessible thereby reducing surface
area and pore volume available for adsorption. However, the ratio of micro and mesopore
volumes to the total pore volume available remains the same for both high and low ash bagasse

activated carbons manufactured under the same processing conditions.

Furthermore, South African sugar cane bagasse fibers also contain a vast amount of randomly
distributed oval shaped pores of varying sizes on its surface, which is a characteristic passed on
by its parent material. The high value of activated carbons produced from bagasse can also be
attributed to these pores, since they act as passageways for easy diffusion of gases into and out

of the particle without deforming or collapsing pores created during processing.

Both powder and granular activated carbons can be produced from sugar cane bagasse fibres by
the established process with latter being mixed with refined sugar prior to pyrolysis and
activating for a slightly longer time of approximately half an hour. Both low ash powder and
granular activated carbons from bagasse display high adsorption potentials for large colour
bodies present in molasses and brown liquor and have the ability to replace commercial sugar
decolourising activated carbons. The option of producing both types of activated carbons allows
flexibility of the sugar industry to choose between batch or continuous adsorption systems

during sugar decolourisation.
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7.2. Recommendations

This study has already established the fact that invaluable activated carbons from sugar cane

bagasse are produced and their ability as high sugar decolourisers creates an opportunity for the

sugar industry to produce and utilize bagasse activated carbons in their process. However, more

work needs to be carried out in order to take this process into commercial production and the

following actions are recommended:

In order to consider the option of using spent bagasse activated carbons as part of the fuel
source, a comparative study on the calorific values of spent bagasse activated carbons and
raw sugar bagasse fibres need be performed together with a study on the impact on the
performance of the burners.

An establishment of the optimum activated conditions needs to be carried out.

Options of increasing the yield of the activated carbon product while maintaining the
desired specifications needs to be considered and this lies mostly in improving char yield
during pyrolysis and the type of reactor used.

Scale-up to pilot plant using the established processing method and conditions has to be
done to make more viable conclusions

An economic study to determine the feasibility of making in-house activated carbons from
bagasse

Opportunity of using them in other industries needs to be carried out by determining its

adsorption potentials for other gas and liquid substances.
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APPENDIX
A

MOLECULAR DIMENSIONS

Table A-1: Cross-sectional Areas of adsorbate molecules [Cal, 1995]

Adsorbate molecule Cross-sectional Area ‘o0 (A*) | Molecular Dimensions °

(Lennard-Jones) (A)
Water (H,O) 12.5 2.64
Nitrogen (N,) 16.2 3.80
Acetone (C;HgO) 16.7 4.60
Carbon Dioxide (CO,) 22.0 3.94
Benzene (CsHg) 43.0 5353.7 Ax7.0A)

' _MecClellan and Harnsberger [1967]
? - Myers and Praustnitz [1965]
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APPENDIX
B

DATA LOGGING PROGRAM

B — 1. Mass - Temperature Logging Computer Program
VISUAL BASIC, VERSION 5.00

Object = "{648A5603-2C6E-101B-82B6-000000000014}#1.1#0"; "MSCOMM?32.0CX"

Begin VB.Form massfrm

Caption = "Mass log"
ClientHeight = 3945
ClientLeft = 60
ClientTop = 345
ClientWidth = 3960
LinkTopic = "Forml"
ScaleHeight = 3945
ScaleWidth = 3960

StartUpPosition = 3 "Windows Default

Begin VB.TextBox Text3
Height = 375
Left = 2280
TabIndex = 10
Top = 2640
Width = 1095
End

Begin VB.CommandButton Command2

Caption = "Sendtotemp  controller"
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Height
Left
TabIndex
Top
Width
End

Begin VB.TextBox Text2

Height
Left
TabIndex
Top
Width
End

495
720
9
3360
1215

375
720

2640
1095

Begin VB.CommandButton Commandl

Caption
Height
Left
TabIndex
Top
Width
End

Il

Begin VB.TextBox Textl

Height
Left
TabIndex
Top
Width
End

"

Send Command"
375

2280

7

480

1095

375
720

480
1095

Begin VB.CommandButton getmass

Caption
Height
Left
TabIndex

Il

"get mass"
375

720

5
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Height
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Top
Width
End

Begin VB.TextBox timetxt

Height
Left
TabIndex
Top
Width
End

1200
1095

375
720
5
1800
1095

Begin VB.CommandButton zero

Caption
Height
Left
TabIndex
Top
Width
End

Begin VB.Timer Timerl

Interval
Left
Top
End

Begin MSCommlLib.MSComm MSComm1

Left

Top

_ ExtentX
_ExtentY
_Version
DTREnable
InputLen
RTSEnable
End

"Zero Tare"
375

2280

2

1200

1095

1000
600

0

0

1005
1005
327680
-1 'True
20

-1 'True
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Begin VB.TextBox masstxt

Height
Left
TabIndex
Top
Width
End

375
2280
0
1800
855

Begin MSCommLib.MSComm MSComm?2

Left
Top
_ExtentX
_ExtentY
_Version
CommPort
DTREnable
InputLen
RTSEnable
End

Begin VB.Label Label4

Caption
Height
Left
TabIndex
Top
Width
End

Begin VB.Label Label2

Caption
Height
Left
TabIndex
Top
Width
End

0

2640
1005
1005
327680
2

-1 '"True
20

-1 '"True

"recvd temp"
255

2400

12

3120

855

"send"
255
1080
11
3120
495
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Begin VB.Label Label3
Caption = "Time"
Height = 255
Left = 960
TabIndex = 4
Top = 2280
Width = 735
End

Begin VB.Label Labell
Caption = "Mass"
Height = 255
Left = 2520
TabIndex =1
Top = 2280
Width = 495
End

End

Attribute VB_Name = "massfrm"
Attribute VB_GlobalNameSpace = False
Attribute VB _Creatable = False
Attribute VB_Predeclaredld = True
Attribute VB_Exposed = False

Private Sub Command1_Click()

send (Textl.Text)

End Sub

Private Sub Command2_Click()
On Error GoTo eror
' MSComm?2.Output = Trim(Text2.Text) & CRC(Trim(Text2.Text)) 'outputs to temperature

controller

Dim temp As String

13k sfe sk sk sk sk sk sk sk s sk sk sk sk sk sk ske sk sk sk skeoske sk sk sk sk sk sk sk ske sk sk ske sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoske sk skeoske sk sk skeosk sk skoske skeskosk sk sk

temp = Chr$(2) & Chr$(7) & Chr$(65) & Chr$(18)

193k sfe sk sfe sk s she sk sk sk sk sk sk ske sk sk sk sk sk sfe sk sk sk sk sk sk sk sk sk sk sk ske sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoske skeoske sk sk sk skoskosk ks
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MSComm?2.Output = temp '& CRC(temp) 'outputs to temperature controller

€ror:

End Sub

Private Sub Form Load()

' Open the communications port.
On Error Resume Next
MSComml.PortOpen = True

If Err Then
MsgBox "CommPort: not available. Change the CommPort property to another port." &
Err
Exit Sub
End If

' Flush the input buffer.
MSComm1.InBufferCount = 0

Open "C:\mass\mass.dat" For Output As #1
' Open the communications port.
On Error Resume Next
MSComm?2.PortOpen = True

If Err Then
MsgBox "CommPort: not available. Change the CommPort property to another port." &
Err
Exit Sub
End If

' Flush the input buffer.
MSComm?2.InBufferCount = 0
End Sub

Private Sub send(this As String)
On Error GoTo eror
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MSComm1.Output = this & Chr$(13) & Chr$(10) 'outputs to massmeter
eror:

End Sub

Private Sub getmass Click()
send ("SIR")
End Sub

Private Sub MSComm2_ OnComm()

'If MSComm?2.PortOpen = True Then
Text3. Text = MSComm?2.Input
'End If

' Flush the input buffer.
MSComm?2.InBufferCount = 0

End Sub

Private Sub Timerl Timer()

If MSComml1.PortOpen = True Then

masstxt. Text = MSComm1.Input
If masstxt.Text < "" Then
If (Asc(masstxt.Text) > Asc("0")) Then
masstxt. Text = Mid(MSComm!.Input, 6)
timetxt. Text = Time
' Flush the input buffer.
MSComm]1.InBufferCount = 0
Write #1, timetxt. Text & "," & (Val(masstxt.Text))
End If
End If
End If
End Sub

Private Sub zero_Click()
send ("TI")
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send ("Z")
End Sub

Private Function CRC(message$) As Long
crc16& = 65535
For ¢% = 1 To Len(message$)
crc16& = crc16& Xor Asc(Mid$(message$, c%, 1))
For Bit% =1To 8
If (crc16& Mod 2) Then
crcl6& = (crc16& / 2) Xor 40961
Else
crcl6& =crcl6& /2
End If
Next Bit%
Next ¢%

crch% =crc16& / 256
crcl% = crc16& Mod 256

message$ = message$ + Chr$(crcl%) + Chr$(crch%)
CRC =crcl6&

Text3.Text = Str(crcl%) & Str(crch%)

End Function
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By Nelson Naidoo & P.B. Devnarain, University of Natal, 2001
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APPENDIX

C
CHARACTERIZATION
C-1 Characterization of Bagasse Chars
C-1.1 Final Pyrolysis Temperature of 680 %
C-1.1.1.Total Surface Area
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Figure C-1: BET surface area plot for bagasse chars produced under a nitrogen

atmosphere at a heating rate of 10 °C/min to a final pyrolysis temperature of 680 °C and

hold time of 1 hour.
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Figure C-2: Langmuir surface area plot for bagasse chars produced under a nitrogen
atmosphere at a heating rate of 10 °C/min to a final pyrolysis temperature of 680 °C and

hold time of 1 hour.

C-1.1.2. External Surface Area, Micropore Area and Micropore Volume
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Figure C-3: t-plot to determine external surface area and micropore volume for bagasse
chars produced under a nitrogen atmosphere at a heating rate of 10 °C/min to a final

pyrolysis temperature of 680 °C and hold time of 1 hour.
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C-1.1.3 Meso-macropore size distributions
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Figure C-4: BJH adsorption and desorption plots of cumulative pore area versus pore
diameter for bagasse chars produced under a nitrogen atmosphere at a heating rate of 10

©C/min to a final pyrolysis temperature of 680 ©C and hold time of 1 hour.
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Figure C-5: BJH adsorption and desorption plots of pore area (dA.../dD) versus pore
diameter curves for bagasse chars produced under a nitrogen atmosphere at a heating

rate of 10 °C/min to a final pyrolysis temperature of 680 °C and hold time of 1 hour.
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Figure C-6: BJH adsorption and desorption plots of pore area (dA.,,/d(logD)) versus pore
diameter for bagasse chars produced under a nitrogen atmosphere at a heating rate of 10

©C/min to a final pyrolysis temperature of 680 °C and hold time of 1 hour.
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Figure C-7: BJH adsorption and desorption plots of cumulative pore volume versus pore
diameter for bagasse chars produced under a nitrogen atmosphere at a heating rate of 10

°C/min to a final pyrolysis temperature of 680 °C and hold time of 1 hour.
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C-2 Characterization of Activated Carbons from Sugar Cane Bagasse

C-2.1 Effect of Steam Partial Pressure on the final Activated Carbon

C-2.1.1. Total Surface Area
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Figure C-8: BET surface area plots for bagasse activated carbons, produced at an
activation temperature of 800 °C and time of 4 hours at varying steam/nitrogen ratios,

(A)J —1:0.6, (m)L — 0.5:0.5 & (¢)G — 0.4:1.
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Figure C-9: Langmuir surface area plots for bagasse activated carbons produced at an
activation temperature and time of 800 °C of 4 hours at varying steam/nitrogen ratios,

(¢)J -1:0.6, (m)L — 0.5:0.5 & (A)G - 0.4:1.
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C-2.1.2. External Surface Area, Micropore Area and Micropore Volume
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Figure C-10: t -plots to determine external surface area and micropore volume for
bagasse activated carbons produced at an activation temperature and time of 800 °C and

4 hours at varying steam/nitrogen ratios: J — 1:0.6, L — 0.5:0.5 & G - 0.4:1

C-2.1.3 Meso-macropore size distributions
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Figure C-11: BJH adsorption plots of cumulative pore area versus pore diameter for
bagasse activated carbons produced at an activation temperature and time of 800 °C and

4 hours at varying steam/nitrogen ratios: J — 1:0.6, L. — 0.5:0.5 & G - 0.4:1.
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Figure C-12: BJH desorption plots of cumulative pore area versus pore diameter for
bagasse activated carbons produced at an activation temperature and time of 800 °C and

4 hours at varying steam /nitrogen ratios: J — 1:0.6, L — 0.5:0.5 & G - 0.4:1.
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Figure C-13: BJH adsorption plots of pore area (dA4.,,/d(logD)) versus pore diameter for
activated carbons produced at an activation temperature and time of 800 °C and 4 hours

at varying steam/nitrogen ratios: J — 1:0.6, L — 0.5:0.5 & G - 0.4:1.
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Figure C-14: BJH desorption plots of pore area (dA_,,/d(logD)) versus pore diameter for
activated carbons produced at an activation temperature and time of 800 °C and 4 hours

at varying steam/nitrogen ratios: J —1:0.6, L — 0.5:0.5 & G - 0.4:1.
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Figure C-15: BJH adsorption plots of cumulative pore volume versus pore diameter for
activated carbons produced at an activation temperature and time of 800 °C and 4 hours

at varying steam/ nitrogen ratios: J — 1:0.6, L — 0.5:0.5 & G - 0.4:1.
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Figure C-16: BJH desorption plots of cumulative pore volume versus pore diameter for

activated carbons produced at an activation temperature and time of 800 °C and 4 hours

at varying steam/nitrogen ratios: J — 1:0.6, L — 0.5:0.5 & G- 0.4:1.
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Figure C-17: BJH adsorption plots of pore volume (dV,,/d(logD)) versus pore diameter

for activated carbons produced at an activation temperature and time of 800 °C and 4

hours at varying steam/nitrogen ratios: J — 1:0.6, L — 0.5:0.5 & G — 0.4:1.
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Figure C-18: BJH desorption plots of pore volume (dV,,,/d(logD)) versus pore diameter
for activated carbons produced at an activation temperature and time of 800 °C and 4

hours at varying steam steam/nitrogen ratios: J —1:0.6, L — 0.5:0.5 & G - 0.4:1.
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C-2.2 Effect of Pyrolysis Exposure Time and Activation Time on the final
Activated Carbon

C-2.2.1. Total Surface Area
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Figure C-19: BET surface area plots for bagasse activated carbons produced at an
varying pyrolysis exposure times and activation times (UJ)A — pyrolysis time 1lhr,

activation time 1hr,(®)B - pyrolysis time lhr, activation time 3hr, (e)C - pyrolysis time

1hr, activation time 4hr, (A)D -pyrolysis time 2hr, activation time 1hr, (A)E - pyrolysis

time 1hr, activation time 3hr, (0)F -pyrolysis time 1hr, activation time 1hr.
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Figure C-20: Langmuir surface area plots for bagasse activated carbons produced at an
varying pyrolysis exposure times and activation times ([J)A — pyrolysis time 1hr,
activation time 1hr,(®)B - pyrolysis time 1hr, activation time 3hr, (o)C - pyrolysis time
1hr, activation time 4hr, (A)D -pyrolysis time 2hr, activation time lhr, (A)E - pyrolysis

time 1hr, activation time 3hr, (O)F -pyrolysis time 1hr, activation time 1hr.
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C-2.2.2. External Surface Area, Micropore Area and Micropore Volume
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Figure C-21: t-plots to determine external surface area and micropore volume for bagasse

activated carbons produced at an varying pyrolysis exposure times and activation times,

A — pyrolysis time 1hr, activation time 1hr, B - pyrolysis time 1hr, activation time 3hr, C -

pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr, activation time lhr, E -

pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr, activation time 1hr.
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C-2.2.3 Meso-macropore size distributions
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Figure C-22: BJH adsorption plots of cumulative pore area versus pore diameter for
bagasse activated carbons produced at an varying pyrolysis exposure times and activation
times A — pyrolysis time 1hr, activation time 1hr, B - pyrolysis time 1hr, activation time
3hr, C - pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr, activation time 1hr,

E - pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr, activation time 1hr
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Figure C-23: BJH desorption plots of cumulative pore area versus pore diameter for
bagasse activated carbons produced at an varying pyrolysis exposure times and activation
times A — pyrolysis time 1hr, activation time 1hr, B - pyrolysis time 1hr, activation time
3hr, C - pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr, activation time 1hr,

E - pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr, activation time 1hr
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Figure C-24: BJH adsorption plots of pore area (dA.,,/d(logD)) versus pore diameter for
bagasse activated carbons produced at an varying pyrolysis exposure times and activation
times A — pyrolysis time 1hr, activation time 1hr, B - pyrolysis time 1hr, activation time
3hr, C - pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr, activation time 1hr,

E - pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr, activation time 1hr.
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Figure C-25: BJH desorption plots of pore area (dA4.,,/d(logD)) versus pore diameter for
bagasse activated carbons produced at an varying pyrolysis exposure times and activation
times A — pyrolysis time 1hr, activation time 1hr, B - pyrolysis time 1hr, activation time
3hr, C - pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr, activation time 1hr,

E - pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr, activation time 1hr
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Figure C-26: BJH adsorption plots of cumulative pore volume versus pore diameter for
bagasse activated carbons produced at an varying pyrolysis exposure times and activation
times A — pyrolysis time 1hr, activation time 1hr, B - pyrolysis time 1hr, activation time
3hr, C - pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr, activation time 1hr,

E - pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr, activation time 1hr

180



CHARACTERIZATION APPENDIX C

025

= S o
— W N

Pore Volume / (cnt/g)

=
&

10 100 1000 10000
Pore Dianeter / (A)
-2—-A —+—B ~—C -+-D 4+ E ——F

Figure C-27: BJH desorption plots of pore volume versus pore diameter for bagasse
activated carbons produced at an varying pyrolysis exposure times and activation times A
— pyrolysis time 1hr, activation time 1hr, B - pyrolysis time 1hr, activation time 3hr, C -
pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr, activation time 1hr, E -

pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr, activation time 1hr
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Figure C-28: BJH adsorption plots of pore volume (dV,,,/d(logD)) versus pore diameter
for bagasse activated carbons produced at an varying pyrolysis exposure times and
activation times A — pyrolysis time lhr, activation time lhr, B - pyrolysis time lhr,
activation time 3hr, C - pyrolysis time 1hr, activation time 4hr, D -pyrolysis time 2hr,
activation time lhr, E - pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1lhr,

activation time 1hr.
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Figure C-29: BJH desorption plots of pore volume (dV_,./d(logD)) versus pore diameter
for bagasse activated carbons produced at an varying pyrolysis exposure times and
activation times A — pyrolysis time lhr, activation time lhr, B - pyrolysis time 1hr,
activation time 3hr, C - pyrolysis time lhr, activation time 4hr, D -pyrolysis time 2hr,
activation time lhr, E - pyrolysis time 1hr, activation time 3hr, F -pyrolysis time 1hr,

activation time 1hr.
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C-2.3 Effect of Activation Temperature on the final Activated Carbon

C-2.3.1. Total Surface Area
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Figure C-30: BET surface area plots for bagasse activated carbons, at steam/nitrogen

ratios of 1:0.6 & varying activation temperatures, (#)I — 900 °C, 2hr, (=)J — 800 °C, 4hr &

(A)K —700 °C, 4hr.
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Figure C-31: Langmuir surface area plots for bagasse activated carbons,

at

steam/nitrogen ratios of 1:0.6 & varying activation temperatures, (¢)I — 900 °C, 2hr, (=)J

—800 °C, 4hr & (A)K - 700 °C, 4hr.
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C-2.3.2. External Surface Area, Micropore Area and Micropore Volume
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Figure C-32: t- plots to determine external surface area and micropore volume for
bagasse activated carbons, at steam/mitrogen ratios OF 1:0.6 & varying activation
temperatures, I — 900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.

C-2.3.3. Meso-macropore size distributions
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Figure C-33: BJH adsorption plots of cumulative pore area versus pore diameter for
bagasse activated carbons, at steam/mitrogen ratios of 1:0.6 & varying activation

temperatures, I — 900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.
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Figure C-34: BJH desorption plots of cumulative pore area versus pore diameter for
bagasse activated carbons, at steam/nitrogen ratios of 1:0.6 & varying activation

temperatures, I — 900 °C, 2hr, J - 800 °C, 4hr & K — 700 °C, 4hr.
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Figure C-35: BJH adsorption plots of pore area (dA.,,/d(logD)) versus pore diameter for
bagasse activated carbons, at steam/nitrogen ratios of 1:0.6 & varying activation

temperatures, I — 900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.
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Figure C-36: BJH desorption plots of pore area (d4.,,/d(logD)) versus pore diameter for
bagasse activated carbons, at steam/mitrogen ratios of 1:0.6 & varying activation

temperatures, I — 900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.
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Figure C-37: BJH adsorption plots of cumulative pore volume versus pore diameter for
bagasse activated carbons, at steam/mitrogen ratios of 1:0.6 & varying activation

temperatures, I — 900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.
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Figure C-38: BJH desorption plots of cumulative pore volume versus pore diameter for
bagasse activated carbons, at steam/mitrogen ratios of 1:0.6 & varying activation
temperatures, I — 900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.
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Figure C-39: BJH adsorption plots of pore volume versus pore diameter for bagasse
activated carbons, at steam/nitrogen ratios of 1:0.6 & varying activation temperatures, I —

900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.
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Figure C-40: BJH desorption plots of pore volume versus pore diameter for bagasse
activated carbons, at steam/nitrogen ratios of 1:0.6 & varying activation temperatures, I —

900 °C, 2hr, J — 800 °C, 4hr & K — 700 °C, 4hr.

C-2.4 Comparison of powder and granular bagasse carbons & reference carbon
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Figure C-41: BET surface area plot for bagasse activated carbons and (A )reference
Chemviron CaneCal carbon, (m)O — 56% ash, powder, (LI)P — granular sugar/bagasse,

(®)I - 28% ash, powder.

189



CHARACTERIZATION APPENDIX C

0.0014
0.0012 4 .a 0:y=0.0053x+9E'05
Lo P:y=0.0034x + 4E-05
—  0.001 - P
: S I: y=0.0032x + 5E-05
:.? 0.0008 1 o a Chemviron Canecal:
— y=0.003x +3E-05
B
—  0.0004 -
0.0002
0 . . . r
0.05 0.1 0.15 0.2 0.25 0.3
Relative Pressure / (P/P,)
------- (0] — ——— Chemviron CaneCal I

Figure C-42: Langmuir surface area plot for bagasse activated carbons and (A )reference
Chemviron CaneCal carbon, (m)O — 56% ash, powder, (LJ)P — granular sugar/bagasse,

(®)I - 28% ash, powder.
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Figure C-43: t-plot to determine external surface area and micropore volume for bagasse
activated carbons and (A)reference Chemviron CaneCal carbon, (m)O — 56% ash,

powder, ([J)P — granular sugar/bagasse, ()l — 28% ash, powder.
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C-2.4.3 Meso-macropore size distributions
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Figure C-44: BJH adsorption plots of cumulative pore area versus pore diameter for
bagasse activated carbons and reference Chemviron CaneCal carbon, O — 56% ash,

powder, P — granular sugar/bagasse, I — 28% ash, powder.
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Figure C-45: BJH desorption plots of cumulative pore area versus pore diameter for
bagasse activated carbons and reference Chemviron CaneCal carbon, O — 56% ash,

powder, P — granular sugar/bagasse, I — 28% ash, powder.
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Figure C-46: BJH adsorption plots of pore area(dA.,,/d(logD)) versus pore diameter for
bagasse activated carbons and reference Chemviron CaneCal carbon, O — 56% ash,

powder, P — granular sugar/bagasse, I — 28% ash, powder.
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Figure C-47: BJH desorption plots of pore area (dA.,,/d(logD)) versus pore diameter for
bagasse activated carbons and reference Chemviron CaneCal carbon, O — 56% ash,

powder, P — granular sugar/bagasse, I — 28% ash, powder.
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Figure C-48: BJH adsorption plots of cumulative pore volume versus pore diameter for

bagasse activated carbons and reference Chemviron CaneCal carbon, O — 56% ash,

powder, P — granular sugar/bagasse, I — 28% ash, powder
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Figure C-49: BJH desorption plots of cumulative pore volume versus pore diameter for

bagasse activated carbons and reference Chemviron CaneCal carbon, O — 56% ash,

powder, P — granular sugar/bagasse, I — 28% ash, powder.
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Figure C-50: BJH adsorption plots of pore volume (dV,,,/d(logD)) versus pore diameter
for bagasse activated carbons and reference Chemviron CaneCal carbon, O — 56% ash,

powder, P — granular sugar/bagasse, I — 28% ash, powder.
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Figure C-51: BJH desorption plots of pore volume (dV,,,/d(logD)) versus pore diameter
for bagasse activated carbons and reference Chemviron CaneCal carbon, O — 56% ash,

powder, P — granular sugar/bagasse, I — 28% ash, powder.
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